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Complex impact processes on the Moon’s
farside recorded by Chang’e-6 low-
Ti basalt
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Jing Yang1, Wei Du2,3 , Dongyang Ju2,4, Rui Li1, Jianzhong Liu1,3, Shirong Liu5, YuanyunWen1, Yang Li1,3,
Xiongyao Li1,3 & Yun Liu2,3,6

Thousands of craters on the lunar surface offer a unique perspective to investigate the impact process
of the inner Solar System. However, the mid-late-stage impact history of the Moon since ~3.1 Ga
remains poorly constrained due to the sample scarcity from this period exhibiting significant shock
effects. Here, we present diverse shock metamorphism features in basalt clasts returned by the
Chang’e-6 mission from a low-Ti mare unit on the lunar farside that formed approximately 2.8 billion
years ago. High-pressure phases seifertite, stishovite, coesite, and maskelynite, as well as quartz
cluster in a shock melt pocket and compositional oscillations in pyroxenes within these samples,
reveal at least four distinct pressure−temperature−time paths, indicating complex impact processes
on the lunar farside. The high peak pressures (~30−40 GPa) recorded in these samples are
comparablewith lunarmeteorites, suggesting no significant difference in impact intensity between the
Moon’s two hemispheres since its mid-evolutionary stage.

According to lunar crater chronologymodels, the impact flux on theMoon
was high during its early history and declined rapidly between ~3.9–3.1 Ga
and then probably remained at a low and nearly constant rate1,2. Never-
theless, collisions of asteroids or comets with the Moon have continued to
occur since ~3.1 Ga in its mid-late stage, resulting in the formation of
massive craters on the lunar surface such as Copernicus, Tycho, and Aris-
tarchus, while also transporting impact ejecta over long distances1,3–6.
However, a considerable amount of available lunar samples formed during
this period are mare basalts returned from the nearside of the Moon. These
basalts show little information about impact processes, especially those with
high-pressure minerals are very rare5,7,8. Natural high-pressure minerals are
formedunder extremepressure conditions, typically found in terrestrial and
extraterrestrialmaterials that underwent impact events (such as rocks on the
lunar surface and heavily shocked meteorites)5,9 or deep in the interior of
larger planetary bodies (like the Earth) associated with deeper
metamorphism10. The formation processes of high-pressure minerals in
shocked materials are closely related to the pressure–temperature–time (P
−T−t) paths of impact events. Therefore, high-pressure minerals and their
formation mechanisms are extensively utilized for estimating shock
conditions11. The limitations of the sampling area and the lack of researchon

the shock metamorphism of lunar basalt samples including high-pressure
mineral phases have restricted our in-depth understanding of the impact
history of the Moon during its mid-late evolution.

The South Pole–Aitken (SPA) basin, a home to millions of craters,
serves as an ideal region for investigating the shock effects generated on
planetary bodies. This study presents various shockmetamorphism features
in basalt clasts collected by the Chang’e-6 (CE-6) mission from a low-Ti
basalt unit formed at ~2.8 billion years ago12–14 within the SPA basin15. We
elucidate the nature, occurrence, and formation mechanisms of shock melt
pockets, high-pressure phases, and shock-induced chemical compositional
oscillation of pyroxene grains. These identified shock metamorphism fea-
tures provide insightful and critical information for constraining the com-
plex impact P−T−t history of the lunar material, as well as the impact
processes and exogenic geological evolution of the mid-late stage of
the Moon.

Results
Three representative basalt clasts (B1, B2, and B3) from the scooped soil
sample CE6C0300YJFM001 show various shock metamorphism features
(Fig. 1). Basalt clasts in CE-6 returned samples predominantly consist of
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local low-Ti basalt with minor amounts of exotic very low-Ti basalt and
high-Al basalt12–14,16,17. The consistency in chemical characteristics of con-
stituent minerals (pyroxene and plagioclase) in these three studied basalt
clasts with CE-6 low-Ti basalt12,16,17 strongly supports a local origin (Sup-
plementary Fig. 1 and Supplementary Fig. 2).

Shock melt pocket and high-pressure mineral phases
The low-Ti basalt clast B1 ismainly composed of pyroxene, plagioclase, and
ilmenite, as well asminor amounts of silica, spinel, Fe-sulfide, and Si-K-rich
glass (Fig. 1a). The clast shows a poikilitic texture and contains high-
pressure polymorphs and a shock melt pocket with an area of ~20×10 μm.
Plagioclase grains generally show a smooth appearance, and most of them
have been transformed into maskelynite, while pyroxenes are highly frac-
tured but show no phase transition (Fig. 2 and Supplementary Fig. 3).

The shockmelt pocket in clast B1 is embedded in a pyroxene grain and
adjacent to a silica grain “Si-1” (Fig. 3a and Supplementary Fig. 4). From
center to rim, themajor constituents of this shockmelt pocket are relict silica
fragments, needle-shaped stishovite and assemblages of nano-size stishovite
embedded in Fe-Ca-rich glasses, and fine-grained pyroxene polymorphs
(Fig. 3a, b and Supplementary Fig. 5). The margin of pyroxene adjacent to
the melt pocket shows lattice distortion (Fig. 3c). Silica crystal cluster is
observed to grow along the crack cutting through the shockmelt pocket and
is best indexed with the P3_221 quartz crystal structure (Fig. 3d and Sup-
plementary Fig. 4).

Grain “Si-1” shows tweed-like texture and contains multiple sets of
crystallographically oriented amorphous lamellae, including a sub-
orthogonal pattern consisting of two sets of lamellae and a sub-hexagonal
pattern consisting of three sets of lamellae (Fig. 4a). As the distance from the
shock melt pocket increases, this silica grain generally transformed from
angular α-cristobalite crystallites (up to 1mm) (Supplementary Fig. 4b and
Supplementary Fig. 6a) to nano-size (10−50 nm) granular phases that
exhibit triple junction with coesite inside (Fig. 4c and Supplementary Fig.
6d), and to high-pressure crystalline phases set within the framework of
amorphous lamellae (Fig. 4b). The crystallites within the sub-orthogonal

frameworkof amorphous lamellae are seifertite in spindle or short prismatic
shapewith dimensions of ~30−200 nmand thosewithin the sub-hexagonal
framework are stishovite exhibiting triangular morphology with size up to
~100 nm (Fig. 4d and Supplementary Fig. 6b, c).

Oscillatory zoning of pyroxene in low-Ti basalt clasts
Pyroxenes in CE-6 low-Ti basalt exhibit chemical variation from Mg-rich
cores to Fe-rich rims (Supplementary Fig. 1a) similar to those in Apollo 12
ilmenite basalts, in which case the Wo values of pyroxene display slight
oscillation18.However, somepyroxene grains inCE-6 low-Ti basalt clasts do
not follow this simple crystallization trend. For example, onepyroxene grain
in clast B3, hereinafter is referred to as “Px-3” (Fig. 1c and Supplementary
Fig. 7b) shows similarMg-Fe variation but dramatic change in itsWo value
(Fig. 5a). Its core is augite (En32.5Fs31.5Wo36.0) and subsequentlymantled by
pigeonite (En33.2Fs50.6Wo16.2), but the rim is Fe-rich augite with higherWo
value (En4.9–25.7Fs49.2–70.9Wo25.2–33.2, Supplementary Table 1). Another
pyroxene grain in clast B2, hereinafter referred to as “Px-2” (Fig. 1b and
Supplementary Fig. 7a), exhibits oscillatory zoning of Mg# [molar Mg/(Mg
+ Fe) × 100]. From the interior to the rim, its Mg# decreases from 57.4 to
15.6, then increases to 33, followed by a decrease to ~5 to its rim that is
adjacent to the mesostasis pocket (mainly consists of Si-K-rich glass and
troilite) and the Wo value changes systematically with the Mg# (Fig. 5b).

Discussion
Although high-pressure minerals have been reported in lunar meteorite
samples19–26 and Apollo and Chang’e-5 returned lunar regolith5,7,8, the high-
pressure polymorphs of silica present in this study are thefirst to be reported
inmare basalt samples returned from theMoon. Stishovite crystallites in the
shock melt pocket exhibit acicular morphology and random orientation,
suggesting the genesis of crystallization from SiO2-rich melt during shock
compression when the pressure remained high27,28. The peak temperature
should be higher than 1900−3000 K to form the basaltic shockmelt29,30. The
single appearance of stishovite without seifertite or coesite indicates that the
peak pressure was at least 10 GPa but lower than ~45GPa31,32. On the other
hand, the tweed-like texture of the grain “Si-1” indicates that the three high-
pressure silica polymorphs coesite, stishovite, and seifertite should have
formed through a solid-state transformation mechanism5,22,33, as we expect
by impact shock generated in large impacts. The relatively large (~1mm)
angular crystallites are all α-cristobalite, indicating that grain “Si-1” is pri-
marily α-cristobalite, the same as those in CE-6 low-Ti basalt clasts (Fig. 2
and Supplementary Fig. 3). Seifertite crystallites coherently grow with α-
cristobalite as shown by their parallelly orientated grain boundaries31,34,35

(Fig. 4b). Stishovites are bounded by three sets of amorphous lamellae, not
compatible with the tetragonal twinning texture of α-cristobalite, but their
overall extension directions are parallel to those of seifertite (Fig. 4d).
According to the relationship between the orientation ofmineral lattices, we
speculate that α-cristobalite in clast B1 changed to seifertite during the
compression stage of an impact event, then a proportion of the seifertite
(~30%) was heated by the high temperature condition (~1100 K) generated
by the impact and transformed to stishovite. Considering the formation
mechanism of seifertite and stishovite and the heat sensitivity of these two
phases, the peak pressure experienced by the grain “Si-1” could be
~11−40 GPa5,36,37. In short, the different high-pressure polymorphs of silica

Fig. 1 | Back-scattered electron (BSE) images of
CE-6 low-Ti basalt clasts with shock features in
CE6C0300YJFM001. a Clast B1 exhibits a poikilitic
texture. b Clast B2, two yellow lines represent
positions of EPMA profile analyses. c Clast B3
exhibits a poikilitic to porphyaceous texture; three
yellow lines represent positions of EPMA profile
analyses. Px pyroxene, Msk maskelynite, Ilm ilme-
nite, Spl spinel, Tro troilite, Pl plagioclase, Gl Si-K-
rich glass, and Ol olivine.

Fig. 2 | Representative Raman spectra with background correction of silicates in
the CE-6 low-Ti basalt clasts. Px pyroxene, Msk maskelynite.
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in clast B1 record different P−T−t paths. Considering the temperature
nonuniformity caused by the shock event, one major impact with peak
pressure ~11−40 GPa is capable of causing the formation of the above-
mentioned different polymorphs of silica. This impact event could be the
same shock that has been experienced by the whole rock as indicated by the
widespread maskelynite (~25−30 GPa; refs. 38,39) outside the shock melt
pocket.

Another polymorph of silica, a quartz cluster along the crack cutting
through the shock melt pocket (Fig. 3d and Supplementary Fig. 4) should
have formed from a post-impact thermal event, thus a second impact event
for the following reasons. If the quartz cluster crystallized from the shock
melt and penetrated the crack after the pressure released during the same
impact event, quartz grains should not only be restricted to growth close to
the crack but also distribute in other regions such as the edge of the shock
melt pocket, which is inconsistent with the observations (Fig. 3b and Sup-
plementary Fig. 5). In addition, shock melt pockets and veins are generally
formed through localized melting of rocks caused by the extreme heat and
pressure of an impact event, then the injecting of melts into cracks or
fractures which quickly cools and solidifies40. Thus, crack cutting through
the shock melt pocket in clast B1 likely results from a subsequent impact or
other mechanisms to compress and break the CE-6 low-Ti basalt rock after
the impact event that generated high-pressure silica polymorphs. And the
quartz cluster growing along the crack also likely formed in a subsequent
thermal event after the high-pressure polymorphs-generating impact event.
On the other hand, although post-shock annealing with high temperatures
and slow cooling rates could lead to the back-transformation of high-
pressure phases41–44, it is difficult for quartz to form from stishovite in the
small (only ~10 μm in width) shock melt pocket because of rapid cooling
rates42. Moreover, the inconsistent orientation between quartz (oriented)
and stishovite (random)does not support thermalmetamorphism to trigger
back-transformation of stishovite to quartz either. In contrast, a subsequent

impact event could not only be responsible for the formation of a crack as
mentioned above, but also can generate a larger temperature increase at the
phase interfaces relative to surroundings45,46. The heterogeneous shock-
induced heating can explain the remelting of the shock melt pocket
restricted along the crack, followed by crystallization of sub-micron-sized
quartz from this SiO2-rich melt. In short, the different polymorphs of silica
in clast B1 record at least two impact events after the crystallization of the
CE-6 low-Ti basalt.

Although high-pressure polymorphs are often used as diagnostic
indicators of shock conditions11, they are rare in returned lunar samples.
Previous studies indicate that shock features such as mosaic extinction and
mechanical twinning observed in pyroxene subjected to impact are also
valuable for constraining the shock conditions37,46. As amajor component of
lunar rocks, pyroxene can constitute up to 63% modal abundance in mare
basalts47,48, highlighting the importance of investigating the shock meta-
morphism characteristics of pyroxene in returned lunar samples.

Almost all pyroxene grains in CE-6 low-Ti basalt clasts are chemically
zoned following the cooling and fractionation trend (Fig. 5) as those present
inmare basalts49. One excepted pyroxene grain “Px-2” shows specialMg-Fe
oscillatory zoning (Fig. 5b) that is nearly absent in the lunar magmatic
environment50. Severalmechanisms cangenerate compositional oscillations
in minerals within basalts: (1) elements with slow diffusion rate during a
relatively fast cooling such as phosphorus and REEs exhibit oscillatory
zoning within zircon crystals51; (2) vigorous convection and magma
replenishment happened prior to the basaltic magma eruption as proposed
by Elardo & Shearer (2014) to explain the Mg# oscillatory zoning in pyr-
oxene phenocrysts frommare basalticmeteoriteNorthwest Africa 03252; (3)
changes in the magma composition as phases come in and out of the
crystallization sequence; and (4) shock-induced partial melting followed by
recrystallization. It is challenging to cause the Mg# oscillatory zoning in
pyroxene during crystallization in a closed parent magma system, as the

Fig. 3 | BSE and Transmission electron microscopy (TEM) images of the shock
melt pocket in basalt clast B1. aThe occurrence of the shockmelt pocket; the yellow
rectangle shows the location of the FIB section. The BSE and TEM images of the
whole FIB section are shown in Supplementary Fig. 4. b The bright-field (BF)-TEM
image, high-resolution TEM image, and Fast Fourier Transform (FFT) pattern of
needle-shaped stishovite crystallites embedded in Fe-Ca-rich glasses within the

shock melt pocket. c The margin of the pyroxene grain adjacent to the shock
melt pocket shows lattice distortion. d Quartz cluster crystallized along the
crack cutting through the shock melt pocket. Yellow dashed lines in b and
c represent boundaries of the shock melt pocket. Px pyroxene, Sti stishovite,
Qtz quartz.
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Fe–Mg interdiffusion rates in clinopyroxene at igneous temperatures are
relatively fast53. In addition, oscillatory zoning in minerals formed by
mechanisms (1) and (2) is generally concentric, and boundaries between
adjacent zoning are regular51,52,54, which is inconsistent with the Mg-Fe
oscillatory zoning in grain “Px-2” (Supplementary Fig. 7b). Ilmenite is an
important rock-forming mineral in mare basalts and generally crystallizes
later thanpyroxene55,56.However, its crystallization resulting in a decrease of
FeO content in silicate melt and Mg# oscillation in pyroxene has not been
discovered in mare basalts. Moreover, mechanisms (1)−(3) involve crys-
tallization of parent magma, which is generally a relatively long and equi-
librated process. Thus, these three mechanisms encounter difficulty in
explaining why only the “Px-2” grain has Mg-Fe oscillation and other
pyroxenes in the same clast do not. In contrast, the heterogeneous tem-
perature distribution during impact45 could explain the distinct melt
behavior of pyroxene grains within several hundred microns (Fig. 5b).

Another special pyroxene grain “Px-3” exhibits obvious Ca oscillation
from core to rim with normal Mg and Fe chemical trend (Fig. 5a). Calcium
oscillation in pyroxene could be preserved mainly as the result of relatively
fast cooling because of the relatively slow diffusion rate of Ca2+ in
clinopyroxene57,58. If this is the case, the more prominent change of CaO
content in “Px-3” compared to other pyroxene grains in clast B3 indicates
that it has experienced amuchmore rapid cooling process, resulting in non-
equilibrium on CaO content. It is difficult to have significant cooling rate
differences within the submillimeter to millimeter scale during magma
crystallization. And as discussed above, mechanisms (2) and (3) will have a
similar influenceon theCaOprofile of all pyroxene grains in the clastB3, not
just on that of pyroxene “Px-3”. Instead, like grain “Px-2”, impact could
cause a localized “hot spot” that partially melted “Px-3” grain, followed by
recrystallization while other pyroxenes in the same basalt clast remain in a
solid state without partial melting.

The absence of maskelynite and high-pressure polymorphs of pyrox-
ene in clasts B2 and B3 (Supplementary Fig. 3) suggests that the peak shock

pressure experienced by their host rocks is lower than 15 GPa39, while the
peak temperature of local areas within these two clasts could have reached
~2050−2400 K to melt clinopyroxene59. These impact processes are dif-
ferent from the ones mentioned above that cause the formation of high-
pressure silica polymorphs and oriented quartz cluster, revealing the great
potential of compositional oscillations in pyroxene grains for constraining
the P–T–t paths experienced by silicate rocks, which received insufficient
attention previously.

The diverse shock metamorphism features in CE-6 low-Ti basalt
clasts recordmultiple impact processes on the low-Ti basalt unit inside the
Apollo basin within SPA. Using shock wave physics models60 (Supple-
mentary Text 1 and Supplementary Text 2), we estimate the diameter of
the impactor, the impact velocities, and the size of the craters formed
during these impact events (Supplementary Table 2, details are described
in supplementary materials). The impactor and target are set to be
ordinary chondrites (the crater size is not sensitive to impactor materials;
ref. 61) and basalts, respectively. An impactor with diameter of
~0.7−0.8 km hitting basalt with velocity of ~3−3.4 km/s can generate
shock pressure of 25−30 GPa (the peak pressure of clast B1) with shock
duration of ~0.22−0.27 s and form the largest crater (diameter: ~1.7 km)
on the low-Ti mare unit where the CE-6 mission landed62. Furthermore,
the shock duration is constrained to be no shorter than 0.1 s according to
the time−temperature−transformation (TTT) curve of seifertite and
stishovite36 and the time-sensitive kinetics for the formation of seifertite.
In this case, the impactor cannot be smaller than ~0.3 km to generate a
shock pressure of 25−30 GPa, and the diameter of the resulting crater
could be at least ~0.8 km. For impact peak pressure ≤15 GPa to form the
chemical oscillation in pyroxenes, the estimated impactor size is not larger
than ~0.95 km, and the impactor velocity could not exceed ~2.1 km/s,
indicating a distinct impact event from the formation of high-pressure
polymorphs of silica in clast B1. Combined with the formation of quartz
cluster in clast B1 triggered by another impact event and great difference

Fig. 4 | BSE and TEM images of seifertite-stishovite-coesite-bearing silica grain
“Si-1” in basalt clast B1. a The white dashed lines represent the orientations
of the amorphous silica lamellae. b Alpha-cristobalite with angular mor-
phology, and the black dashed line denotes the orientation of the α-cris-
tobalite boundary. c Coesite crystallites exhibit a triple junction with

interplanar spacing (d-spacing) marked by yellow dashed lines. d Seifertite
and stishovite with amorphous silica lamella cutting through, whose
orientation is marked by the black dashed lines. Yellow dashed lines
represent d-spacing. Crs α-cristobalite, Coe coesite, Sft seifertite, and Sti
stishovite.
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in cooling rate of partially melted pyroxenes within clasts B2 and B3
(~300 K/day at ~2000 K for cooling of “Px-2” vs. ~0.5–1.0 K/day at
~2000 K for cooling of “Px-3”, Supplementary Text 3 and Supplementary
Text 4; Supplementary Fig. 8), shock metamorphism features in the three
CE-6 low-Ti basalt clasts reveal at least four impacts by hundred-meters-

sized asteroids on the lunar farside within an area of ~5.8 × 103 km2

(ref. 63) since the crystallization of low-Ti mare basalt in SPA basin at
~2.8 Ga ago.

The existence of high-pressure silica polymorphs inCE-6 low-Ti basalt
indicates that impacts producing craters of a relativelymodest 1.7 km in size

Fig. 5 |Major element compositions of pyroxenes inCE-6 low-Ti basalt clasts. aThe variation ofMg# andWo value from grain interior to the rim in pyroxenes (Px) within
basalt clast B3. b The variation of Mg# and Wo value from interior to the rim in pyroxenes within basalt clast B2.
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can generate peak shock pressure ~25−30GPa. If this is the case, high-
pressure minerals could be common in lunar rocks, which is inconsistent
with the actual situation in lunar basalts returned by Apollo missions. For
this scientific issue, we thought that the discovery of high-pressure poly-
morphs in lunar samples may be more relevant to the preservation condi-
tions.High-pressure polymorphs are easily disturbed and transformback to
their related low-pressure phases during subsequent massive impact events
that occur on the Moon’s surface. The low-Ti mare unit where the CE-6
mission landed is younger (~2.8 Ga12–14) than the Apollo basalt samples
(>3.3 Ga). Furthermore, impact craters on CE-6 low-Ti mare unit are
smaller (≤1.7 km) and fewer (only 18 craters with diameter ~0.8−1.7 km)
than those on Apollo-landed mare units. This may be conducive to the
preservation of high-pressure polymorphs in CE-6 low-Ti basalt.

Apollo samples commonly show a lower shock degree than lunar
meteorites (5−30 GPa vs. >28 GPa), and previous studies proposed
that it is due to either sampling bias or location bias64–66. Never-
theless, returned samples by Chang’e missions from the lunar
nearside5 and from the SPA basin on the lunar farside (this study)
contain high-pressure mineral phases and have undergone peak
shock pressure (up to ~30−40 GPa) comparable with lunar meteor-
ites from random locations on the lunar surface. Thus, there might be
no significant shock degree difference generated on the two hemi-
spheres of the Moon. Moreover, the diverse shock metamorphism
features in CE-6 low-Ti basalt demonstrate that lunar surface
minerals exposed to relatively large impacts are altered by shock, and
fractured and compressed to an extent in which these processes
probably changed the physical and elemental properties of the rock-
forming minerals. Several recent studies have also revealed that
impact events have significant effects on the mechanical properties of
minerals in lunar and HED meteorites67,68. It is necessary to research
further the macro- and microstructural mechanical properties of
extraterrestrial rocks, which will serve as a foundational resource for
future space exploration, as well as mining techniques and science.

Methods
Sample preparation
The CE-6 scooped soil sample CE6C0300 (YJFM001, 100mg), allocated by
the China National Space Administration, was used in this study. Regolith
fragmentswere hand-picked under a binocularmicroscope andmounted in
BUEHLER EpoxiCureTM 2 epoxy resin to make several mounts, then
polished for petrological and mineralogical studies.

Analytical methods
The polished mounts were carbon-coated and observed using an FEI
Scios dual-beam focused ion beam/scanning electron microscope
(FIB-SEM) equipped with an energy dispersive spectrometer (EDS) at
the Center for Lunar and Planetary Sciences (CLPS), Institute of
Geochemistry, Chinese Academy of Sciences (IGCAS) in Guiyang.
Raman spectra of mineral phases in basalt clasts were collected using
a Renishaw InVia-532 laser Raman spectroscopy at CLPS, IGCAS.
The laser beam, with a wavelength of 785 nm, was focused to ~1 μm
on the sample surface. Each spectrum comprised a scan from 200 to
1200 cm-1 with a total counting time of 100 s, excited with a laser
power of 4.4 mW. The Raman spectra that were used to confirm
mineral phases in this study are raw data (Supplementary Table 3)
processed by baseline correction using LabSpec software.

The major element compositions of mineral phases (pyroxene, plagi-
oclase, ilmenite, olivine, silica, and Si-K-rich glass) in each CE-6 basalt clast
were analyzed using an electron probe micro-analyzer (EPMA; JEOL
JXA8530F-plus) at the State Key Laboratory for Critical Mineral Research
and Exploration, IGCAS. The conditions of EPMA are as follows: accel-
erating voltage of 15 kV, probe current of 10 nA, focused beam and peak
counting time of 20 s, except Na and K were counted for 10 s, and Ba was
counted for 30 s. Natural and synthetic minerals and glasses were used as

standards. Detection limits for oxides were 0.01–0.03 wt%. Data were cali-
brated using the ZAF method.

The FIB-SEM of FEI Scios at CLPS, IGCAS was used to cut a FIB slice
for the transmission electron microscopy (TEM) observations. An accel-
erating voltage of 30 kV and beam currents of 15 nA–500 pA were applied
during the thinning process. Bright-field images and selected area electron
diffraction (SAED) patterns were acquired by an FEI Titan Tecnai G2 F20
transmission electron microscopy (TEM) at the State Key Laboratory of
Environmental Geochemistry, IGCAS, operated at 200 kV. In addition, an
FEI Talos F200XS/TEM operating at 200 kV combined with a SuperX EDS
system at Suzhou Institute ofNano-Tech andNano-Bionics, CAS, was used
for bright and dark field images, high-resolution TEM (HRTEM) images,
and quantitative mapping. The EDS elemental mapping and quantitative
analysis were performed by using the Esprit software from the Bruker
corporation. All the investigations in TEM were conducted at low electron
dose to mitigate the sample damage.

Data availability
All data in this study are included in this published article and supple-
mentary information file. For the data policy, all of the data above for this
paper are also available in Figshare (https://doi.org/10.6084/m9.figshare.
29064986).
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