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GRAPHICAL ABSTRACT

PUBLIC SUMMARY
■   This overview summarizes the main findings from the new lunar soil samples collected by the Chang’e-5 mission.

■   The soil is mature, which contains basalt and mineral fragments, impact melt breccia, agglutinates, and glasses.

■   Analysis of basalt fragments reveals that the Moon was still volcanically active two billion years ago.

■   The soil, dominated by local materials, provides a unique example to study meteorite impact and solar wind irradiation.
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The  Chang’e-5  (CE-5)  mission,  the  first  return  of  lunar  samples  to  Earth
since the Apollo and Luna missions more than 44 years ago, landed on one
of the youngest mare basalt units (1.0-3.0 Ga, based on superposed crater
counts), located at middle latitude (~43°N) far from previous landing sites.
On  December  17,  2020,  the  sample  capsule  returned  to  Earth  with  1731
grams of lunar soil collected from the upper few centimeters of the surface
and from an ~1 meter-long core  drilled  into  the  lunar  regolith.  This  paper
summarizes the main discoveries of the CE-5 samples allocated since July
12, 2021, and measured with state-of-the-art analytical techniques. Physi-
cal property studies indicate that the CE-5 soil is mature, with a peak parti-
cle size of ~50 μm (in volume), and a particle size distribution similar to the
sub-mature  and  mature  Apollo  lunar  soils  (<1  cm).  The  soil  sample
contains  basalt  and  mineral  fragments,  impact  melt  breccia,  agglutinates,
and glasses. The basalt fragments can be divided into several petrographic
types,  likely  crystallized  from  the  same  lava  flow  at  different  depths  and
cooling rates.  The CE-5 basalt  Pb/Pb SIMS analyses yielded a crystalliza-
tion age of 2.030 ± 0.004 Ga, extending the duration of lunar volcanic activ-
ity  by  ~1.0~0.8  Ga.  This  age,  in  turn,  has  helped  to  calibrate  the  widely
applied lunar crater chronology model. The isotopic ratios of Pb, Nd and Sr
indicate that the contribution of a KREEP component in forming CE-5 basalt
is  limited  (<0.5%),  excluding  high  concentrations  of  heat-producing
radioactive elements in their mantle source. The isotope analyses of H, Cl,
and  S  reveal  that  the  mantle  source  is  dry,  which  cannot  account  for  the
prolonged  volcanism  observed  in  the  CE-5  landing  region.  A  possible
explanation is that the CE-5 mantle source contains enhanced clinopyrox-
ene-ilmenite  cumulate  (~20%),  which  reduces  the  melting  temperature  by
~80°C. The REE-, FeO-enrichment of the CE-5 basalt can be attributed to a
low degree  of  partial  melting  followed  by  extensive  fractional  crystalliza-
tion. The  CE-5  soil  has  also  recorded  a  two-billion-year  history  of  mete-
orite  impact  and solar  wind irradiation.  A  few exotic  fragments have been
recognized  (some with  high-pressure  silica  phases)  and  are  likely  ejected
from  distant  lunar  highlands.  The  U-Pb  dating  of  impact  glass  beads
reveals  at  least  17  main  impact  events.  New  space  weathering  effects,
especially the formation of Fe3+,  have been found. In situ reflectance spec-
tra and laboratory analyses of CE-5 soil show the presence of water (in the
form  of  H,  OH,  and/or  H2O).  The  solar  wind  hydrogen  was  implanted  and
concentrated in the outermost rims (<100 nm) of soil grains, with a temper-
ature  (hence  latitude)-dependent  maximum  water  concentration  of  up  to
~2 wt%.

 INTRODUCTION
Geological  samples  are  crucial  to  revealing  the  origin  and  evolution  of  a

planet.  Our  current  knowledge  of  the  Moon  comes  primarily  from  the  nine
Apollo  and  Luna  sample  return  missions’ landing  sites  (the  1960s  and
1970s),  lunar  meteorites,  and  orbital  remote  sensing  data.  However,  the
Apollo and Luna sample sites only represent a limited area on the nearside,
close to the equator. They are clearly not representative of the entire history
of lunar volcanism (Figure 1).1,2 For example, mare basalts with intermediate
TiO2 contents are rare in  the Apollo  and Luna sample collections,3 and rela-
tively  young  volcanic  rocks  were  never  returned.4 Many  critical  questions

remain  to  be  answered  by  more  diverse  sample  collection  strategies,5 but
until the Chang’e-5 (CE-5) mission, new samples had not been returned since
the Luna 24 mission in 1976.

To enhance our knowledge of the late-stage evolution of the Moon, China
undertook  the  CE-5  sample-return  mission,  targeted  to  a  young unsampled
mare unit. CE-5 launched on November 24, 2020, landed on the lunar surface
on December 1, 2020, and returned to the Earth on December 17, 2020,6,7 with
1,731 grams of collected samples.8 The CE-5 landing/sampling site is located
in  Northern  Oceanus  Procellarum  (43.06°N,  51.92°W;7 Figure  1A-B)  on  an
Eratosthenian-aged, intermediate-Ti, smooth mare plain termed Em4/P58 (4th

Eratosthenian-aged  mare  unit  in  the  region;9 58th mare  unit  in  Oceanus
Procellarum).10 The  Em4/P58  unit  is  ~40-50  m  thick,11,12 and  overlies  older
Imbrian-aged, low-Ti mare basalts. Crater size-frequency distribution (CSFD)
measurements  indicated  that  this  unit  had  an  absolute  model  age  (AMA)
between 1.2-3.0 Ga.10,12–15

The  new  CE-5  lunar  samples  can  help  investigate  and  answer  many
fundamental questions about lunar evolution. For example, what is the abso-
lute age of the Em4/P58 unit, and how can this age improve the precision of
the lunar crater  counting chronology in the inner  Solar  System? What is  the
leading  mechanism  that  triggered  this  late-stage  lunar  volcanism?  What  is
the contribution  of  KREEP  in  forming  the  CE-5  basalts?  What  is  the  esti-
mated volatile content of the CE-5 basalts? Were the glasses in the CE-5 soil
produced by impact processes or explosive volcanism? How do they relate to
the  petrology  and  age  of  the  CE-5  basalt  if  they  were  volcanic?  Can  they
reveal  the  impact  flux  at  the  landing  area  if  they  were  impact  in  origin?  Are
any exotic  non-mare  materials  in  the  CE-5  soil?  If  so,  what  are  their  prove-
nances and ages? What is the difference between space weathering in mid-
latitude and low-latitude? How much can solar wind hydrogen be implanted
and retained in the CE-5 soil?

Since  the  first  allocation  of  the  CE-5  samples  on  July  12,  2021,  Chinese
scientists  have  conducted  systematic  studies  to  address  these  issues.  A
series  of  original  and  fundamental  achievements  have  been  reported  in  the
physical  properties and chemical  composition of  the CE-5 soil,8,16–20 the age
and  nature  of  late  lunar  volcanic  activity,21–33 the  age  and  composition  of
impact glasses,34–36 lunar surface space weathering37-43 and micro-analytical
technologies.44–46 Given that the CE-5 samples will soon be allocated to inter-
national scientists, this paper aims to synthesize the recent studies in the CE-
5  samples  to  maximize  the  scientific  findings  of  the  new  samples  and
promote international collaboration in the future.

 BULK SOIL
 Physical properties

The  Ground  Research  and  Application  System  (GRAS, https://Moon.bao.
ac.cn/web/enmanager/home)  first  undertook  a  comprehensive  preliminary
analysis  of  the  characteristics  of  the  CE-5  samples,  which  provided  basic
physical and chemical  information for sample allocation and further investi-
gation.8 The reported major physical parameters are summarized in Figure 2,
including particle size distribution, density, and specific surface area (SSA).8,19

Particle  size  distribution is  a  fundamental  physical  parameter  that  affects
the strength, compressibility, and optical and thermal properties of lunar soil.
The particle size of the CE-5 soil is concentrated around 50 μm (median grain
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size) with a single peak in their particle size-mass (volume) distribution, simi-
lar to the sub-mature and mature lunar soils of the Apollo missions.49 In addi-
tion, the number and modal mass distributions and the coefficients of unifor-
mity and curvature indicate that CE-5 lunar soil is well-graded and sorted.8,19

Therefore, the CE-5 sample has been classified as mature lunar soil based on
its  particle  size  distribution.8 It  should  be  noted  that  the  large  fragments
exceeding 0.5 cm in CE-5 lunar soils were manually picked out during sample
processing. The remaining lunar soils were then subject to particle size anal-
ysis.

The density contributes to understanding the composition, elasticity,  ther-
mal diffusivity, porosity, and compressibility of lunar soils.50 The true density
(without  considering  the  volume  of  pores)  of  the  CE-5  soil  (3.20  g/cm3)  is
close to Apollo 11 and Apollo 15 lunar soils (3.24 g/cm3) but higher than that
of Apollo 12 and Apollo 14 (~2.9 g/cm3). This high density may be related to
the high FeO and TiO2 contents of CE-5 lunar soil. Although the bulk compo-
sition  of  the  CE-5  soil  indicates  that  it  is  mainly  sourced  from  local  mare
basalt,20 the true density of CE-5 soil is slightly lower than that of lunar basalt
(3.25-3.57 g/cm3).48

The  SSA  related  to  the  adsorption  and  surface  activity  of  lunar  particles
also reflects the size and irregular shape of the particles.51 The measured SSA
of CE-5 soil (0.56 m2/g) is within the range of the Apollo samples (0.02-0.78
m2/g),48 indicating a relatively constant particle size and shape of lunar soils
globally.48,52 Due  to  the  small  SSA  values,  water  molecules  are  difficult  to

retain either in Apollo or CE-5 soil grains.53

 In situ and laboratory spectroscopic studies
The  lunar  surface “ground  truth” is  crucial  for  interpreting  orbital  spectral

data. In  situ and laboratory spectral  analyses of  the lunar samples serve as
critical validations of remote sensing observations. For instance, it was spec-
ulated  that  the  composition  of  the  late-stage,  intermediate-Ti  basalts  in
Oceanus Procellarum was olivine-rich, based on orbital observations display-
ing  a  broad  1  μm  spectral  feature.54 To  test  this  idea,  Liu  et  al.  (2022)
performed  laboratory  spectral  analyses  of  returned  CE-5  samples  and  the
results  show that  the  diagnostic  spectral  features  are  attributed  to  the  high
abundance  of  iron-rich,  high-Ca  pyroxenes  (HCP)  rather  than  olivine.27 The
possible misinterpretation of the orbital remote sensing was attributed to the
mixing  effect  and  spectral  similarities  between  iron-rich  HCP  and  olivine,
especially  at  short  wavelengths.  These laboratory spectral  results shed light
on  understanding  the  mineralogy  of  other  highly  evolved  (hence  FeO-
enriched) young basalts in the Procellarum KREEP Terrane.27

In  addition,  the  photometric  properties  of  the  lunar  regolith  play  critical
roles in interpreting orbital spectral data. Using the in situ data from the Lunar
Mineralogical  Spectrometer  (LMS)  onboard  the  CE-5  lander,55 Xu  J.  et  al.
(2022)56 derived the  photometric  parameters  of  the  regolith  at  the  sampling
site,  and  they  found  that  backward  scattering  was  negligible  and  forward
scattering was dominant in the CE-5 sampling zone. These parameters can

Figure 1.  The CE-5 landing site and scooped sampling on the Moon (A) Model ages of mare basalts in the Procellarum KREEP Terrane, with landing sites of CE-5, Apollo and
Luna sample return missions indicated. Data are from Qian et al. (2023).28 (B) TiO2 contents of mare basalts in Procellarum KREEP Terrane. Data are from Lucey et al. (2000).47

(C) A partial image of CE-5 scooped sampling (after Li C. et al. 20228).
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serve as ground truth, which can then be used in radiative transfer modeling
analysis of  orbital  remote-sensing data to derive mineral  abundances.  Yang
Y. et al. (2022)57 measured the micro mid-infrared reflectance spectra of indi-
vidual  CE-5  soil  grains  in  the  laboratory,  including  typical  lunar  minerals
(olivine, pyroxene, and plagioclase) and glass samples, and derived their opti-
cal  constants.  These  optical  properties  build  a  link  between  the  returned
sample and orbital spectral data, which can be used to determine the best-fit
composition  that  corresponds  to  the  spectrum  of  a  remotely  observed
surface.

Spectroscopy  is  also  widely  used  to  evaluate  the  optical  maturity  and
model the nanoscale metallic iron (Fe0) particle content of lunar regolith.58–60

Using  the in  situ spectral  measurements  from LMS,  Wu et  al.  (2022)61 esti-
mated  the  optical  maturity  and  Fe0 content  of  the  CE-5  sampling  site.  The
results  show  no  obvious  variations  between  undisturbed  and  disturbed  (by
the  descent  stage  of  CE-5)  regions,  suggesting  that  the  disturbance  from
rocket exhaust did not affect the measured regolith maturity. Additionally, the
surficial regolith, and the scooped underlying layer at the centimeter-depth at
the CE-5 landing area, exhibit similar maturities, suggesting rapid gardening.62

Lu  et  al.  (2023)63 derived  Fe0 content  using  both  the in  situ and  the  lab-
measured  visible  and  near-infrared  reflectance  spectra  with  the  returned
samples.  Large  Fe0 particles  (micron-size)  were  also  found  in  the  sample,
which likely formed as relict meteoritic Fe-Ni metal fragments and/or dense
clustering of oversaturated Fe0 in FeO-rich basalts.63

Except  for  changing  the  optical  maturity  of  lunar  soils,  space  weathering,
such as solar wind implantation, can contribute to the accumulation of lunar
surficial water. LMS onboard CE-5 covers the water absorption wavelengths

around 2.85 μm and provides the first opportunity for in-situ investigation of
the water content on the Moon using reflectance spectroscopy.64 After ther-
mal  correction  using  an  empirical  model,65,66 the in  situ spectra  at  the  CE-5
sampling site show apparent water absorptions. Detailed analyses show that
the  lunar  regolith  at  the  sampling  site  contains  water  content  up  to  ~120
ppm, mostly attributed to solar wind implantation.64 The presence of the solar-
wind  implanted  water  was  subsequently  confirmed  by  the  analysis  of  CE-5
mineral  grains  with  the  micron  FTIR43 and  nano-SIMS42 techniques  in  the
laboratory.  The cross-comparison between the in situ and laboratory analy-
ses reinforces the robustness of spectroscopy in estimating water content on
the Moon.

 Petrography
In  a  manner  similar  to  the  Apollo  lunar  soils,67 the  CE-5  lunar  soil  is  also

comprised  of  different  components,  including  mineral  and  lithic  fragments,
glasses, and agglutinates (Figure 3A-D).8,22,31

Approximately  45~53% of  lithic  fragments  are  basalt.31,68 The basalt  frag-
ments  in  the  CE-5  lunar  soil  show  poikilitic,  subophilitic,  porphyritic,  or
equigranular  textures  (Figure  3E-H).  They  are  composed  of  clinopyroxene,
plagioclase, olivine,  and ilmenite,  with minor Cr-spinel,  troilite,  and mesosta-
sis,  including  K-feldspar,  silica,  fayalite,  phosphates,  and  Zr-rich
phases.8,21,25,26,29,31

The breccias mainly consist of mineral and lithic clasts, vesicle-rich impact
melts,  and  agglutinates,  with  a  few  fragments  containing  high  silicic  clasts
and  exotic  materials.69–71 The  mineral  clasts  mainly  include  plagioclase,
pyroxene, olivine,  and  ilmenite,  whereas  the  lithic  clasts  are  almost  exclu-

Figure 2.  Photos, spectra, and physical properties of the CE-5 soil (A) Monitoring camera photo of the CE-5 sampling site. The sample was mostly gray-black. The dark traces
are the imprints after sampling. (B) Photo of the CE-5 soil sample in the laboratory. (C) Microscope photo of CE-5 soil particles (e.g., yellow-green olivine, white feldspar, brown-
black pyroxene, and brown glass). (D) Laboratory spectra of the major phases from the CE-5 soil. (E) Comparison of the in situ and laboratory spectra of the CE-5 soil. (F) Basic
physical properties of the CE-5 soil compared with the Apollo soil samples. Data are from refs.8,19,48,49
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sively  basalt.  The  surfaces  of  clasts  are  occasionally  covered  by  variable
amounts of glass.8

On  the  basis  of  their  morphological  differences,  glassy  materials  in  lunar
soils  are  divided  into  two  principal  categories.8 One  is  round  glass  beads,
variable in color, mostly black and brown, with occasional green glass beads.
The other is  irregularly  shaped glass fragments with obvious shell-like frac-
tures. Brown pits are sometimes visible on the glass surface. They are textu-
rally  dominated  by  clast-rich  and  homogeneous  particles,  with  a  small
amount being quench crystallized.34,36

Agglutinates comprise lithic and mineral fragments welded together by the
glass produced by melting due to micrometeoroid impacts. Agglutinates are
irregular  in  shape,  loose  and  easily  broken,  with  relatively  well-developed
pores.

The  proportions  of  these  four  constituents  in  CE-5  soil  have  yet  to  be
reported. According to Yang et al. (2022),68 146 particles larger than 355 μm,
including 40  basalt,  36  breccia,  37  agglutinate,  32  glass,  and  1  olivine  frag-
ments, were  picked  from  a  1.5  g  CE-5  soil  sample.  However,  these  propor-
tions  may  not  represent  the  bulk  soil,  as  the  finer  fraction  contains  higher
proportions  of  mineral  fragments  and  glasses,  similar  to  Apollo  and  Luna
samples.67 In addition,  the X-ray diffraction and Raman analyses of the bulk
soil exhibit a range of variability, indicating 26.4 to 39.4 % plagioclase, 31.6 to
42.0 % pyroxene, 5.7 to 9.8 % olivine, 1.9 to 6.0 % ilmenite, 8.0 to 24.4 % glass
and  agglutinate  in  the  CE-5  soil.8,16 However,  all  reported  major  and  trace
element compositions of the bulk soil are consistent (Table 1).

 BASALT FRAGMENTS
Many  studies  have  been  conducted  on  basalt  fragments  from  the  CE-5

soil.21-23, 25, 26, 29-33, 72, 73 Here, we compile the available compositional data of 73
basalt  fragments  (Table  1)  with  individual  fragments  ranging  from  200  to
2000 μm.

 Chemical and mineral compositions
The  CE-5  basalt  fragments  have  lower  clinopyroxene  (30.9-49.5%)  but

higher  plagioclase  abundances  (29.3-47.4%)28,29,31 relative  to  Apollo  basalts
(clinopyroxene: 47.7-68.4%; plagioclase:19.2-41.2%).74 No orthopyroxene has
been  reported  in  the  CE-5  basalt  fragments.  Clinopyroxene  has  a  wide
compositional  range  (En0.6-47.7Wo11.8-41.7)  with  Mg-Ca-rich  cores  and  Fe-rich,
Ca-poor  rims  (Figure  4A).25,31,32 It  shows  variable,  parallel  REE  patterns  with
negative  Eu  anomalies,30,31 indicative  of  evolving  compositional  variation
during crystallization.

Plagioclase is anorthite-rich (An60-94, Figure 4B, except for minor mesosta-
sis  grains  being  albite-rich)  and  has  variable  TiO2 contents  (0.03-0.84
wt%).21,30,31 The  grains  commonly  have  Ca-Mg-rich,  K-poor  cores  relative  to

the  rims,32 reflecting  the  depletion  of  Ca  and  Mg  in  the  residual  melt.  They
show variable but parallel rare-earth element (REE) patterns with positive Eu
anomalies,  and have homogeneous and low initial 87Sr/86Sr  ratios  (0.69934-
0.69986).30,31 These results indicate that the plagioclase grains crystallized at
different stages from a single lava flow.31

Olivine occurs  as  phenocrysts,  anhedral  inclusions  in  plagioclase,  subhe-
dral-anhedral  grains  coexisting  with  clinopyroxene,  or  anhedral  mesostasis
phases.31,33 The olivine phenocrysts and inclusions have Mg-rich cores (Fo60-

61),22,25,31 indicating an early crystallization phase. The mesostasis olivine is Fe-
rich  (Fo<15)  and  thus  represents  a  late-stage  phase.  Titanium  contents  in
olivine range from 409 to 2603 ppm, initially increasing and then decreasing
with the reduction of  Fo values (Figure 4C).33 This  feature indicates that  the
evolving magma changed from ilmenite undersaturated to saturated, similar
to  the  evolution  trend  of  low-Ti  basalt.  The  parental  magma  has  ~4.4  wt%
TiO2 as  estimated  by  the  most  primitive  olivine  (Fo60),33 slightly  higher  than
that (~3.5 wt%) displayed by the primitive plagioclase (An90),30 but still within
the low-Ti basalt range.

Ilmenite  mainly  occurs  as  fine-grained,  orientated  lamellae  crosscutting
Mg-rich  olivine  phenocrysts  (Fo>50),25,29,31 consistent  with  a  crystallization
phase later than olivine. However, ilmenite also shows coarse-grained phases
in  equilibrium  with  low-Mg  olivine  (Fo<44).21 These  textures  reflect  ilmenite
solidification  during  the  middle  stage  of  fractional  crystallization,  which  is  a
typical  characteristic  of  low-Ti  basalt.75 The  MgO  content  in  ilmenite  (<2.32
wt%)22,25,31 is  lower than that of  Apollo low-Ti (<5.2 wt%) and high-Ti  basalts
(<9.1wt%),76 indicative of crystallization from Mg-poor magma.

The bulk  major-element compositions of  the CE-5 basalt  fragments have
been  constrained  using  the  modal  recombination  method,21,31 laser  ablation
inductively  coupled plasma mass spectrometry  (LA-ICP-MS),22 or  standard-
based energy dispersive (EDS) X-ray mapping.29,73 All these approaches yield
scattered  bulk  compositions  (Figure  4D).  Compared  to  Apollo  and  Luna
basalts, the CE-5 basalts have lower MgO (4.87 wt% on average) and higher
FeO  (22.1  wt%  on  average)  contents,  likely  due  to  higher  crystallization
degrees or different primary magma compositions.

Lunar  mare  basalts  are  classified  primarily  based  on  their  bulk  TiO2

contents.74 The  low-Ti  basalt  (1.0  wt% <  TiO2 <  6.0  wt%)  and  high-Ti  basalt
(TiO2 >  6.0  wt%)  represent  two distinct  evolutionary  trends of  Ti-undersatu-
rated and Ti-saturated magmas, respectively.  However,  the TiO2 contents of
the CE-5 basalt fragments are variable (3.0 to 16.3 wt%), making it difficult to
identify  their  affinity.  The  scattered  TiO2 contents  may  be  caused  by  (1)
unrepresentative  sampling  due  to  small  fragment  size  or  limited  grains,
(2)  large  uncertainties  of  the  modal  recombination  method,  or  (3)  evolving
TiO2 contents  in  the  parental  magma  during  crystallization.  Choosing  large
fragments  (>  500  μm)  with  abundant,  homogeneously  distributed  mineral

Figure 3.  Microscope  photos  and  Back-scatter  electron  (BSE)  images  of  the  particles  in  the  CE-5  soil (A-D)  Microscope  photos  of  basalt  fragments,  breccia,  glasses  and
agglutinates (after Yang W. et al., 202268). (E-H) BSE images of four representative types of basalt fragments: poikilitic, subophitic, porphyritic, and equigranular (after Tian et al.
202131).
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ce Table 1.  Chemical compositions of the CE-5 soil, basalt fragments and glasses

Ref.
CE-5 soil8,20 CE-5 basalt fragments22,29,31,72,73 CE-5 glasses34–36

[Li] [Zong] This studya [Tian] [Su] [He] [Yuan] [Jiang] This studya Mid-Ti Low-Ti High-Al High-Mg

(%) n=2 n=7 n=9 n=13 n=27 n=8 n=23 n=2 n=73 n=147 n=4 n=7 n=3
SiO2 42.2 41.3 41.5 42.1 42.0 43.7 44.6 41.9 43.0 40.2 44.4 49.3 48.7
TiO2 5.00 5.12 5.09 5.7 5.5 4.06 5.7 5.75 5.45 5.47 2.28 2.03 2.27
Al2O3 10.8 11.6 11.4 11.6 13.2 10.0 10.4 9.68 11.6 12.3 11.8 16.4 7.35
Cr2O3 　 0.2 0.2 0.1 0.21 0.16 0.17 0.23 0.20
FeO 22.5 22.7 22.7 22.2 22.1 21.9 21.9 24.7 22.1 21.9 18.8 11.1 11.2
MnO 0.28 0.28 0.28 0.3 0.3 0.29 0.2 0.30 0.27 0.26 0.24 0.15 0.33
MgO 6.48 6.25 6.30 5.8 4.4 5.54 4.6 5.63 4.87 7.22 10.9 8.5 21.3
CaO 11.0 11.6 11.5 10.9 11.2 12.5 11.6 10.9 11.4 11.9 10.9 11.0 7.6
Na2O 0.26 0.46 0.42 0.6 0.8 0.5 0.2 0.47 0.53 0.07 0.05 0.32 0.33
K2O 0.19 0.21 0.21 0.1 0.2 0.22 0.1 0.22 0.15 0.03 0.01 0.19 0.07
P2P5 0.23 0.27 0.26 0.2 0.32 0.3 0.29 0.27 0.03 0.02 0.04 0.01
Total 98.9 99.7 99.6 99.7 99.9 99.0 99.7 100.1 99.8 99.5 99.7 99.3 99.2
Mg# 34.1 33.1 33.4 32.0 26.4 31.1 27.4 29.1 28.4 37.3 51.2 58.0 77.3

(μg/g) n=2 n=7 n=7 n=9 n=2 n=2 n=40 n=2 n=2
Li 　 15.4 15.4 15.5 14.8 14.8 11.0 10.0 30.6
B 　 1.70 3.70 2.25
Be 　 2.84 2.84 2.7 2.7
Sc 66 62.9 62.9 78.6 62.9 62.9 61.1 44.5 31.1
V 95.8 92.5 92.5 78.6 88.9 88.9 79.4 94.0 43.0
Cr 1410 1459 1459 921 1405 1405 1153 1561 1363
Co 40 37.2 37.2 29.4 32.4 32.4 34.9 29.4 12.2
Ni 136 139 139 37.1 18.6 18.6 81.2 21.6 14.6
Cu 　 12.2 12.2 15.3 15.3 0.28 0.08 0.34
Zn 16.2 14.2 14.2 9.7 9.7 1.98 0.29 1.00
Ga 　 5.79 5.79 6.0 6.0 3.45 2.31 6.69
Ge 　

Rb 7.47 5.23 5.23 5.59 4.9 4.9 0.47 0.20 2.81
Sr 276 313 313 332 351 351 326 138 201
Y 　 116 116 109 115 115 106 78 302
Zr 458 545 545 450 571 571 546 295 1464
Nb 　 35.6 35.6 26.9 36.3 36.3 35.5 16.5 82.5
Mo 　 0.03 0.03
Cs 0.17 0.22 0.22 0.25 0.21 0.21 0.03 0.02 0.07
Ba 362 395 395 423 409 409 418 177 979
La 36.1 35.4 35.4 37.5 36.4 37.2 37.2 37.3 19.9 96.8
Ce 92.8 98.6 98.6 105 96.2 103 103 90.2 48.4 233
Pr 12.5 12.7 12.7 12.4 13.4 13.4 13.1 7.16 32.4
Nd 58.4 59.3 59.3 66.0 57.5 61.4 61.4 60.8 34.8 153
Sm 16.1 17.0 17.0 18.2 17.7 17.8 17.8 17.6 9.74 43.4
Eu 2.56 2.77 2.77 1.2 2.79 3.0 3.0 2.79 1.43 2.90
Gd 18.9 19.6 19.6 19.2 19.4 19.8 19.8 20.0 12.2 49.5
Tb 3.51 3.27 3.27 3.0 3.37 3.3 3.3 3.28 2.12 8.80
Dy 20.9 20.5 20.5 19.6 22.8 20.6 20.6 21.7 14.7 58.5
Ho 4.5 4.07 4.07 4.15 4.1 4.1 4.29 3.12 12.3
Er 　 11.3 11.3 10.4 13.0 11.2 11.2 11.9 8.64 33.9
Tm 0.80 1.57 1.57 1.79 1.5 1.5 1.58 1.18 4.87
Yb 9.49 9.9 9.9 9.2 11.2 9.3 9.3 9.89 7.61 29.5
Lu 1.41 1.36 1.36 1.3 1.48 1.3 1.3 1.40 1.19 4.22
Hf 13.6 14.0 14.0 12.9 14.5 14.5 15.1 7.99 36.3
Ta 1.77 1.83 1.83 1.46 1.8 1.8 1.82 0.80 3.54
W 　 0.50 0.50
Pb 　 1.89 1.89 1.6 1.6 0.08 0.02 0.02
Th 4.72 5.14 5.14 4.5 4.68 5.1 5.1 5.49 2.92 18.1
U 1.41 1.35 1.35 　 　 1.43 　 1.3 1.3 0.91 0.41 3.42 　

a This study recommends average compositions of CE-5 bulk soil and basalt. The major elements are calculated by averaging all available data, while the trace elements are
cited from ICP-MS data by Zong et al. (2022)20 and Jiang et al. (2023)72 for CE-5 bulk soil and basalt, respectively. The trace element compositions obtained by different studies
are consistent, but the ICP-MS technique provides relatively more accurate results and allows for analyses of more elements.
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grains  would  yield  more  accurate  results.29,73 Overall,  the  majority  of  the
basalt fragments (>80%) are chemically clustered at 3.8-6.2 wt% TiO2 and 3.5-
6.0  wt%  MgO  (Figure  4D), corresponding  to  ~40-70%  fractional  crystalliza-
tion  from  the  CE-5  primary  magma.29 In  addition,  olivine  and  plagioclase
chemistry, as well as petrological modeling, indicate that the TiO2 content of
the parental  magma  would  first  increase  and  then  decrease  during  crystal-
lization.29,30,33 This  evolution  trend  is  similar  to  the  Apollo  low-Ti  basalt  but
distinct from the Apollo high-Ti basalt (Figure 4D). Some Ti-rich basalt frag-
ments (TiO2>6.0 wt%)21,25 may represent products during the middle crystal-
lization stage,  as also evidenced by olivine in these fragments being Fe-rich
(Fo19-44).

 Isotopic ages
Precise  and  accurate  isotopic  dating  of  the  CE-5  basalt  is  essential  to

determine the timing of magmatic activity in the landing area and to calibrate
the crater-counting results.  The Zr-bearing minerals (baddeleyite,  zirconolite
and  tranquillityite)  are  ideal  for  dating  due  to  U  enrichment,  with  negligible
non-radiogenic  Pb.  However,  these  minerals  are  generally  <3~8  μm  in  size,
which  is  challenging  for  precise  dating.  Two  research  teams  independently
conducted in-situ SIMS Pb-Pb dating on the CE-5 basalts.  The team led by
the Institute of Geology, Chinese Academy of Geological Sciences employed
SHRIMP Pb isotope analyses on 50 selected spots within phosphate grains, K-
feldspar grains, K-rich glass pockets and areas containing Zr-rich minerals of
two basalt fragments, with spot diameters of about 7 μm. A Pb-Pb isochron
approach was adopted to yield 1963 ± 57 Ma, which is interpreted as the age
of the basalt  (Figure 5A).21 Another team led by the Institute of Geology and
Geophysics, Chinese Academy of Sciences, applied SIMS Pb/Pb dating tech-
niques  on  all  four  types  of  basalt  fragments,  including  17  poikilitic,  18
subophitic,  10 equigranular  and 2  porphyritic  fragments.  A  ~3 μm spot  size
was fine-tuned to provide additional accuracy by avoiding terrestrial,  labora-
tory-derived  Pb  contamination  along  grain  boundaries  and  lunar  non-radio-
genic  Pb  of  the  surrounding  silicates.  Four  isochrons  were  constructed  to
yield ages of 2027 ± 7 Ma, 2030 ± 6 Ma, 2034 ± 8 Ma and 2027 ± 54 Ma for
the poikilitic, subophitic, equigranular and porphyritic fragments, respectively.
Despite  the  distinct  petrographic  textures  in  CE-5  basalts,  these  four
isochrons show consistent ages and slopes, indicating their near-simultane-
ous formation and derivation from the same source. A total of 159 analyses,

including  the  fifty-one  grains  of  Zr-rich  minerals,  yielded  a  precise  age  of
2030±4  Ma  (Figure  5A),  considered  the  best  estimate  of  the  crystallization
age  of  the  CE-5  basalts.26 The  radiometric  methods  provide  conclusive
evidence  that  magmatic  activity  on  the  Moon  persisted  until  at  least  2  Ga
ago. Furthermore, the age of CE-5 basalt provides a critical reference point to
bridge the  unanchored  middle  portion  of  the  lunar  crater  counting  chronol-
ogy (Figure 5B), improving the dating accuracy of unsampled surfaces on the
Moon as well as the other inner Solar System bodies such as the Mars.77,78

 Petrogenesis and mantle sources
The petrogenesis of CE-5 basalt is crucial to understanding the source and

nature of the young volcanic activity12 and the thermo-chemical evolution of
the Moon.75 Although the reported basalt  fragments exhibit  various textures
and  mineral  modes,  they  all  originated  from  the  same  basalt  magma  and
have  similar  mineral  chemistry.  For  example,  all  analyzed  clinopyroxene
grains follow the same trends in Ti/(Ti + Cr) vs. Mg# and Ti vs. Al diagrams,36

suggesting that they crystallized from the same magma.80 The average major
and  trace  element  compositions  of  basalt  estimated  from  basalt
fragments,22,29,31 bulk  soil20 and  impact  glasses36 are  consistent,  which
supports  the in-depth discussion of  the origin  and source characteristics of
the  CE-5  basalts.  These  studies  agree  that  CE-5  basalt  represents  a  highly
evolved  volcanic  rock  with  low  Mg#  values  and  high  FeO  contents.20,22,29,31,36

Olivine and plagioclase chemistry and petrological modeling suggest that the
parental magma is Ti-undersaturated, similar to the Apollo low-Ti basalt.

The contribution of the KREEP component in forming the CE-5 basalt is a
major  key  to  understanding  the  mechanism producing  young volcanism on
the Moon. Young mare basalts distributed within Procellarum KREEP Terrane
were  thought  to  be  formed  from  KREEP-rich  sources  at  depth.81 The  CE-5
basalt  has  ~4.5  ppm  Th  and  is  enriched  in  rare  earth  elements  (REE)  and
incompatible  trace  elements,  higher  than  the  Apollo  low-Ti  basalts.20,22,31 It
exhibits enriched light rare earth elements (LREE), and the REE pattern looks
very similar to that of KREEP basalt.31,36 However, there are some differences
in the REE patterns between the CE-5 basalt and KREEP. The CE-5 basalt has
a  smaller  Eu  anomaly  with  (Eu/Eu*)N  ≈   0.45  and  higher  LREE/HREE  ratios
(e.g.,  La/Yb ≈ 3.71).36 These characteristics cannot be reproduced by mixing
with KREEP.36 In addition, the initial Sr-Nd-Pb isotopic compositions of the CE-
5 basalt are inconsistent with the origin of KREEP-rich source materials.21,26,31

Figure 4.  Mineral and whole-rock chemistry of the
CE-5 basalt fragments (A) Quadrilateral diagram of
pyroxene in the CE-5 basalt. (B) Ternary diagram of
plagioclase content in the CE-5 basalt. (C) Ti versus
Fo of olivine in the CE-5 basalt.  Blue diamonds are
plots  for  Ti  and  Fo  values  of  olivine.  Purple
diamonds  with  vertical  error  bars  (1SD)  represent
average Ti contents calculated for ΔFo = 2 intervals.
The blue curve with an arrow represents the best fit
to the average results. (D) TiO2 versus MgO (wt%) in
CE-5  basalts  and  soils,  and  Apollo  and  Luna
basalts.  The  Apollo  and  Luna  data  are  from  Clive
Neal’s  Mare  Basalt  Database  (https://www3.
nd.edu/~cneal/Lunar-L/). The CE-5 basalt data are
taken  from  Che  et  al.  (2021),21 Tian  et  al.  (2021),31

He et al. (2022),22 Su et al. (2022),29 and Yuan et al.
(2023).73 The soil sample data are collected from Li
C. et al.  (2022),8 Yao et al.  (2022),18 and Zong et al.
(2022).20 The red  line  is  taken  from  forward  frac-
tional crystallization modeling (1 kbar) based on the
reserved primary magma for the CE-5 basalts.29
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Based on their 147Sm/144Nd ≈ 0.222–0.227 and 87Rb/86Sr ≈ 0.009–0.022,  the
contribution of KREEP in the mantle source of the CE-5 basalt is estimated to
be  <  0.3-0.5%31 or  1-1.5%.20 These  different  estimations  mainly  come  from
the  proposed  mineral  modes  of  the  mantle  source.  Tian  et  al.  (2021)31 and
Yang W. et al. (2022)36 followed the model of Snyder et al. (1992),82 which is
widely  used  to  estimate  the  contribution  of  KREEP  materials  in  the  Apollo
samples and lunar meteorites.83 Zong et al.  (2022)20 proposed a new model,
adding 40-60% REE-depleted clinopyroxene into the mantle source to make it
possible  to  contain  more  REE-enriched  KREEP-rich  materials.  Luo  et  al.
(2023)  combined quantitative  textural  analyses  of  the  CE-5  basalt,  diffusion
chronometry, clinopyroxene  geothermobarometers  and  crystallization  simu-
lations  to  determine  the  pressure  and  temperature  of  the  mantle  source,
which they calculated to be 0-13 kbar and 1350±50°C.84 They suggested that
the source is likely to be an olivine-bearing pyroxenite, but did not provide any
supporting  evidence  for  this  hypothesis.  In  contrast,  Su  et  al.  (2022)29

conducted  fractional  crystallization  and  mantle  melting  simulations.  The
results indicate that the mantle source of the CE-5 basalt contains only 20%
clinopyroxene-ilmenite  (Cpx-Ilm)  cumulates.  Jiang  et  al.  (2023)72 suggested
that  approximately  20-30%  of  clinopyroxene-ilmenite  cumulates  in  the
mantle source of the CE-5 basalt based on its Mg-Fe isotopic compositions.
Despite these differences, it is clear that the contribution of KREEP materials
in forming the CE-5 basalt is quite limited. To explain the LREE enrichment of
the  CE-5  basalt,  extensive  (43–78%)  fractional  crystallization  after  low-
degree  (2–3%)  melting  was  proposed,31,85 which  is  also  consistent  with  the
low Mg# and high FeO signatures of CE-5 basalt.  Thermophysical modeling
based  on  clinopyroxene  Mg-Fe  zoning  of  CE-5  basalt  suggested  that  the
thickness32 of the lava flow was at least 21-118 m with a volume of 777-3626
km3.  The  extensive  fractional  crystallization  implies  that  there  should  be  a
region of vast underplating (e.g.,  networks of sills,  dikes, and magma cham-
bers)  of  3,530~16,480  km3 or  greater.  Therefore,  although  the  overall  lunar
volcanic activity decreases over time, magmatic flux was enhanced at about
2.0 Ga.

Fractional  crystallization  and  mantle  melting  simulations  for  the  CE-5
basalt and the Apollo low-Ti basalts also show that the Apollo low-Ti basalts
may be derived from a source containing (90%) Ol + Opx and (10%) Cpx + Ilm,
while the CE-5 basalt appears to be derived from a source containing (80%)
Ol  +  Opx  and  (20%)  Cpx  +  Ilm.29 In  other  words,  the  CE-5  mantle  source
included more clinopyroxene-ilmenite  cumulates  than the  sources of  Apollo
low-Ti basalts. These late-stage fusible cumulates of the lunar magma ocean
can  lower  the  melting  point  of  the  mantle  by  ~80°C,  triggering  this  young
mare volcanism.29 The geochemical characteristics of the CE-5 basalt and its
origin are summarized in Figure 6.

 Water and volatiles
To constrain the water abundance for the mantle source of the CE-5 mare

basalt,  Hu  S.  et  al.  (2021)23 measured  the  water  abundance  and  hydrogen
isotopes of apatite and ilmenite-hosted melt inclusions from 23 basalt frag-
ments  in  two  CE-5  soil  sample  aliquots  using  nano-SIMS.  Euhedral  apatite
occurs mainly in mesostasis of the CE-5 mare basalt fragments with a modal
abundance of less than 0.4 vol%, indicating that it was a very late crystalliza-
tion mineral.  The majority of CE-5 apatite contains water abundances rang-
ing from 555 ± 31 to 4856 ± 217 ppm (avg. = 1921 ± 910 ppm, 1SD) with δD
values ranging from 275 ± 85‰ to 1022 ± 87‰ (avg. = 578 ± 208‰, 1SD),
comparable  with  those  reported  in  high-Ti  and  low-Ti  Apollo  basalts.  The
ilmenite-hosted melt inclusions contain water abundances from 6 ± 2 ppm
to 370 ± 21 ppm and show a wide range of δD values from -330 ± 190‰ to
869 ± 230‰. The negative correlations between the water abundances and
δD  values  of  ilmenite-hosted  melt  inclusions  reflect  H2 degassing  during
the progressive  evolution  of  the  parent  magma.  The  CE-5  apatite  crystal-
lized  later  than  the  melt  inclusions  display  a  D-enriched  feature  (δD  >
275‰),  consistent  with  the  crystallization  sequence of  the  parent  magma
of CE-5 mare basalts.22,31

Therefore, the water (283 ± 22 ppm) measured in the most D-depleted melt
inclusions  probably  represented  the  water  content  of  the  parent  magma,
consistent  with  the  estimate  (600  ±  400  ppm)  using  apatite.  Considering  a
low  degree  partial  melting  (2-3%)  of  the  mantle  source  and  a  moderate  to
high  degree  fractional  crystallization  (43-78%)  of  the  parent  magma,31 a
maximum water  abundance  for  the  mantle  source  of  CE-5  basalts  is  esti-
mated to be 1-5 ppm. This value is notable in that it is at the lower end of the
mantle water abundance range derived from other lunar samples. It excludes
the possibility that a high water abundance in the lunar mantle reservoir could
be a major cause of the prolonged volcanic activity of CE-5 mare basalts by
reducing the melting temperature of the lunar mantle source.23

Furthermore, other volatiles (e.g., S and Cl) play a geochemical role similar
to water in magmatic processes.86 Liu X.Y. et al. (2022)87 performed detailed
petrographic, mineral chemistry, and in situ sulfur isotope analysis on sulfides
from the CE-5 basalts. A bulk sulfur abundance of 360 ± 180 ppm for the CE-
5  basalts  was  estimated  according  to  the  modal  abundance  and  mineral
chemistry  of  sulfides.  Meanwhile,  a  decreasing  trend  of  δ34S  in  the  parent
magma  with  crystallization  and  degassing  was  observed  in  CE-5  sulfides,
indicating that  40% S was lost  during the eruption and crystallization of  the
parent  magma,  and  the  parent  magma  of  the  CE-5  basalts  could  have  a
sulfur  content  of  600  ±  300  ppm.  The  estimated  sulfur  abundance  in  the
mantle  source  is  1-10  ppm,  which  suggests  sulfur  depletion  in  the  CE-5
mantle source.

Chlorine isotope  compositions  of  lunar  samples  display  the  widest  varia-
tion  among solar  system objects  (e.g.,  refs.88,89).  Ji  et  al.  (2022)24 performed
systematic  petrography,  mineral  chemistry,  volatile  abundances,  and  Cl
isotope  studies  on  the  apatite  from  CE-5  basalts  to  investigate  chlorine
isotope  characteristics  and  fractionation  mechanisms  for  lunar  volcanism.

Figure 5.  Age of the CE-5 basalt and calibration of the lunar crater chronology model (A) Pb/Pb isochrons of CE-5 basalt fragments. Data are from Li Q. et al. (2021)26 and Che
et al. (2021).21 (B) New lunar chronology model78 and comparison with the widely used Neukum’s model.79

REVIEW

8  　　　The Innovation Geoscience 1(1): 100014, June 26, 2023 www.the-innovation.org/geoscience



G
eo

science

Chlorine  displays  notable  zoning  distributions  in  some  CE-5  apatite  grains
with  higher  abundance at  the rims,  gradually  decreasing towards the cores.
The δ37Cl values  of  CE-5  apatite  vary  from 4.5  to  18.9‰,  positively  corre-
lated with the Cl abundances (820 to 11989 ppm), and this positive correla-
tion was even notable within individual basalt fragments. As apatite is a late
crystallization  mineral  and  the  Cl  content  of  apatite  is  an  arbitrary  index  to
reflect  its  crystallization  sequence,90,91 the  positive  correlation  between  Cl
abundances and δ37Cl values, Cl zoning signature, and petrographic textures
of the CE-5 apatite suggest that magmatic degassing of  Cl-bearing species
during  the  crystallization  of  apatite  on  or  near  the  lunar  surface  could  have
resulted in an extensive Cl isotope fractionation, highlighting a significant role
of magmatic fractionation of Cl isotopes during crystallization of mare lavas.

Although both water and sulfur are depleted in the mantle source of CE-5
basalts, their abundances in the parent magma are comparable with the esti-
mates  from  Apollo  basalts.92 The  high  abundances  of  the  volatiles  in  the
magma of CE-5 basalt were due to concentrating processes, i.e., low degree
partial melting of the mantle source followed by high degree fractional crys-
tallization.23,24,31 The  CE-5  finally  basalt  became  dry  due  to  the  persistent
degassing loss of volatiles during the eruption and crystallization on the lunar
surface.

 IMPACT GLASSES
The glasses  in  the  CE-5  lunar  soil  contain  round glass  beads and irregu-

larly  shaped  glass  fragments.  Analysis  of  615  glass  beads,  including  their
microstructure,  petrology,  geochemistry  and  chronology,  with  diameters
ranging from approximately 20 to 300 μm have been reported.34–36

Both  impacts  and  volcanic  eruptions  can  form  the  glass  beads  found  in
lunar  soils  (e.g.,  refs.93–95).  Therefore,  the  first  issue  that  needs  to  be
addressed is the origin of the CE-5 glass beads. On the basis of BSE images,
three  major  varieties  of  texture  were  recognized:  (1)  clast  fragment-bearing
microbreccia, (2) quench crystallized glass, and (3) clean glass (Figure 7A-C).
Approximately 72.9%  of  glass  beads  are  clast  fragment-bearing  microbrec-
cia, indicating an impact origin.34–36 The other two types are also considered
to  be  impact  glasses  because (1)  most  of  them (e.g.,  89.6% of  clean glass)

have similar compositions to that of the CE-5 lunar soil (Figure 7D-E),34–36 (2)
their refractory elements (TiO2, Al2O3, MgO and CaO) exhibit negative correla-
tions  with  SiO2,  while  the  volatile  elements  (Na2O,  K2O  and  P2O5)  positively
correlate with SiO2,  indicating vaporization of SiO2.36 The vaporization loss of
SiO2 has  never  been  reported  in  any  volcanic  glass  but  was  previously
observed in the Al-rich imp�act glasses from the Apollo 16 soils;94,96 (3) the
ages of the glasses are all younger than the CE-5 basalt (Figure 7F).34

Through chemical  and chronological  studies  of  the  impact  glasses in  the
Apollo  and  Luna  soils,  valuable  insights  have  been  gained  regarding  their
provenances  of  origin  and  the  timing  of  the  Moon's  impact  flux.94,95,97–103

Therefore, the ages and chemical compositions of CE-5 glass beads can also
serve  as  indicators  of  their  provenances  and  short-term  variations  of  the
impact flux.

Based on the chemical  composition of  the 164 clean glasses reported by
three studies,34–36 at least four chemical groups can be recognized: (1) mid-Ti
basaltic, (2) low-Ti basaltic, (3) high-Al and (4) high-Mg (Figure 7D). The mid-
Ti  basaltic  group  is  dominant,  accounting  for  147  of  the  164  glasses.  They
form  a  loose  compositional  cluster  for  major  and  trace  elements,  which  is
similar to the CE-5 bulk soil on average (Figure 7D-E). These results indicate
that  local  materials  dominate  the  source  of  CE-5  impact  glasses  and  are
consistent  with the study of  the bulk chemical  composition of  the CE-5 soil
which suggested that exotic materials are less than 5 wt.%.20 Other glasses,
low-Ti  basaltic,  high-Al  and  high-Mg,  exhibit  major  and  trace  elements
distinct from that of the CE-5 soil, indicating exotic sources. For example, the
high-Al glasses show similar trace element compositions as those in KREEP
basalt, and are likely to have been delivered from Aristarchus crater.36 The low-
Ti glasses  might  have  been  ejected  from  the  P10  mare  unit  located  north-
west of the landing site or the material underneath the CE-5 basalt layer.36

Long  et  al.  (2022)34 reported  the  first  batches  of  SHRIMP  U-Pb  dating
results on 215 impact glasses in the CE-5 soil.  They found that those clast-
bearing  and  incompletely  homogenized  particles  tend  to  contain  greater
proportions  of  older  inherited  Pb.  The  impact  glass  beads  representing  the
local chemical group have formation ages ranging from a few million years to
2 Ga. Applying an “unmixing” approach,  they identified 17 statistical  groups.
Compared with the CSFD within the landing site, the potential source craters
that contributed impact glasses to the soil sample collected by the CE-5 were
evaluated.  Notably,  there  are  a  few  consistent  ages  between  lunar  impact
glasses  and  terrestrial  impact  craters,  suggesting  the  potential  co-evolution
history  of  meteorite  impacts  in  the  Moon-Earth  system.  However,  the  age
populations of impact glasses in the CE-5 soil are not entirely consistent with
those of Apollo impact glasses. Specifically, the CE-5 impact glasses do not
exhibit the same ~800 and ~500 Ma impact spikes, as well as the increased
impact  rate  in  the  past  ~290  Ma  observed  in  Apollo  impact  glasses.101 The
cause of this inconsistency remains unclear. More studies are still required to
distinguish Moon-wide events.

 EXOTIC COMPONENTS
According to studies on the bulk CE-5 soil and impact glasses, the amount

of exotic materials in the soil is relatively low, accounting for less than 5%.20,36

The  CE-5  soil  stands  out  from  other  landing  sites,  as  it  is  predominantly
sourced  from  a  single  basalt  unit,  which  is  remarkably  distinct  from  the
Apollo or Lunar soil samples.20

The  CE-5  bulk  soils  have  slightly  higher  MgO  (6.48-7.07  wt%; Figure  4D)
and  Ni  (130-167  ppm)  contents8,18,20 relative  to  the  basalt  fragments  (4.87
wt%  MgO  and  18.6  ppm  Ni  in  average).22 Studies  on  the  Apollo  and  Luna
samples revealed that the elevated Ni concentrations in lunar soils could be
attributed  to  the  presence  of  meteoritic  materials.106,107 Similarly,  Zong  et  al.
(2022)20 estimated that the CE-5 soil is comprised of approximately 1 wt% of
meteoritic materials. The slightly higher MgO contents in bulk soils relative to
the basalt fragments may suggest the presence of some Mg-rich materials,
such  as  exotic  Mg-rich  glasses34 and  lithic  fragments  of  olivine  pyroxenite,
magnesian anorthosite, troctolite, and other Mg-suite rocks.69,71

By  investigating  CE-5  samples,  a  wide  range  of  exotic  components  has
been recognized, e.g., igneous clasts, impact ejecta and glasses.34–36,69,71,108,109

The  igneous  clasts  include  fragments  of  high-Ti  vitrophyric,  low-Ti  basalt,
olivine-pyroxenite,  magnesian  anorthosite,  an  evolved  lithology,  Mg-rich

Figure 6.  Interpretive diagram showing the geochemical characteristics of the CE-5
basalt and its origin. 
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olivine, and pyroclastic glass beads.69,71 These clasts represent various rocks
delivered by impact events from other un-sampled regions of the Moon, over
~50−400  km  away  from  the  CE-5  landing  site.71 In  addition,  a  few  impact-
induced high-pressure minerals (i.e., seifertite and stishovite) were also iden-
tified  in  the  CE-5  soil.109 These  high-pressure  phases  could  represent  the
impact ejecta from relatively large impact craters, with 3–32 km diameters.109

The lack of  high-pressure phases in  the CE-5 soil  may suggest  that  impact
conditions  are  unfavorable  for  preserving  high-pressure  phases  on  the
Moon.110 Moreover,  a  few  impact-generated  glass  beads,  compositionally
distinct from the CE-5 basalt,  have also been recognized in the CE-5 soil  as
exotic  glass  fragments  (Figure  7D-E).34–36 The  formation,  transport,  and
impact  melting  processes  of  these  exotic  impact  glasses  have  been
constrained using the geochemistry, microstructure, and U-Pb age data.34–36

Some  of  the  exotic  igneous  clasts  exhibit  unusual  characteristics
compared with Apollo and Luna samples.71 These clasts include: (1) a high-Ti
vitrophyric  fragment  that  shows  a  unique  mineralogy  among  lunar  basalts,
probably representing a new type of lunar basalt; (2) a magnesian anorthosite
clast  represents  a  rock  chip  previously  unrecognized  in  Apollo  and  Luna
collections; (3) the pyroclastic glass records a compositional unique volcanic
eruption on the Moon, i.e., low Mg# value and high FeO content (Figure 8).

Numerical  modeling  calculations  and  remote-sensing  observations  show
that approximately 90% of the materials in the CE-5 regolith are expected to
be sourced from the Em4/P58 unit, consistent with the observation of the CE-
5  samples  (~95%).  A  few  exotic  materials  would  be  delivered  from  outside
the  Em4/P58  unit.111–115 The  potential  major  contributors  of  these  exotic
materials  are  Sharp  B,  Copernicus,  Aristarchus,  and  Harding  craters.113–115

Ballistic  sedimentation  modeling  results  suggest  that  these  four  craters
contributed  less  than  10%  of  the  exotic  materials  in  the  CE-5  regolith.113–115

Jia et al. (2022) suggested that these four craters could deliver a 0.05 m thick
layer  of  primary  ejecta  to  the  CE-5  landing  site,  and  then  this  ejecta  further
excavated about 0.46 m thick local materials.113

For  the  provenance  of  regolith  sourced  from  inside  of  CE-5  basalt  unit
(Em4/P58  unit),  remote-sensing  observations  and  crater  ejecta  deposition

 
models reveal that over 1800 impact craters in Em4/P58 unit likely deposited
~0.56  m  of  primary  ejecta  at  the  CE-5  landing  site.113 About  88%  of  this
primary ejecta was contributed by 12 craters within 1 km from the CE-5 land-
ing site.113 Xu Guangqi crater, one of these 12 craters near the landing site, is
the  most  volumetrically  significant  contributor  (~0.3  m)  to  the  CE-5
regolith.113,114 In addition, the underlying low-Ti materials are also expected to
be delivered to the CE-5 landing site.113,114

Although some exotic components have been identified in the CE-5 soil it is
reasonable to predict that other specific exotic materials (e.g., new rock type,
unique  impact  ejecta,  and  asteroid  debris)  may  still  exist  in  CE-5  collected
sample. In the future, detailed investigations of these exotic components will
improve our understanding of the surface process and magmatic evolution of
the lunar crust.

 SPACE WEATHERING
The  CE-5  lunar  samples  owing  to  their  high  iron  content  and  the  middle

latitude  of  sampling,  also  present  an  opportunity  to  study  the  features  of
lunar soil altered by space weathering.21,26

 Microscopic  morphology  and  crystallography  of  the  altered  lunar  soil
grains

Distinct microscopic morphological features are observed in the lunar soil
grains.  High-resolution  electron  microscopy  was  used  to  analyze  the  CE-5
impact  glasses  and  mineral  aggregates,  revealing  typical  space  weathering
features,  such  as  microcraters,  impact-induced  splashed  melts,  nano-sized
adhesive  mineral  debris,  and  scattered  metal  beads.35,37,120,121 Similar
microstructures  were  previously  observed  in  lunar  soil  samples  from  the
Apollo  and  Luna  missions.122–126 In  addition,  the  recent  study  by  Yan  et  al.
(2022)35 recognized  and  classified  abundant  protruded  and  dented
microstructures on a few glass particles, and the morphology and crosscut-
ting relationship of the microstructures suggest that they were likely formed
during regolith reworking by low-speed events (<2.4 km/s) of local materials
with various  thermophysical  states  (vapor,  melt  and  solid).  These  observa-

Figure 7.  Textures,  chemical  compositions  and
ages of the CE-5 impact glasses (A-C) BSE images
showing three typical textures: clast-bearing micro-
breccia;  quenched  crystallized  glass  and  clean
glass (after Yang W. et al. 202236). (D) CaO/Al2O3 vs.
MgO/Al2O3 diagram of the CE-5 glasses. The verti-
cal  dashed  line  highlights  the  CaO/Al2O3 ratio  of
0.75  as  a  dividing  line  between basaltic  (right)  and
high-Al  glasses  (left).  The  horizontal  dashed  line
highlights  a  MgO/Al2O3 ratio  of  1.25  as  a  dividing
line  between  picritic  (up)  and  basaltic  glasses
(down). Data are from Long et al. (2022),34 Yang W.
et  al.  (2022)36 and  Yan  et  al.  (2022).35 (E)  REE
concentrations of the CE-5 impact glasses normal-
ized  to  CI  chondrites.104 KREEP  data  are  from
Warren and Taylor (2014).105 The CE-5 soil data are
from Li  et  al.  (2022).8 The impact  glasses data  are
from Yang W. et al. (2022)36 and Yan et al. (2022).35

(F)  Age  distribution  of  CE-5  impact  glasses  with
local compositions (after Long et al. 2022).34
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tions indicate that regolith reworking occurred mainly within the vicinity of the
site. The findings are consistent with the results of theoretical models, which
indicate that  a  small  proportion  (less  than  10%)  of  the  primary  ejecta  origi-
nated from a distance greater than 1 km from the CE-5 landing site.113.

The  lunar  soil  grains  also  suffer  damage  from  the  solar  wind,  which
consists of the charged protons, helium, and other particles, that implant into
their surfaces. FIB-TEM analysis of various phases (olivine, low-Ca and high-
Ca  pyroxene,  plagioclase,  phosphate,  ilmenite,  and  sulfide)  exposed  on  the
surface of the same CE-5 basaltic clast demonstrated that the textures of the
solar  wind  irradiation-damaged  zone  are  dependent  on  the  host  mineral
species, e.g., the size and abundance of nanophase iron particles (npFe0) and
the presence and shapes of helium bubbles.37 The ilmenite grains from CE-5
soils  have large quantities of  helium bubbles in  their  glassy surface layer.127

This  discovery  implies  that  the  implanted  helium  can  be  extracted  by
mechanical  crushing,  providing insight  into  possible  future in  situ extraction
of helium from the lunar soil.127 While the solar wind radiation on the Moon is
known to vary with latitude, the study of CE-5 lunar soils compared to Apollo
samples found no significant latitude-dependent effects.

37

 Implantation and retention of the solar wind-derived water
Solar wind-derived water is one of the major water reservoirs on the Moon

(e.g.,  ref.128).  Global  remote  sensing  revealed  that  water  abundance  (in  the
form of OH) increases with latitude, approaching ~500-700 ppm in the polar
regions.129 In addition, the surface water abundance of the Moon shows time-
of-day variations.129,130 To unravel  the spatiotemporal  distribution and reten-

tion  of  the  solar  wind-derived  water  in  the  lunar  regolith,  two  parallel
studies42,43 have  measured  the  D/H  ratios  and  hydrogen  content  depth
profiles  in  olivine,  pyroxene,  plagioclase  and  glass  grains  from  CE-5  lunar
soils.  Hydrogen  is  predominantly  concentrated  in  the  outmost  ~100  nm  of
the grains (with a maximum hydrogen content up to 1116 to 2516 ppm) and
extremely  depleted  in  deuterium  (δD: –908  to  992 ‰),  suggesting  the
implantation of solar wind. The hydrogen-content depth profiles are phase-
dependent,  bell-shaped  for  glass,  or  showing  a  monotonic  decrease  for
crystals, which can be modeled by assuming dynamic equilibrium between
implantation,  diffusion,  and  outgassing  of  the  solar  wind  hydrogen  in  the
soil  grains at  the CE-5 landing site.42 Combining the observations of Apollo
and CE-5 soils, heating experiments, and theoretical simulations and model-
ing, the surface temperature on the Moon is likely to be a key factor control-
ling  solar  wind-hydrogen  implantation  and  migration  in  lunar  soils.42,43 The
solar wind-derived water (in the forms of H, OH and/or H2O), preserved in the
outmost  ~100  nm  grain  rims,  contributes  a  minimum  of  170  ppm  water
abundance in the bulk CE-5 soils (Figure 9E).  This value is comparable with
the estimate measured by the in situ spectrometer  on the lunar surface64,131

and  could  be  treated  as “ground  truth” for  calibrating  orbital  spectral
measurements.129 Based on the dynamic equilibrium model established with
the  CE-5  and  Apollo  soil  samples,  a  high  abundance  of  solar  wind-derived
water in the finest lunar soils (<2 μm) of up to ~2 wt%, can be extrapolated at
high  latitude.42 This  discovery  suggests  a  potential  water  resource  on  the
Moon.

A  recent  study  reported  core-to-rim  variations  of  water  abundance  and

Figure 8.  The provenance of the CE-5 soil (A) Image showing the provenance and exotic components for the CE-5 regolith. The colored areas represent the mare basalt units
(defined by Hiesinger et al. 201110). The 2.0 Ga age for the CE-5 basalt unit is reported by Che et al. (2021)21 and Li Q. et al. (2021).26 Exotic clasts are from other surrounding mare
regions and highlands.71 (B) Stratigraphy of Copernican-aged impact ejecta at the CE-5 landing site (after Qian et al. 2021114).
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D/H ratio in CE-5 impact glass beads,132 in order to unravel the hydrated layer
at  depth  in  lunar  soils.133 The  CE-5  impact  glass  beads  contain  0~1,909  μg
g−1 equivalent  H2O,  and  correlate  negatively  with  H  isotope  compositions,
ranging  from  −990  ±  6 ‰  to  522  ±  440 ‰.  The  observed  correlation  was
interpreted  by  mixing  solar  wind-derived  water  with  the  intrinsic  water
hosted in the glass beads, implying that the impact glass beads can store
solar  wind  derived  water.  Contrary  to  the  degassing  profiles  of  water
recorded  in  the  Apollo  pyroclastic  glasses,134 the  CE-5  impact  glass  beads
show hydration  profiles  with  water  diffusing  inwards.  On  the  basis  of  these
observations,  He  et  al.  (2023)132 estimated  that  up  to  2.7  ×  1014 kg  of  solar
wind-derived water is preserved in impact glass in lunar regolith, which plays
a role as a buffer in the lunar surface water cycle.

 Fe0, Fe3+, and the redox states of lunar soil
The  Moon  is  known  for  its  reduced  environment,  due  to  its  low  oxygen

fugacity  and  lack  of  water,  and  for  decades  it  was  believed  that  npFe0 was
formed  due  to  impact-induced  vapor  reduction.118 Ferric  irons  were  rarely
found  in  lunar  soil  and  were  not  previously  considered  indicators  of  space
weathering products. Formation mechanisms of Fe0 have been discovered in
CE-5  lunar  soil  (Figure  9B-D).  Recent  studies  have  identified  npFe0 reduced
by  solar  wind  protons  and  those  coexisting  with  wüstite  nanoparticles  by
fayalitic  olivine  decomposition  in  CE-5  soil  (Figure  9C).37–39 In  addition,  both
npFe0 and  ferric  iron  were  found  in  microcraters  on  fayalite  and  in  impact
glass  beads,  believed  to  have  been  formed  through  the  disproportionation
reaction  of  ferrous  irons  (Figure  9B).40,119 Furthermore,  npFe0 and  magnetite
have also been identified in micro-sized sulfide grains and are likely to have
formed by eutectoid reactions (Figure 9D).117 Notably,  the disproportionation
reaction is an entirely different formation mechanism of npFe0, resulting from
ferrous iron's self-redox reaction.  The discovery of  sub-micron magnetite in
the  sulfides  of  CE-5  lunar  soil  provides  direct  evidence  for  the  presence  of

native magnetite in lunar soil.  The presence of various types of ferric iron in
CE-5 lunar soil has prompted a re-evaluation of the lunar redox environment
during impacts, and potentially on other airless planetary bodies.

 DEVELOPMENTS OF MICROANALYSIS TECHNIQUES
In  the  same  manner  as  the  Apollo  Lunar  Exploration  Program  promoted

the development and application of scanning electron microscope (SEM) and
secondary  ion  mass  spectrometry  (SIMS)  50  years  ago,135 the  new  lunar
samples  returned  by  the  CE-5  mission  once  again  set  off  a  new  wave  of
applications of microanalysis techniques in planetary science.44 This renewed
interest is not only due to the precious nature and micrometer size of the CE-
5 samples,  but  also  because  microscopic  and  microspectroscopic  tech-
niques have undergone rapid advancements in the last two decades, promot-
ing  the  development  of  Nanogeoscience  and  Planetary  science.136,137

Compared  to  relatively  limited  microanalysis  abilities  50  years  ago,  the
present-day microanalytical  techniques  have  provided  multi-scale  morpho-
logical, structural, chemical, isotopic, and magnetic analyses on the tiny parti-
cles of  CE-5  lunar  soil  samples.  For  instance,  benefiting  from  the  develop-
ment  of  quantitative  analysis  methods  based  on  Micro  X-ray  fluorescence
(μXRF),138 SEM  coupled  with  energy-dispersive  X-ray  spectroscopy  (SEM-
EDXS),139 and electron probe micro-analyzer (EPMA),140 the chemical compo-
sition  of  micro-sized  basalt  fragments29,31 and  glass  beads36 from  the  CE-5
samples  were  quantitatively  determined.  First,  the  chemical  composition  of
basalt  fragments  obtained  from  the  EPMA  and  SEM-EDXS  quantitative
approaches  was  consistent  with  XRF  measurement  on  powder  samples  of
the  CE-5 soil.8 Second,  owing to  the  improved analytic  precise  of  SIMS and
NanoSIMS,141–143 the Pb/Pb geochronology on Zr-bearing minerals (less than
8  μm)  from  CE-5  basalt  fragments  yielded  a  precise  age  of  the  CE-5
basalts;21,26 the  hydrogen  isotope  compositions  of  apatite  and  ilmenite-
hosted  melt  inclusions  from the  CE-5  basalts  indicated  that  volcanism was
not  driven  by  abundant  water  in  its  mantle  source.23,42 Third,  the  coupled
application  of  focused  ion  beam-scanning  electron  microscopy  (FIB-SEM)
and transmission electron microscopy (TEM) has provided new clues to the
features  and  mechanisms  of  space  weathering  on  the  Moon.  Gu  and
coworkers have found a phase-dependent effect on space weathering.37 Two
groups  independently  demonstrated  the  existence  of  Fe3+ in  CE-5
samples.40,119 These new findings suggest that most of the nanophase Fe on
the  Moon's  surface  might  originate  from  impact-driven  disproportion-
ation.37,40,119 Finally,  three-dimension  X-ray  microscopy  (3D  XRM)  has  been
used to  non-destructively  obtain  the  3D morphology and internal  structures
of individual CE-5 particles at submicron resolution.25,144

The first  wave  of  studies  proves  that  advanced microanalysis  techniques
can  accelerate  research  on  the  CE-5  lunar  soil  samples.46 However,  it  is
notable that  unlocking as much information as possible from each targeted
sample  is  critical  and  essential  because  these  extraterrestrial  samples  are
precious,  small  in  size,  and  limited  in  quantity.  Therefore,  Li  and  coworkers
developed a  six-step  workflow for  correlatively  and  comprehensively  study-
ing CE-5 lunar samples and other extraterrestrial samples from a single parti-
cle  on  a  nanometer  to  atomic  scales.45 By  linking  various  microscopic  and
spectromicroscopic instruments together, this workflow consists of six steps:
(1) selecting a single particle via a non-destructive μXRF technique, (2) char-
acterizing  2D/3D  morphology  and  structure  with  correlative  submicron  3D
XRM and nanoscale resolution FIB-SEM imaging methods, (3) analyzing the
surface morphology and chemistry of  the selected particle using SEM tech-
niques, (4) obtaining structural, mineralogical, chemical, and isotopic features
from  the  micron  to  nanometer  scale  via  a  series  of  microscopic  and
microbeam analyses on the cross-section of the selected particle,  (5) deter-
mining a microregion of interest in the selected particle via advanced 2D/3D
characterization and preparing thin foil/tip specimens using site-specific FIB
cut, and (6) comprehensive analyses on the foil/tip specimens at nanometer
to  atomic  scale  with  synchrotron-based  scanning  transmission  X-ray
microscopy  (STXM),  analytic  TEM,  and  atom  probe  tomography  (APT).
Following this technical roadmap, one can integrate multiple modalities into a
uniform  frame  of  multimodal  and  multiscale  correlated  datasets  to  acquire
high-throughput  information  on  the  limited  or  precious  terrestrial  and
extraterrestrial  samples.  For  example,  step-(1)→ step-(4)  has been used for
identifying  Zr-bearing  minerals  from  individual  basalt  fragments  and  for

Figure 9.  Conceptual  diagrams  depicting  the  space  weathering  processes,  effects,
and products observed at  the CE-5 landing site (defined by refs.37–43,116–119) (A) Vari-
ous  mechanisms  that  contribute  to  space  weathering,  including  micrometeorite
impacts, energetic particle bombardment, and thermal fatigue. (B-C) The vaporization,
in-situ reduction, and disproportion reactions producing np-Fe0, SiO, and ferric ions in
and  around  the  micro-crater  during  micrometeorite  impacts.  (D)  The  alteration  of
sulfides during micrometeorite impacts, including the formation of np-Fe0 and submi-
cron magnetite via eutectic reaction, as well  as the vapor-deposited digenite. (E) The
implantation  of  energetic  particles  producing  various  products  such  as  solar  wind-
origin water, helium vesicles, and radiation tracks.
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precise in  situ SIMS  Pb/Pb  dating  of  various  mineral  phases.26 Following  a
procedure of step-(1)→step-(3)→step-(5)→step-(6) studies on the morphol-
ogy,  structure,  and  chemistry  of  the  selected  particles  at  micron  to  atomic
scales  were  determined  to  understand  the  process  and  mechanisms  of
space  weathering.37 By  linking  existing  laboratory-based  instruments,  this
workflow allows the establishment of  rich multimodal  and multiscale  corre-
lated datasets for mapping the local structure, mineralogy, chemistry, crystal-
lography,  and  isotope  geochemistry,  as  well  as  the  local  mechanical  and
magnetic performance across length scales.

It  should  be  noted  that  some  microanalysis  techniques,  such  as
synchrotron-based STXM and APT, have not been used to analyze the CE-5
samples although they were widely used in studies of meteorites and Apollo
lunar samples.145 Synchrotron-based STXM has the advantage of high spatial-
resolution, high chemical-sensitivity, high quantity, and non-destructive X-ray
microscopy  and  spectroscopy.  Combined  with  X-ray  absorption  near-edge
structure (XANES) and X-ray magnetic circular dichroism (XMCD), STXM can
also  be  used  to  determine  the  oxidation  state  and  magnetization  of  Fe  in
lunar  soil  samples.146 APT  can  provide  the  3D  compositional  mapping  of
materials  with  sub-nanometre  spatial  resolution,  and  its  mass  resolution  is
generally sufficient to distinguish each isotope of each detected element.147 It
has been used to characterize space-weathered ilmenite grain from Apollo 17
samples.145 In the future, STXM and APT are expected to be the ideal analyti-
cal tools in lunar soil analysis projects. Generally, step-(6) could include three
advanced  microscopic  approaches:  STXM,  TEM  and  APT.  They  are  usually
combined  to  obtain  morphological,  mineralogical,  crystallographic,  chemical
(including  isotopic  and  oxidization  state),  and  magnetization  information  on
the target foil  or tip specimen at nanometer to atomic scale.137 Furthermore,
all  the  techniques  mentioned  in  the  six-step  workflow  can  be  combined  to
characterize precious samples from the Earth or other extraterrestrial bodies
for a specific purpose.

 SUMMARY AND PERSPECTIVE
This  overview  summarizes  the  main  discoveries  from  the  CE-5  lunar  soil

samples  and,  based  on  these,  significant  new understandings  of  the  Moon.
The  studies  also  raise  many  new  questions,  specifically:  What  is  the  actual
cause of  the unusually  long duration of  volcanic activity in the CE-5 landing
region?  In  addition,  the  CE-5  samples  provide  distinctive  information  in
comparison  to  the  Apollo  and  Luna  samples.  The  CE-5  landing  area  is  the
youngest (2.03 Ga) and has a higher latitude (43°N). All reported basalt frag-
ments in the CE-5 soil are local and likely crystallized from the same lava flow
at different depths and cooling rates. Hence, the petrographic and geochemi-
cal study of this unique set of samples will establish a comprehensive model
for  the  formation  and evolution  of  mare  basalts,  including  partial  melting  of
the  lunar  mantle  source,  crystallization  and  differentiation  during  magma
ascent,  degassing and dehydration during the eruption on the lunar surface,
and  final  cooling  and  solidification.  The  existing  petrological,  mineralogical
and  geochemical  observations  suggest  that  the  CE-5  basalt  was  produced
via a low degree of partial melting of the mantle source region, followed by a
high degree  of  fractional  crystallization,  which  could  have  produced  signifi-
cant  isotopic  fractionation,  including  various  metal  elements  and  volatile
elements.

In  addition,  the  CE-5  soils  also  contain  a  few  percent  of  exotic  materials,
and this  overview  summarizes  the  findings  of  several  Mg-suite  lithic  frag-
ments. More exotic materials are expected to be found in the future study of
the  CE-5  lunar  soil  samples,  which  will  reveal  the  geological  features  and
evolutionary histories of a broad region beyond the Em4/P58 unit. Meanwhile,
statistics  of  these exotic  materials,  combined with  the regional  geology and
simulations  of  impact  cratering  events,  will  establish  and  test  an  impact
model of material transportation and mixing on the lunar surface.

The CE-5 soils are dominated by the same basalt unit, Em4/P58, supplying
suitable  samples  for  the  study  of  the  surface  processes  on  the  Moon.  It  is
worth  noting  that  the  CE-5  landing  site  is  located  at  a  middle  latitude.
Compared with  the  soils  collected  by  Apollo  and  Luna  missions  at  low lati-
tudes,  the  latitude  effect  of  space weathering  on  the  Moon can be  revealed
for  the  first  time,  and  a  dynamic  model  of  implantation,  diffusion  loss  and
migration of  the solar  wind in  lunar  regolith  can be established.  The forma-

tion and evolution model of  lunar regolith can be constrained by systematic
analyses  of  the  lunar  surface  samples  and  the  drill  core,  including  isotope
dating of  a large number of  impact glasses separated from the soils,  deter-
mining the cosmic-ray exposure history of individual fragments and the bulk
soils  from  different  depths  based  on  the  cosmogenic  noble  gases  and
radioactive isotopes, and statistical analysis of solar energetic particle tracks
in mineral grains. In addition, the high Ni contents of the bulk CE-5 soil indi-
cate  the  presence  of  meteoritic  materials.  Separating  and  classifying  the
asteroid remnants preserved in the soils could yield the distribution pattern of
the type of asteroids impacting the Moon in the past 2 billion years, providing
a key constraint for planetary dynamic solar system evolution in combination
with the asteroid impact flux.

The CE-6 mission is the backup of CE-5, and will land within the South Pole-
Aitken  basin  (SPA,  the  largest  and  deepest  impact  basin  on  the  Moon)  and
return samples in 2024. It may collect the first direct sample from the Moon’s
deep  interior,  and  could  provide  strict  constraints  on  lunar  interior  structure
and composition and hence the Lunar Magma Ocean hypothesis. The impact
flux before 4 Ga can be calibrated with returned impact melt samples of SPA,
which will  provide  critical  evidence  for  or  against  the  Late  Heavy  Bombard-
ment hypothesis. Also noteworthy is that study of the first samples from the
lunar  farside,  compared  with  the  CE-5  soils  and  previous  Apollo  and  Luna
samples  from the  nearside,  will  also  test  the  hypothesis  that  the  Moon has
been irradiated by the Earth’s wind.
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