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1 Apollo 15005, 14
Fig 1 TEM images of Apollo 15005, 14 lunar drill soil grains prepared by diamond ultramicrotome

(a) ~(c)— Apollo 15005, 14 np-Fe’ ,np-Fe’
, <5 nm, s (D)~ (D — np-Fe’ ,np-Fe’
. 10 nm., s (@) ~()— np-Fe’
,np-Fe’ , <5 nm, ;s Hg— ; Ol— s Ag—
snp-Fe’ — s Pl—

(a) ~ (c)—np-Fe” embedded in the top surface amorphous layer of olivine grains and with irregular grain shape, average
particle diameter < 5 nm; (d) ~ (f{)—np-Fe’ embedded in the agglutinitic glass particle and with regular grain shape,
average particle diameter &~10 nm; (g) ~ (i)—np-Fe’ distributed in the top surface amorphous layer of plagioclase grains
with irregular particle shape, average particle diameter << 5 nm; Hg—host grain; Ol—olivine; Ag—agglutinitic glass; np-

Fe’ —nanophase iron particles; Pl-—plagioclase

, (Moortele et al., 2007; Guo Zhuang et al ,
(Anand et al. , 2004; Wang Kun 2020),
etal. , 2012), np-Fe’ np-Fe’ , Huaxi
) Murchison
« 1, 2 3, np-FeNi, np-FeNiS sm-FeNiS,
np-FeNi
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9 : Apollol5 2861

2 Huaxi (H5)  Murchison (CM2)
(Backscatter Electron Image, BSE) (Focus Ion Beam, FIB)
Fig 2 Back-scatterred Electron (BSE) images of ordinary chondrite (Huaxi, H5), carbonaceous chondrite
(Murchison, CM2) irradiated by nano-second pulse laser as well as the TEM and HRTEM observation
results of the ultra-thin films prepared by FIB

(a) (b)— Huaxi - FeNi  FeS np-Fe’; (c) |
(e)—Huaxi np-Fe’ ; (), (g)—Murchison
(Secondary Electron Image, SED , sm-FeNiS ;5 (h)—Murchison
np-FeNi  FeNiS ;5 (1) —Murchison ; (j)—Murchison

np-Fe’; Hg— ;sm-FeNiS— FeNiS snp-Fe’ — s Pt— s Au— ;
Pl— ;01— s L-Px— s IM—

(a), (b)—Sputtered sm-FeNiS on the surface of Huaxi ordinary chondrite (H5) and np-Fe® reduced during the formation of impact melts;
(c) ~(e)—np-Fe' discovered in the surface melt layer of olivine and low-calcium pyroxene grain; (), (g) —impact melts, bubbles and
sputtered sm-FeNiS on the surface of Murchison carbonaceous chondrite (CM2); (h)—sputtered np-FeNi and FeNiS on the surface layer
of matrix of Murchison carbonaceous chondrite; (i)——cross section of bubble made by evaporation of volatiles during the irradiation of
nanosecond pulse laser of Murchison; (j)—np-Fe® discovered on the bottom of melt layer on the top surface of olivine of Murchison;
Hg—host grain; sm—FeNiS-sub-micron FeNiS particles; np-Fe’-nanophase iron particles; Pt—deposited platinum; Au—sputtered gold;

Pl—plagioclase; Ol—olivine; L-Px—low calcium pyroxene; IM—impact melt

(C)1994-2022 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net
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3 Huaxi ( 30°)
Fig 3 TEM and EDS mapping analysis results of Huaxi ordinary chondrite
(the corresponding region with 30° clockwise rotation)
s np-Fe’,
np-Fe’ np-Fe’; Hg— s L-Px— s Pl— snp-Fe’ —
The TEM and EDS mapping images clearly show two layers of np-Fe’in the melting layer on the surface of low calcium pyroxene and
plagioclase particles, including the top layer of np-Fe® caused by evaporation deposition and the bottom layer of np-Fe® formed by in-situ

reduction of ferric ions in L-Px; Hg—host grain; [-Px—low calcium pyroxene; Pl—plagioclase; np-Fe’ —nanophase iron particles

FeNi FeNiS Murchison .
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Abstract

Space weathering products, such as nano-to submicron sized opaque particles, are the main reason for
the unique reflectance spectra characteristics of weathered particles on airless planetary bodies (e g. , the
Moon and asteroids). In this study, the source, formation mechanisms, and distribution of space
weathering products were discussed on the basis of Apollo 15 soil samples and the irradiated results of
ordinary chondrites and carbonaceous chondrites. Our experiments indicate that np-Fe0 (nanophase iron
particles) should be formed by the vapor deposition and in-situ reduction of iron-magnesium silicate and
other minerals caused by the bombardment of micrometeorites. np-FeNi (nanophase FeNi particles) are
formed by the vapor deposition and shock dispersion of FeNi and troilite. np-FeNiS (nanophase FeNiS
particles) and sm-FeNiS (submicron FeNiS particles) are mainly formed by the impact dispersion of
troilite. These opaque particles are the main reason for the change of spectral characteristics of the Moon
and S-type asteroids in the ultraviolet-near infrared reflectance ( UV-NIR) band, including reduced
reflectance, weaker absorption bands, and the redshift of the continuum. The bubble structure can be
attributed to the escape of volatiles in phyllosilicates during micrometeorite bombardment, which is
speculated to be the main reason for the increased spectral reflectance and blueshift of the continuum in the
UV-NIR band of asteroids with high water content (such as Bennu). The experimental results could
provide a reference for the analysis of returned lunar samples, future asteroid samples, and the

interpretation of space weathering characteristics of the reflectance spectrum.

Key words: lunar soil; asteroid; space weathering; nanophase iron particles; reflectance spectrum



