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This study focuses on the physical and chemical properties of surficial lunar regolith (LR) samples returned from the Moon by
the Chang’E-5 (CE-5) mission. Insights regarding the effect of a new sampling geological site on the surficial lunar sample
CE5C0400 were illustrated using nondestructive techniques such as laser diffractometry coupled with image analysis, X-ray
computed tomography, and field emission scanning electron microscopy equipped with energy dispersive spectroscopy, and X-
ray diffraction combined with Rietveld refinement. From the characterization analyses, the CE-5 sampling site in the north-
eastern Oceanus Procellarum on the Moon yields a unique collection of relatively regular-shaped and fine basalt-dominated
particles. The median grain size D50 is (55.24±0.96) μm, falling within the relatively low end of the range of the Apollo lunar
returned samples. The coefficient of uniformity Cu of 15.1 and the coefficient of curvature Cc of 1.7 could classify CE5C0400 to
be well-graded. The minerals in CE5C0400 comprise approximately 44.5% pyroxene, 30.4% plagioclase, 3.6% olivine, and
6.0% ilmenite. There is a relatively low content of approximately 15.5% glass phase in the CE-5 lunar sample. From the results,
we deduce that the CE-5 LR structure could have mainly resulted from micrometeoroid impacts to achieve such a high level of
maturity.
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1 Introduction

Lunar regolith (LR) [1], an interface with a typical thickness
of several meters between the Moon and its space environ-
ment, contains essential information about the Moon source
and future lunar resource utilization (LRU). Particularly, the
surficial LR is of the most interest because various natural
phenomena directly occur on it, including solar-wind injec-
tion, meteoritic/micrometeoritic impacts, cosmic ray bom-
bardment, and space weathering [2-4]. The natural
phenomena cause complex changes in the physical, chemi-
cal, and mineral characteristics associated with either outer
atoms trapped in LR or physical melting and cementation of
surface minerals [5]. Moreover, the LRU and lunar base
establishment are mainly based on the detailed performance
of LR [6]. Therefore, a clear understanding of the physical
and chemical properties of LR is crucial for further lunar
exploration.
To date, precious lunar samples returned from the US

Apollo 11-17 missions and Soviet Luna programs have been
extensively investigated for over 40 years [7,8]. A great deal
of scientific data on the properties of the lunar returned
samples, including mare volcanic and highland rocks, have
comprehensively advanced the theories and knowledge of
the Moon [9]. Nevertheless, the heterogeneous distribution
of LR leads to a great variety of information depending on
the sampling sites. Unexplored areas on the Moon are still
broad [10]. New samples and novel analyses are con-
siderably required to extend the data to wider regions of the
Moon for better understanding [11].
Recently, the Chang’E-5 (CE-5) mission, the first mission

to collect lunar samples in China, successfully brought back
lunar samples. The CE-5 mission landed on a brand-new site
(Figure 1), namely, a basaltic area in the northeastern
Oceanus Procellarum in the northwest of the Moon [12]. The
geological region is a broad lunar mare with dark gray plains
in which volcanic activities last for a long time. Before
launching, compared with the sampling sites of the US
Apollo missions and Soviet luna programs (basalt ages of
3.1-3.9 billion years), the CE-5 sampling site was assessed to

be unusually young (nearly 1.3-2 billion years) and to pos-
sess high scientific values by different researchers [13-16]. It
is also confirmed from the latest studies [17-21] that such a
unique sampling site for the CE-5 mission indeed yields
brand-new lunar returned samples with unique properties.
Recently, our group has studied an invaluable surficial

lunar sample (No. CE5C0400) returned from the CE-5
mission. Based on the unique sampling site, the top priority
is to have a comprehensive understanding of the morpholo-
gical, structural, chemical, and physical analyses on the
surficial lunar sample CE5C0400. These properties are di-
rectly associated with the implantation of solar-wind ele-
ments, the addition of meteorite materials, and the grade and
maturity of the lunar soil [22-24]. Besides, deeply under-
standing the LR properties would lay a solid foundation for
future LRU activities on the Moon, such as mining and re-
source extraction [25]. Considering the historical importance
of lunar samples, in this paper, we extensively investigate the
physical and chemical properties of lunar samples using
nondestructive techniques.

2 Material and method

2.1 Lunar samples

CAST photographs (Figure 1) presented the CE-5 LR with a
dark gray appearance. The surficial samples of CE-5 LR
were first extracted and investigated. The original lunar
sample CE5C0400 derived from the precious surficial sam-
ples was stored in a glove box under clean and dry nitrogen
gas before being explored. In the light of visual inspection,
the lunar sample CE5C0400 looked dark gray and loosely
stacked. In addition, it exhibited irregular sizes, with fine
grains at the micron or submicron scale as well as large
discernable particles at the submillimeter scale. A minimally
necessary dose of the lunar sample CE5C0400 was used for
each measurement described below due to inevitable ex-
posure to the atmosphere when transferring from the glove
box to test equipment.

Figure 1 (Color online) On-site camera images of the sampling site of the Chang’E-5 mission before and after digging.
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2.2 Optical and tomographic views

A collection of optical micrographs of the lunar sample
CE5C0400 was obtained using a stereomicroscope (Nikon
SMZ18). Prior to taking photographs, a small portion of the
sample was placed in a laboratory glass dish, suspended in
ethanol, and observed under the stereomicroscope when
particles were dispersed. Meanwhile, the lunar sample
CE5C0400 was observed by a V|tome|x S240 X-ray com-
puted tomography (XCT) system (GE Sensing & Inspection
Technologies GmbH), and their apparent shapes and interior
structures were carefully investigated.

2.3 Particle size and shape distributions

Particle size and shape distributions for CE-5 LR were
measured via a Bettersize 3000Plus laser diffractometer
coupled with an image analyzer. The laser diffractometer
with a light wavelength of 532 nm could analyze particle
sizes between 0.01 and 3500 µm.While particle images were
recorded and analyzed in the size range of 2-3500 µm.

2.4 Morphology and chemical composition

Field emission scanning electron microscopy (FESEM, He-
lios G4 CX, Thermofisher) equipped with an energy dis-
persive spectroscopy (EDS, X-MaxN 50, Oxford) detector
was employed to investigate the morphology and chemical
composition of the lunar sample CE5C0400. To protect the
precious and historically significant lunar samples from
contaminations, milligrams of the lunar sample CE5C0400
placed on carbon foil were not covered with any conductive
materials. Such FESEM observations were performed at a
low acceleration voltage of 2 kV to suppress the accumula-
tion of electrostatic fields during imaging, and EDS surface
scans were operated at an acceleration voltage of 18 kV
under a high vacuum.
Powder X-ray diffractions (XRD) were collected on a

Bruker D2 phaser diffractometer equipped with a mono-
chromatized source of Cu Kα radiation (λ=0.15406 nm) at
4 kW (40 kV, 100 mA). Sample CE5C0400 was used with-
out grinding, and the patterns were recorded in a slow-
scanning mode with 2θ from 10° to 120° at a scan rate of
0.2°/min. Rietveld refinement was conducted to obtain the
phase compositions for the lunar sample CE5C0400.

3 Results and discussion

Typical optical and XCT photographs of LR particles for
sample CE5C0400 are shown in Figure 2. Figure 2(a) shows
a cluster of agglutinates, glasses, and fragments of rocks and
minerals, ranging from ~10 to ~200 μm. The particles pos-

sess various colors, including yellowish-green, off-white,
brown, and dark gray, which are quite similar to the lunar
sample returned by Apollo 11 [26]. Geologically, these col-
orful particles are believed to be olivine (yellowish-green),
plagioclase (off-white), pyroxene or glass fragments
(brown), and agglutinates (dark gray) [27]. Therefore, the
crystalline minerals of the lunar sample CE5C0400 pre-
dominantly comprise pyroxene, plagioclase, and olivine. The
particle shapes are highly variable, including the aciculiform,
clavate, ellipsoidal, and spherical shapes, which can be ob-
served in the reconstructed image from XCT measurements
(Figure 2(f)). Several relatively large lithic fragments are
found (Figure 2(c) and (d)) to be typical basalt fragments of
lunar mare regions [28]. The representatively dark basalt
fragment with a diameter of ~2 mm possesses an ophitic or
subophitic-like texture (Figure 2(c)). Obviously, this basalt
fragment comprises lath-shaped off-white plagioclase crys-
tals surrounded by brown pyroxene and yellowish-green
olivine. Some basalt particles also have a slightly glossier
surface with signs of surface melting (Figure 2(d)).
An interesting feature observed in the lunar sample

CE5C0400 is the occurrence of many agglutinates that are
bonded with smaller particles (mineral grains, glasses, and
even older agglutinates) together by vesicular, flow-banded
glasses [29]. These agglutinates have irregular shapes and
are typically mid-sized (100-200 μm) (Figure 2(b)). Most of
their components have been melted and mixed into a dark
glassy matrix, and there are pyroxene-based fragments that
adhere to the outer surface. For example, a unique dumbbell-
shaped agglutinate particle with mineral fragments adhering
to its surface is depicted in Figure 2(e), which is very porous
inside. The internal structure of an individual agglutinate
particle was studied using XCT measurements (Figure 2(g)).
The agglutinate particle is hollow, containing both closed
and open voids. In addition, these internal voids in the par-
ticle have ellipsoidal and spherical shapes with sizes ranging
from several to hundreds of micrometers. These features
suggest that the voids are generated by the blister of com-
ponents with relatively low boiling points [30,31].
Using an image analyzer combined with a laser dif-

fractometer, the circularities of individual particles of the
lunar sample CE5C0400 are analyzed based on two-dimen-
sional images (Figure 3(a)) of 120597 particles between 15.0
and 438.2 µm. According to circularity distribution (Figure 3(b)),
the average circularity is 0.875. More than 25% of the LR
particles have circularity smaller than 0.854, and only 10%
of those have circularity smaller than 0.805. As a result, most
CE-5 LR particles possess high circularity and thus relatively
regular shapes.
The particle size distribution of the lunar sample

CE5C0400 derived from laser diffraction analysis is pre-
sented by both histograms of volume percent of particles and
curve of cumulative volume distribution versus particle size
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in Figure 3(c) and (d). In addition, Table 1 shows the relevant
physical parameters for the lunar sample CE5C0400. As
expected, a very broad distribution of particle size occurs in
the range of 0.31-515.70 µm. There is a slow increment of
volume percent in the size range of 1-10 µm, suggesting the
existence of considerable quantities of fine dust. The volume
percent gradually decreases when the particle size exceeds
86.35 µm, indicating a decrease in the number of large par-
ticles. The profile of the cumulative volume distribution
(Figure 3(d)) yields the effective grain size D10, middle grain
size D30, median grain size D50, and constrained grain size
D60 of (4.75±0.39), (24.34±0.91), (55.24±0.96), and (71.87±
0.89) μm, respectively. In addition, Figure S1 shows the
detailed tens of volume percent values corresponding to
grain sizes with error bars from three running tests.
For most Apollo lunar samples, size distribution studies

[32,33] were conducted by sieving the samples by weight.
Recently, the median particle size of a CE-5 lunar sample
(No. CE5C0800YJFM001) was reported to be 52.54 μm [19]
according to size-mass distribution via image and statistical
analyses. The difference from our results should be related to
the size measurement method, in addition to the distinction

of lunar samples. Using the same laser diffraction technique
by size-volume distribution, the D50 value for the lunar
sample CE5C0400 is in a median particle diameter range of
66.47-30.05 μm for Apollo 11 sample 10084 from a typical
reference site: Mare Tranquillitatis [34]. Such a small D50

value implies a high level of maturity of CE-5 LR and a
consequence of the monodisperse feature of the LR. The
mature lunar soil has been also clarified by a recent report on
CE-5 LR [19]. In addition, the coefficients of uniformity Cu

and curvature Cc are 15.1 and 1.7, respectively. Thus, the
lunar sample CE5C0400 can be described to be well-graded
according to geotechnical criteria [35]. It is reasonable to
deduce that the CE-5 LR structure could be mainly produced
from micrometeoroid impacts to reach saturation closely.
Figure 4 depicts typical surface morphologies of

CE5C0400 with various shapes and sizes. FESEM ob-
servations (Figure 4(a)) show that the LR particles are het-
erogeneous in appearance, including irregular, spherical,
dendritic, angular, and block-like shapes. On average, more
elongated and spherical particles in the size range of
10-100 µm are found, and the particles are largely derived
from different minerals, agglutinates, debris fragments, and

Figure 2 (Color online) Optical photographs of (a) multiple lunar regolith (LR) particles, (b) a group of agglutinates, (c) and (d) basalt-based fragments,
and (e) a dumbbell-shaped agglutinate; (f) reconstructed image of LR particles and (g) X-ray computed tomography images of an agglutinate particle at
various angles.
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glass beads [28,36,37]. Two chosen crystal particles with
clear rock textures of the lunar sample CE5C0400 are shown
in Figure 4(b) and (c). Closeup views display that debris
fragments and spherical droplets are distributed on the
crystals. It is typical for LR samples to preserve some frag-
ments from impact melts and older minerals because of
micrometeoroid bombardment and volcanic eruption [1]. A
relatively big agglutinate is clearly observed in Figure 4(d) in

which small minerals and fragments with partially glassy
surfaces are bonded together by a glassy matrix. Glass
spherules containing native iron (Fe0), as proven not to be
uncommon [38], are also viewed on the agglutinate. A
popular explanation [39] proposed that agglutinates formed
by micrometeoroid impact implanted solar-wind elements,
resulting in the partial reduction of iron oxide to iron (Fe0). In
addition, various circular and irregular vesicles with sizes
ranging from 30 to 240 nm are observed on the surface of an
agglutinate (Figure S2), which should be generated by the
liberated solar-wind gases. Evidence for micrometeoroid
impacts on the lunar surface is also provided by a bowl-
shaped crater with a clear incision on an agglutinate and by
an apparent fracture on a relatively large glass bead
(~40 µm) in Figure 4(e) and (f). The Moon’s population of
impact craters represents an accurate record of these colli-
sional processes over most of the solar system’s lifetime
[20,40].
FESEM observations combined with EDS surface scans

are shown in Figures 4(g), (h), and S3 for composition

Figure 3 (Color online) Particle shape and size distributions of the lunar sample CE5C0400. (a) Representative images of individual particles via laser
diffraction; (b) circularity distribution with sizes ranging from 15.0 to 438.2 µm; (c) volume percent distribution; (d) cumulative volume profile via laser
diffraction.

Table 1 Basic physical properties of lunar sample CE5C0400 returned by
the Chang’E-5 mission

Physical parameters Value

Average circularity 0.875
Effective grain size, D10 (μm) 4.75±0.39
Middle grain size, D30 (μm) 24.34±0.91
Median grain size, D50 (μm) 55.24±0.96

Constrained grain size, D60 (μm) 71.87±0.89
Coefficient of uniformity, Cu 15.1
Coefficient of curvature, Cc 1.7
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analysis of the lunar sample CE5C0400 in surface regions 1
and 2. The concentrations of the major elements are listed in
Table 2. As expected [41,42], the lunar surfaces contain the
two most abundant elements, i.e., approximately 60 at.%
oxygen (O) and 15 at.% silicon (Si). For region 1, the other
major elements are approximately 6.6 at.% aluminum (Al),
6.5 at.% Fe, 4.9 at.% calcium (Ca), 2.7 at.% magnesium
(Mg), and 1.5 at.% titanium (Ti). The minor elements are
sodium (Na), sulfur (S), potassium (K), chromium (Cr), and
manganese (Mn). Highlights can be observed in the Fe ele-
ment distribution, indicating Fe abundance in the lunar
sample CE5C0400. The Fe-rich feature agrees with a recent
report on CE-5 LR [19]. According to the ratios of the ele-
ments, it is reasonable to infer that the original mineral
phases in the lunar sample CE5C0400 contain pyroxene
((Ca,Mg,Fe)2Si2O6), olivine ((Mg,Fe)2SiO4), and plagioclase
((Ca,Na)(Al,Si)4O8).
In contrast, the elemental distribution in surface region 2

shows that Si, Al, Ca, and Mg concentrations are almost
unchanged. Thus, there would be no obvious change in the
amount of the plagioclase phase. Meanwhile, Fe and Ti
concentrations increase to 9.0 at.% and 2.6 at.%, respec-
tively, and O concentration decreases. The variations lead to
the enlargement in the total valence ratio of cations:anions to
be 123.3:118.2. The results manifest an increase in the
concentration of pyroxene phase, and suggest the existence
of Fe0 and Fe,Ti-containing oxide minerals. Therefore, the

surface domain is mainly composed of pyroxene, plagio-
clase, Fe0, and Fe,Ti-containing oxide minerals. Similar to
the Apollo lunar samples inside mare basalt regions [43], the
elemental compositions of CE-5 lunar returned samples also
depend on specific locations. From this work for sample
CE5C0400, the young mare basalt at the CE-5 landing site
could be deduced to be mostly dominated by pyroxene mi-
nerals.
The local surfaces of the lunar sample CE5C0400 with

Figure 4 (Color online) FESEM images and EDS elemental distribution of the lunar sample CE5C0400. (a) Various irregular particles; (b) and (c)
characteristic crystal particles; (d) a typical agglutinate with a partially glassy surface; (e) and (f) a crater on an agglutinate and fracture on a glass bead; (g)
and (h) major element distribution using various colors in surface regions 1 (g) and 2 (h).

Table 2 Representative surface composition of Chang’E-5 lunar regolith
acquired from EDS surface scans in regions 1 and 2

Element
Region 1 Region 2

wt.% at.% wt.% at.%

O 43.1 62.2 38.7 59.1
Na 0.5 0.5 – –
Mg 2.9 2.7 2.7 2.8
Al 7.7 6.6 6.9 6.2
Si 18.0 14.8 17.2 15.0
S 0.2 0.1 – –
K 0.2 0.1 0.2 0.1
Ca 8.5 4.9 8.2 5.0
Ti 3.0 1.5 5.1 2.6
Cr 0.2 0.1 0.4 0.2
Mn 0.2 0.1 – –
Fe 15.6 6.5 20.6 9.0
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small characteristic regions are further observed and ana-
lyzed in Figure S4; the corresponding elemental composi-
tions are listed in Table S1. Angular ilmenite, Al-abundant
plagioclase feldspar, and Ca-rich pyroxene particles are il-
lustrated in Figure S4(a)-(c), respectively. The glass spherule
(Figure S4(d)) with high Ca and Fe concentrations of up to
15.0 at.% and 35.4 at.%, respectively, could be apparently
evolved from the original high-Ca pyroxene phase and Fe0.
The chemical analyses in the smooth and fragmentary areas
on a big agglutinate reflect Mg-rich pyroxene and oxygen-
enriched natures, respectively (Figure S4(e) and (f)). Further
trace element analysis in high precision for the lunar sample
CE5C0400 would be performed in future work.
To further confirm the major phases in the lunar sample

CE5C0400, Figure 5 depicts the corresponding powder XRD
profile. Combined with the results of major elements, the
crystalline phases of the sample mainly comprise pyroxene
(PDF#86-0005), plagioclase, olivine (PDF#99-0052), and
ilmenite (PDF#99-0063). Besides, a broad peak appears
from 20° to 35°, attributable to the presence of amorphous
components. According to the Rietveld refinement in the
inset of Figure 5, the main crystalline phases in the lunar
sample CE5C0400 are approximately 44.5% pyroxene,
30.4% plagioclase, 3.6% olivine, and 6.0% ilmenite. The
lunar sample CE5C0400 also contains approximately 15.5%
amorphous phase.

4 Conclusion

The relationship between the CE-5 sampling site and per-
formance of surficial LR (herein, CE5C0400) was primarily
established, allowing the extension of LR data to broader
geologic characterizations on the Moon. The CE-5 surficial
lunar particles showed a high average circularity of 0.875

and a low median grain size of (55.24±0.96) μm, demon-
strating a regular shape and very fine features. Meanwhile,
basaltic minerals dominated by pyroxene, agglutinates con-
taining minerals and glasses, glass beads containing native
Fe, and diversified debris fragments were recognized with
approximately 44.5% pyroxene, 30.4% plagioclase, 3.6%
olivine, 6.0% ilmenite, and 15.5% glass. These provide
evidence of the dominative consequence of micrometeoroid
impacts on the lunar surface. Subsequent scientific interests
include detailed interior structures and trace element ana-
lyses (e.g., rare earth and radioactive elements), the dynamic
process of micrometeorite impacts, and the intrinsic prop-
erties of LRU.

We would like to thank the China National Space Administration (CNSA) for
providing us with the lunar sample.
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