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Abstract

The lunar soils evolution over time is mainly caused by space weathering that
includes the impacts of varying-sized meteoroids and charged particles implantation
of solar/cosmic winds as well. It has long been established that space weathering leads

to the formation of outmost amorphous layers (50-200 nm in thickness) embedded

nanophase iron (npFe®) around the mineral fragments, albeit the origin of the npFe0
remains controversial [1,2]. The Chang’e-5 (CE5) mission returned samples feature
the youngest mare basalt [3,4] and the highest latitude sampling site [5], providing an
opportunity to seek the critical clues for understanding the evolution of soils under
space weathering. Here, we report the surface microstructures of the major minerals
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including olivine, pyroxene, anorthite, and glassy beads in the lunar soil of CES5.
Unlike the previous observations, only olivine in all crystals is surrounded by a
thinner outmost amorphous SiO2 layer (~10 nm thick) and embedded wustite

nanoparticles FeO (np-FeO, 3-12 nm in size) instead of npFe®. No foreign volatile

elements deposition layer and solar flare tracks can be found on the surface or inside
the olivine and other minerals. This unique rim structure has not been reported for any
other lunar, terrestrial, Martian, or meteorite samples so far. The observation of
wistite FeO and the microstructures support the existence of an intermediate stage in
space weathering for lunar minerals by thermal decomposition.

Keywords: Lunar soil, wistite FeO, nanoparticle, nanophase Fe, amorphous rim

1. Introduction

The lunar soils, made up of a myriad of minute crystalline, non-crystalline mineral
fragments and agglutinates, have been exposed to the harsh environment, i.e., space
weathering, for billions of years. Space weathering includesthe impact of meteoroids
and the irradiations of the solar winds and cosmic rays [1, 6-8]. As a result, rims
composed of amorphous SixOy (50-200 nm in thickness) and embedded npFe® (2-10
nm in size) usually form on olivine, pyroxene, and anorthite grain surfaces [2, 9, 10].
The randomly-distributed npFe® significantly reduces the optical reflection intensity
and reddens the reflectance spectra [11-15]. Beyond the rims into the grain cores, the
atoms gradually undergo a transition from disorder to order and finally into the
crystalline lattice of the hosts [16, 17].

The occurrence of amorphous SiO, and npFe® inside of the rim is explained by the
impact of micrometeoroids and bombardment of solar/galactic cosmic rays and the
solar wind that decomposes mineral-like olivine (Fe2SiOs=2FeO+Si0O;) and further
reduce FeO into npFe® with the aid of solar-wind-implanted H* ions [18-20]. SiO; is
then existent in the form of an amorphous state. Most npFe® are pure Kamacite (a-Fe,
body-centered cubic) mixed with trace amounts of Ni and Co. Terrestrial laboratory
simulations directly create a silica-rich amorphous layer (200 nm in thickness) and
npFe® (10-30 nm in size) in a vacuum chamber by irradiating olivine grains with a
pulse laser beam [21]. It demonstrates that the H* ions are not necessary in the
reduction process while the intermediate phase FeO is not observed. The FeO is also
not found in the dust of the Itokawa asteroid either, though these grains are speculated
to be in their incipient state of space weathering [22].

The CES5 soils feature high-latitude sampling site (43.058°N and 51.916°W) of



the Moon and the youngest exposure ages [3,4,23-26]. By using
aberration-corrected transmission electron microscopy (TEM) and scanning
transmissionelectron microscopy (STEM), we examined the microstructures and
chemical compositions at nano/atomic scales of 25 soil grains (1-3 um in size) from
Sample CE5C0400YJFMO00507 (1.5 g), which mainly includes minerals olivine,
pyroxene, anorthite, and glassy bead. We unambiguously identify the wistite FeO
nanoparticles instead of npFe® that are embedded in amorphous SixOy rims outside the
olivine grains. Our systematic study provides clues or constraints on the incipient
formation mechanism of rim structure under space weathering.
2. Materials and methods
2.1 Sample preparation

The CE-5 lunar soils (CE5C0100YJFM00103, ~1.5 g) are allocated by the China
National Space Administration. The lunar soils are scooped by the CE5 lander and
separated in an ultraclean room at the extraterrestrial sample curation center of the
National Astronomical Observatories, Chinese Academy of Sciences. All the soils are
kept in a nitrogen-filled glove box. To avoid chemical contamination and
ion-bombing-induced amorphization, we do not employ the focused ion beam (FIB)
to cut the bulk samples except the large glassy bead. The pristine fine grains were
mounted on the lacey carbon-coated copper grids by directly dipping the grids straight
into the lunar soil. Small grains can cling onto the copper grids by electrostatic
adsorption, allowing us to study the grains with an average size of ~1 um and obtain
high-resolution lattice fringe and accurate chemical composition. Meanwhile, we
analyze the grains having sharp edges because they may undergo short exposure time
under micro-meteoroids impact or sloar wind. Mineral types are initially identified by
the real-time chemical composition via energy-dispersive X-ray spectroscopy (EDS).
2.2 Glassy bead and standard sample preparation

The slices samples are cut from the large glass bead (~100 um) and Fe standard
sample by the FIB technique. The lamella was thinned down to 100 nm thick at an
accelerating voltage of 30 kV with a decreasing current from the maximum 2.5 nA,
followed by fine polish at an accelerating voltage of 2 kV with a small current of 40
pA. The standard samples of FeCOs and Fe2O3 were ground to fine powder in a glove
box and then dispersed on lacey carbon-coated copper grids.
2.3 STEM, EDS and EELS measurements

Transmission electron microscopy (TEM) and scanning transmission electron
microscopy (STEM) observations were performed on Spectra 300 (Thermo Fisher



Scientific) double-Cs-corrected transmission electron microscope equipped with a
field-emission electron source and a monochromator, operated at an accelerating
voltage of 300 kV. High-angle annular dark-field (HAADF)-STEM and bright-field
(BF)-STEM images were collected with a probe convergence angle of 30 mrad. EDS
data were collected with a super-X EDS detector. Electron-energy loss spectroscopy
(EELS) data were acquired using a Gatan image filter (GIF) (Gatan Inc.) with a

dispersion of 0.05-0.15 eV per channel and collection semi-angle of 40 mrad. The

energy resolution of EELS was estimated to be 0.4-0.7 eV from the full width at half
maximum of zero-loss peak.
3. Results and discussion

Most of the measured grains have sharp edges and typical crystallographic habits
rather than the rounded surface of grains from the Apollo and Luna missions [27]. We
start with olivine as it is the most sensitive to space weathering among the Moon’s
minerals [28-31]. Fig. 1a displays a HAADF-STEM image for a typical olivine grain.
The enlarged upper region 1 and lateral region 2 are shown in Fig. 1b and c,
respectively. The grain is entirely covered by amorphous layers with thicknesses of
~10 nm and uniformly embedded nanoparticles (see Fig. 2a for details). EDS analyses
reveal that the amorphous layer is only composed of O and Si as shown in Fig. Sla
(online). The atomic ratio of O and Si is ~2.0, indicating the formation of amorphous
SiO2 (a-SiO2) layer. The average composition of the olivine is quantified to be
(Mgo.25F€0.75)2Si0O4, within the range of olivine in CE5 lunar soil [5]. The
nanoparticles are richer in Fe in comparison to the host matrix, see Fig. S1b (online).

The EDS line mapping was performed to describe the element distribution from
surface to interior of olivine. The profile along the red arrow of Fig. 1d is shown in
Fig. 1le. It confirms that the outmost amorphous layer is solely made up of Si and O
again, and the nanoparticles within the matrix consisting of the olivine and MgO are
FeO. Therefore, the np-FeO are embedded inside the olivine just beneath the
amorphous layer, which is supported by the thickness calculations in Fig. S2 (online).
The size of nanoparticles spans from 3 to 12 nm with a dominant range of 6-8 nm, see
the histogram of Fig. 1f. The fast-Fourier transform (FFT) pattern (Fig. 1g) based on a
high-resolution transmission electron microscopy (HRTEM) image (Fig. S3, online)
suggests that apart from the olivine phase, the wustite fcc-FeO nanoparticles be
embedded inside as the diffraction rings, matching well with the simulated ones.

We then carried out the HRTEM imaging to probe into the details of the amorphous
layer, nanoparticle and the interior olivine. In Fig. 2a, a multiple-layered rim

4



consisting of zone I, 11, and 11l is observed, in which three typical areas labeled as
green, red and white squares are selected for further measurements. The results are
shown in Fig. 2b, c, respectively. In the green square area, the outmost layer is
homogeneously amorphous with a thickness of ~10 nm, see an enlarged HRTEM
image and the corresponding FFT pattern in Fig. 2b. The HRTEM image for an
np-FeO (red square) particle is shown in Fig. 2c. The lattice fringe is d = 2.11 A.
Several important d values are measured to be 2.45, 2.11, and 1.49 A from Fig. 2c,

which well match the spacing values of (110), (002), and (220) planes of wiistite

FeO, respectively. These results confirm the embedded nanoparticles are fcc FeO. Fig.
2d is the enlargement of the HRTEM image for the olivine host (white square) and its

FFT pattern along the zone axis of [10§]. The diffraction spots are well indexed to be

orthorhombic olivine. Although a few FeO and FesOs nanoparticles have been
observed along with a large amount of npFeO in Apollo lunar soils [32], they are
suggested to be generated by the diffusion of O atoms from the O-rich matrix to the
surface. In contrast, the npFe® are not observed at all in our samples and the wiistite
FeO nanoparticles are the only inclusion embedded in the amorphous rim. This
unique rim structure has not been reported in any other lunar, terrestrial, Martian, or
meteorite samples to the best of our knowledge.

Fig. 3a shows the HAADF image and elemental mapping of surface area. It reveals
that the Si and O are richer in the outmost layer, and the Fe and Mg below a-SiOz,
consistent with line scanning in Fig. 1e. To determine the valence of Fe, we acquired
the EELS for np-FeO and olivine marked by blue and red circles in Fig. 3b. The Si
L-edge, O K-edge, Fe L-edges of FeO and olivine are plotted in Fig. 3c, in which the
weaker Si and O intensity for FeO indicates that the np-FeO are embedded in the host
olivine. The features of Si L-edge for the olivine and the amorphous SiO; layer are
compared with several reference spectra. It indicates that they are similar to those for
the SiO> rather than Si (Fig. S4a, online). Importantly, the Fe Ls-edges of np-FeO and
olivine have the same energy of 708.45 eV, which is identical to 708.42(4) eV for the
FeCOs standard sample (Fig. S4b, online), and larger than 708.08(5) eV for the Fe
standard sample. Furthermore, we analyze the intensity La/L, ratios based on the
method given in Fig. S5 (online). The Ls/L> ratios for the np-FeO and olivine are
3.99(11) and 4.01(12), respectively. Both values are close to the ratio of 4.03(5) in the
FeCOs standard sample while much larger than the ratio of 2.99(7) in the Fe standard
sample. All the Fe Ls-edge energy and La/L> ratios are tabulated in Table S1 (online).



It demonstrates that the nanoparticles are FeO rather than Fe [33-35]. Besides, we
notice pores, 1-2 nm in diameter, exist in these np-FeO (Fig. S6 online), which could
act as natural collectors for noble gases.

We checked more olivine grains, and found that they exhibit the same features of
L-edge and La/L> ratio as the abovementioned grain (Fig. S7, online). In the thin slice
of glassy beads, see Fig. S8 (online), np-FeO are found in amorphous matrix as
revealed by the EDS and EELS analyses. We have checked the morphology of
pyroxene grains, however, found there are no np-FeO and a-SiO; layers, see Fig. 4a, b.
Meanwhile, the chemical compositions of nine selected areas at the surface are
identical to interior parts as shown in Fig. 4c. For Ca-rich anorthite, identical chemical
compositions are observed at the surface and inside, see Fig. 4d-f. More details are
shown in Figs. S9-S11 (online). All observations imply that our measured samples do
not undergo severe space weathering as Apollo and Luna samples did on the Moon.

It is interesting to compare our results to a recent paper about the rim structure and
morphology of lunar soil returned by CE-5 [35], in which the authors found the npFe°
(~35 nm) rather than wistite FeO within the uppermost amorphous SixOy layers (5-20
um in thickness) of large olivine grains. A notable distinction is that the solar flare
trails are found in their olivine grains, but they are not present in our smaller grains at
all. Based on the size and sharp edge of our samples, we propose that our samples are
more likely to be small pieces of grains cracked off bigger olivine.

4. Conclusion

In summary, our findings reveal two major characteristics of CE5 lunar soil under
space weathering. First, a multiple-layer-rim structure consisting of (1) outmost
a-SiO2 layer, (2) mixture of a-SiO2, np-FeO, and MgO, (3) mixture of np-FeO, MgO,
and olivine, (4) host olivine, is observed. Second, the npFe® and volatile elements S
from vapor deposit are not observed within the rim, nor are the solar flare tracks
inside the grain. As far as we know, such peculiar rim structures embedded FeO
nanoparticles are not reported in the previous literatures. Given that the npFe® is the
final product of decomposing olivine, we suggest that wistite FeO may serve as an
intermediate state of the thermal decomposition process, and the FeO may further
transform into npFe® with the aid of cosmic radiation or solar flare. Our findings
imply that our studied samples do not undergo severe space weathering, and the
underlying mechanism deserves further investigation.

Conflict of interest
The authors declare that they have no conflict of interest.



Acknowledgments

The work was supported by the Key Research Program of Chinese Academy of
Sciences (ZDBS-SSW-JSC007-2) and the granted project from China National Space
Administration (CE5C0400YJFMO00507). We are grateful for the enlightening
discussions with Prof. Rixiang Zhu from the Institute of Geology and Geophysics,
Chinese Academy of Sciences.

Author contributions

Xiaolong Chen, Yigang Xu, and Chunlai Li conceived and supervised the project.
Jian-gang Guo, Tianping Ying, Xu Chen, Yanpeng Song, Ting Lin, and Qinghua
Zhang conducted sample preparation. Qiang Zheng and Hanbin Gao conducted TEM,
STEM, and EELS measurements. Xiaolong Chen, Jian-gang Guo, Tianping Ying, and
Qiang Zheng analyzed the data and wrote the manuscript based on discussion of all
authors.

Supplementary materials

Supplementary data are available online.

References

1. Keller LP, McKay DS. Discovery of vapor deposits in the lunar regolith.
Science, 1993; 261: 1305-1307.

2. Keller LP, McKay DS. The nature and origin of rims on lunar soil grains.
Geochim Cosmochim Acta, 1997; 61: 2331-2341.

3. Che XC, Nemchin A, Liu DY et al. Age and composition of young basalts on
the Moon, measured from samples returned by Chang’e-5. Science, 2021; 374:
887-890.

4, Li QL, Zhou Q, Liu Y et al. Two billion-year-old volcanism on the Moon from
Chang’e-5 basalts. Nature, 2021; 600: 54-58.

5. Li CL, Hu H, Yang MF et al. Characteristics of the lunar samples returned by
Chang’E-5 mission. Natl Sci Rev, 2022, 9: nwab188.

6. Pieters CM, Noble SK. Space weathering on airless bodies. J Geophys Res
Planets, 2016; 121: 1865-1884.

7. Thompson MS, Zega TJ, Becerra P, et al. The oxidation state of nanophase Fe
particles in lunar soil: Implications for space weathering. Meteorit Planet Sci,
2016; 51: 1082-1095.

8. McKay DS, Fruland RM, Heiken GH. Grain size and the evolution of lunar
soils. Proc Lunar Sci Conf, 1974; 5: 887-906.

9. Morris RV. Origins and size distribution of metallic iron particles in the lunar

7



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

regolith. Proc Lunar Sci Conf, 1980; 11: 1697-1712.

Anand M, Taylor LA, Nazarov MA, et al. Space weathering on airless
planetary bodies: Clues from the lunar mineral hapkeite. Proc Natl Acad Sci
USA, 2004; 101: 6847-6851.

Hapke B, Cassidy W, Wells E. Effects of vapor-phase deposition processes on
the optical, chemical, and magnetic properties oe the lunar regolith. Moon,
1975; 13: 339-353.

Adams JB, McCord TB. Alteration of lunar optical properties: Age and
composition effects. Science, 1971; 171: 567-571.

Hapke B. How to turn OC’s into S’s: Space weathering in the asteroid belt.
Proc Lunar Sci Conf, 2000; 31: 1087.

Hapke B. Space weathering from Mercury to the asteroid belt. J Geophys Res
Planets, 2001; 106: 10039-10073.

Pieters CM, Taylor LA, Noble SK, et al. Space weathering on airless bodies:
Resolving a mystery with lunar samples. Meteorit Planet Sci, 2000; 35:
1101-1107.

Keller LP, Microstructural studies of space weathering effects in lunar
materials. Astrophys Space Sci Libr, 2002; 278: 41.

Keller LP, Clemett SJ. Formation of nanophase iron in the lunar regolith. Proc
Lunar Sci Conf, 2001; 31: 2097.

Tsay FD, Chan Sl, Manatt SL. Ferromagnetic resonance of lunar samples.
Geochim Cosmochim Acta, 1971; 35: 865-875.

Housley RM, Grant RW, Abdel-Gawad M. Study of excess Fe metal in the
lunar fines by magnetic separation Mdssbauer spectroscopy, and microscopic
examination. Proc Lunar Sci Conf, 1972; 3: 1065.

Housley RM, Grant RW, Paton NE. Origin and characteristics of excess Fe
metal in lunar glass welded aggregates. Proc Lunar Sci Conf 1973; 4: 2737.
Sasaki S, Nakamura K, Hamabe Y et al. Production of iron nanoparticles by
laser irradiation in a simulation of lunar-like space weathering. Nature, 2001;
410: 555-557.

Noguchi T, Nakamura T, Kimura M, et al. Incipient space weathering observed
on the surface of Itokawa dust particles. Science, 2011; 333: 1121-1125.

Hu S, Hu HC, Ji JL et al. A dry lunar mantle reservoir for young mare basalts
of Chang’e-5. Nature, 2021; 600: 49-53.

Tian HC, Wang H, Chen Y, et al. Non-KREEP origin for Chang’e-5 basalts in



25.

26.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

the Procellarum KREEP Terrane. Nature, 2021; 600: 59-63.

Qian Y, Xiao L, Head JW, et al. Copernican-aged (< 200 Ma) impact ejecta at
the Chang’e-5 landing site: statistical evidence from crater morphology,
morphometry, and degradation models. Geophys Res Lett, 2021; 48:
€2021GL095341.

Jiang Y, Li Y, Liao SY, et al. Mineral chemistry and 3D tomography of a
Chang’E 5 high-Ti basalt: implication for the lunar thermal evolution history.
Sci Bull, 2022; 67: 755-761.

Dran JC, Durrieu L, Jouret C et al. Habit and texture studies of lunar and
meteoritic materials with a 1 MeV electron microscope. Earth Planet Sci Lett,
1970; 9: 391-400.

Ando S, Garzanti E, Padoan M, et al. Corrosion of heavy minerals during
weathering and diagenesis: a catalog for optical analysis. Sediment Geol, 2012;
280: 165-178.

Grotzinger J, Jordan, TH, Press, F, et al. Understanding earth. 5th ed. New
York: Macmillan; 2004.

Yamada M, Sasaki S, Nagahara H, et al. Simulation of space weathering of
planet-forming materials: Nanosecond pulse laser irradiation and proton
implantation on olivine and pyroxene samples. Earth Planets Space, 1999; 51.:
1255-1265.

Fu X, Zou Y, Zheng Y et al. Effects of space weathering on diagnostic spectral
features: Results from He® irradiation experiments. Icarus, 2012; 219:
630-640.

Thompson MS, Zega TJ, Becerra P, et al. The oxidation state of nanophase Fe
particles in lunar soil: Implications for space weathering. Meteorit Planet Sci,
2016; 51: 1082—-1095.

Colliex C, Manoubi T, Ortiz C. Electron-energy-loss-spectroscopy near-edge
fine structures in the iron-oxygen system. Phys Rev B, 1991; 44: 11402,
Leapman RD, Grunes LA, Fejes PL. Study of the L2z edges in the 3d transition
metals and their oxides by electron-energy-loss spectroscopy with comparisons
to theory. Phys Rev B, 1982; 26: 614.

Tan H, Verbeeck J, Abakumov A et al. G. Oxidation state and chemical shift
investigation in transition metal oxides by EELS. Ultramicroscopy, 2012; 116:
24-33.

Guo Z, Li C, Li Y, et al. Nanophase iron particles derived from fayalitic olivine



decomposition in Chang’E-5 lunar soil: implications for thermal effects during
impacts. Geophys Res Lett, 2022; 49: e202GL097323.

Fig. 1. Morphology and chemical composition of olivine from CE5. (a)
HAADF-STEM image of an olivine grain. The upper region 1 and lateral region 2 are
enlarged in (b) and (c), respectively. The thin amorphous layer is labeled by white
arrows. (d) HAADF image showing location (red arrow) of EDS mapping for olivine
edge. (e) Line profile of atomic fraction in the red arrow zone in (d). Zero position is
at the outermost surface. (f) Histogram of the nanoparticles’ sizes in (b) and (c),
showing their size in the range of 3-12 nm. (g) FFT pattern of an area of mixed
nanoparticles and olivine matrix. The right panel is a simulated diffraction pattern of
wdstite fcc-FeO.

Fig. 2. Structural details of amorphous SiO2 layer, np-FeO and olivine host. (a)
HRTEM image around the olivine surface. There are three typical zones (I, 11, and 111)

within the rim. Green, red, and white areas are selected for detail analysis. (b)—(d)

HRTEM and indexed FFT patterns of selected amorphous SiO: layer, np-FeO and
olivine host, respectively.

Fig. 3. Elemental mapping and calibration of Fe’s valence. (a) HAADF image of
surface area and elemental mapping of Si, O, Fe, and Mg. (b) HAADF-STEM image
during EELS acquisition. FeO and olivine areas are marked by blue and red circles,
respectively. (c) EELS of Si L-edge, O-K edge, and Fe-L edge of marked np-FeO and
olivine in (b). In the right panel, the Fe-L edge of Fe standard sample is plotted for
comparison.
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Fig. 4. Morphology and chemical composition of pyroxene and Ca-rich anorthite.
(a)-(c) HAADF images and nine selected areas at pyroxene’s surface. Zoom-in image
around areas 2 and 6. EDS of nine areas. (d)-(f) HAADF image and eight selected
areas at Ca-rich anorthite’s surface. Zoom-in image around areas 4 and 8. EDS of
eight areas.

Jian-gang Guo is a professor at the Institute of Physics, Chinese Academy of Science. His
research interest is determination of crystal structure and preparation of novel functional

materials.

1

G,
14 //l

Tianping Ying is an associate professor at the Institute of Physics, Chinese Academy of

Science. His research interest is the design and discovery of novel crystal structures with

prominent physical properties.

11



Qiang Zheng is a professor at National Center for Nanoscience and Technology. His
research focuses on development and application of aberration-corrected electron
microscopy and multi-scale structures of correlated quantum materials and functional

materials.

Xiaolong Chen is a professor at the Institute of Physics, Chinese Academy of Science. His
research focuses on crystal structure determination, single crystal growth of

semiconductor, and designing novel functional materials.

12



(d) (f)40 (¢} -o- Lateral
r od}
o/ b -o-Upper
g o
3 30t [aP B
3 |
= [P i?
& 20} b |l
& o Op
L a
10 g d:o
2 b

0 24 6 8 10 12 14 16
Nanoparticle size (nm)

—_—
(L)

~—

o

FeO-simulated

0

-
o

Fayalite
with FeO

Position (nm)
S o

w N
(=

0 20 40 60 80
Atomic fraction (%)

13




b) Surface SiO, amorphous layer
3

14



— Fayalite
— Fe standard sample

ATV

Intensity (a.u.)

3 L/L,:2.99(7)
Ly/L,: 3.99(11)

'\ Fe'standard sample

L/L,:4.01(12

15

W, ‘ ) . . | .
100 120 520 540 560 708 714 720
Energy loss (eV)



Pyroxene

16

@

Intensity (a.u.)

(f)

Intensity (a.u.)

Fe MQSI Ca  position 1
AR 2
3
A 4
5
6
7
JL\_AJ\ 8
- 9
1 2Q2\MY 5 6
Energy (keV)
O .
Si

Al .
ACa_Position 1
A& A—
N 3
| /\& A 4
A 5
==
A 7
¥ 8
1 2 3 5 6

4
Energy (keV)




