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●  We selected 28 impact glasses with “exotic” major element compositions from Chang’e-5 soil for trace element analysis.
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●  We propose a new plot, La versus Mg#, for distinguishing between local and exotic impact glasses in Chang’e-5 soil.
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Abstract: Lunar impact glasses have been identified as crucial indicators of geochemical information regarding their source regions.
Impact glasses can be categorized as either local or exotic. Those preserving geochemical signatures matching local lithologies (e.g.,
mare basalts or their single minerals) or regolith bulk soil compositions are classified as “local”. Otherwise, they could be defined as
“exotic”. The analysis of exotic glasses provides the opportunity to explore previously unsampled lunar areas. This study focuses on the
identification of exotic glasses within the Chang’e-5 (CE-5) soil sample by analyzing the trace elements of 28 impact glasses with distinct
major element compositions in comparison with the CE-5 bulk soil. However, the results indicate that 18 of the analyzed glasses exhibit
trace element compositions comparable to those of the local CE-5 materials. In particular, some of them could match the local single
mineral component in major and trace elements, suggesting a local origin. Therefore, it is recommended that the investigation be
expanded from using major elements to including nonvolatile trace elements, with a view to enhancing our understanding on the
provenance of lunar impact glasses. To achieve a more accurate identification of exotic glasses within the CE-5 soil sample, a novel
classification plot of Mg# versus La is proposed. The remaining 10 glasses, which exhibit diverse trace element variations, were identified
as exotic. A comparative analysis of their chemical characteristics with remote sensing data indicates that they may have originated from
the Aristarchus, Mairan, Sharp, or Pythagoras craters. This study elucidates the classification and possible provenance of exotic materials
within the CE-5 soil sample, thereby providing constraints for the enhanced identification of local and exotic components at the CE-5
landing site.
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 1.  Introduction
Lunar  impact  glasses  are  common  in  lunar  soils,  which  may  be

formed  by  impact  melting  of  local  materials  or  transportation  of

materials from distant impact craters (Zellner, 2019). The ratios of

refractory  elements  remain  unaffected  by  volatile  losses  (Delano

et  al.,  1981, 2007),  thereby  offering  significant  insights  into  the

lunar surface composition (Meyer, 1978; Korotev et al., 2010). The

impact  glasses  exhibit  compositions  distinct  from  the  local

geological  units,  suggesting either exotic origins or the presence

of  unidentified  underlying  geological  formations  (Rhodes  et  al.,

1977; Zellner et  al.,  2002; Zeigler  et  al.,  2006; Wu YH et  al.,  2023).

As a result, the study of these exotic impact glasses contributes to

our  understanding  of  the  lunar  surface.  Further  geochemical

investigations can provide insights into the history, processes, and

magnitudes of lunar impact events (Zellner, 2019). Therefore, the

identification  and  provenance  of  these  exotic  glasses  are  crucial

for  advancing  our  knowledge  of  the  distribution  and  transporta-

tion of materials on the lunar surface.

Prior  studies  have  identified  a  multitude  of  exotic  glasses  in  the

Apollo  samples.  For  example, Delano  et  al.  (2007) utilized  a

ternary diagram of titanium (Ti), magnesium (Mg), and aluminum

(Al)  to  analyze  soil  samples 60014, 64501,225,  and 66041,  127

from Apollo 16. The results demonstrated that approximately 30%

of  the  sample  population  consisted  of  exotic  compositions,

constituted  as  determined  by  the  ratio  of  nonvolatile  lithophilic
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elements to elucidate the origins of the impact glasses. Korotev et

al. (2010) used a variety of diagrams to differentiate between glass

groups, including mare and nonmare types. Norman et al.  (2019)

examined major and trace elements in 30 glasses from Apollo 16

soil sample 66031. The analysis revealed a diverse range of chemi-

cal compositions, with ~50% of the glasses falling into the category

of “exotic.” The  remaining  glasses  display  similarities  to  the  local

Apollo 16 soils, which have been classified as “local.” These findings

have  substantially  enhanced  our  understanding  of  the  mecha-

nisms by which materials are transported on the lunar surface.

Forty-four  years  after  the  Apollo  and  Lunar  missions,  the

Chang’e-5 (CE-5) mission has successfully collected lunar samples

from  one  of  the  youngest  lunar  mare  basalt  units  (~2.0  Ga)

located in the northern region of Oceanus Procellarum (Che XC et

al., 2021; Li QL et al., 2021; Hao JL et al., 2024). These samples may

encompass  a  variety  of  crustal  components  from  distant  regions

that  were  transported  to  the  CE-5  landing  site  by  impact  events

(Qian  YQ  et  al.,  2021).  These  exotic  materials  were  defined  as

those  exhibiting  distinct  major  and  trace  element  compositions

relative  to  the  surface  regolith  of  the  landing  site,  local  basaltic

materials,  and  local  selective  melt  components,  including  mare

basalt, bulk soil, and single minerals (Yang W et al., 2022; Zeng XJ

et  al.,  2022; Chen Y et  al.,  2023; Mei  AX et  al.,  2023; Wu YH et  al.,

2023). For example, the exotic impact glasses present in the CE-5

samples offer a valuable opportunity to investigate materials  not

directly  sampled  by  the  mission.  The  chemical  compositions  of

the impact glasses have been analyzed with the objective of iden-

tifying their provenance (Yang W et al., 2022; Long T et al., 2022).

However, Wu YH et al. (2023) found that some glasses in the CE-5

soil exhibit chemical compositions distinct from the bulk soil and

concluded  that  these  glasses  should  not  be  classified  as  exotic.

The  observed  chemical  variations  could  be  attributed  to  impact-

induced crushing,  differential  crystallization,  impact  melting,  and

volatilization  (Wu  YH  et  al.,  2023; Yan  P  et  al.,  2024).  This  result

indicates  that  the  proportion  of  exotic  materials  may  be  lower

than  previously  assumed.  It  is  necessary  to  integrate  multi-

elemental  analytical  approaches  spanning  both  major  and  trace

element  systems  to  establish  a  robust  classification  of  the  CE-5
impact glasses.

To enhance our comprehension of the exotic glasses identified in
the CE-5 soils, we conducted a preliminary classification based on
the  major  element  compositions  of  a  data  set  comprising  764
glasses  (Wang  BW  et  al.,  2024).  From  this  data  set,  28  glasses
exhibiting major element characteristics distinct from those of the
CE-5  basalt  were  selected  for  laser  ablation  inductively  coupled
plasma  mass  spectrometry  (LA-ICP-MS)  analyses.  Our  results
provide  critical  constraints  for  the  precise  identification  of  local
and exotic components at the CE-5 landing site.

 2.  Samples and Methods
The  investigation  was  primarily  focused  on  a  selection  of  764
impact  glasses,  which  had  previously  been  examined  by Wang
BW  et  al.  (2024).  The  lunar  soil  samples  were  obtained  from  the
China  National  Space  Administration  under  a  materials  transfer
agreement.  We  used  one  scooped  sample  (CE5C0600YJFM,  from
which  the  three  volcanic  glass  beads  were  extracted)  and
three  drilled  samples  (CE5Z0107YJFM,  CE5Z0303YJFM,  and
CE5Z0403YJFM).  From  a  comparative  analysis  of  the  major
elemental  compositions  with  an  electron  probe  microanalyzer
(EPMA; Wang  BW  et  al.,  2024; Figure  1)  and  CIPW  (the  method
proposed  by  Cross,  Iddings,  Pirsson,  and  Washington,  who  used
this acronym as the name of their calculation method) normative
data  (Table  S4),  we  selected  28  glasses  that  exhibited  distinct
major  element  characteristics  in  comparison  with  the  CE-5  bulk
soil  for  trace  element  analyses.  The  backscattered  electron  (BSE)
images of  the selected glasses  are displayed in Figure S1.  As  can
be  seen  in  these  images,  and  as  described  in Wang  BW  et  al.
(2024), some of these glasses are clean glasses (e.g., 38-3, 44-4, 45-
41,  50-50),  and  some  glasses  do  contain  schlieren  (e.g.,  51-201),
vesicles (e.g., 50-107), FeNi metal (e.g., 39-277), and rims of adher-
ing regolith (e.g., 49-39).

Trace element analyses were conducted by LA-ICP-MS at the Insti-
tute  of  Geology  and  Geophysics,  Chinese  Academy  of  Sciences
(IGGCAS). This technique is particularly advantageous for analyzing
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Figure 1.   CaO versus Al2O3 and Al2O3 versus FeO of selected glasses in major elements using an EPMA (Wang BW et al., 2024). The red dots

represent the glasses, which have major element compositions that are distinct from those of the CE-5 basalt. The data on CE-5 mid-Ti basaltic

glass are from Yang W et al. (2022). The highlands, feldspathic, KREEP (samples rich in potassium, rare earth elements, and phosphorus), and mare

compositions are from Lucey (2006). AVG, average.
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the bulk composition of glasses, as opposed to the limited source

diameter  characteristic  of  the  EPMA.  The  Element  XR  HR-ICP-MS

instrument  was  coupled  to  a  193  nm  ArF  excimer  laser  system

(GeoLas  HD).  The  laser  has  a  diameter  of  approximately  16  μm

with a repetition rate of 5 Hz. We used ARM-1 (Wu ST et al., 2019)

reference glass for external calibration, and NIST (National Institute

of Standards and Technology) SRM (Standard Reference Material)

610  (Jochum  et  al.,  2011)  and  U.S.  Geological  Survey  BCR-2G

(microanalysis  glass,  Columbia  River  Basalt; Jochum  et  al.,  2005)

glasses  for  quality  control  monitoring.  The  bulk  normalization  to

100  wt%  strategy  was  used  for  data  reduction,  using  the  Iolite

software  package  with  an  in-house-built  DRS  (Data  Reduction

Scheme)  code  (Wu  ST  et  al.,  2018).  For  most  trace  elements

(>0.5 ppm), the 2SE represents 2 standard error for each point of

internal precision (Table S2), and the accuracy is better than ±20%

(Wu ST et al.,  2019). The data on glasses and references are listed

in Tables S1 and S3, along with the error values listed in Table S2.

The major elements and the results of CIPW are listed in Table S4.

We  calculated  the  average  as  the  bulk  composition  when  the

glass was measured multiple times.  Therefore,  the compositional

data  presented  in  this  study  can  represent  bulk  glass  composi-

tions.

 3.  Results
The  chemical  compositions  of  impact  glasses  are  indicative  of

their original target materials. In particular, the ratios of refractory

elements remain unaffected by volatile losses (Delano et al., 1981,

2007). In this study, the classification methodology places particu-

lar emphasis on refractory elements such as Al2O3, FeO, MgO, CaO,

and  rare  earth  elements  (REEs).  The  selected  glasses  can  be

divided according to the major and trace elements analyzed by LA-

ICP-MS  into  two  main  groups:  (1)  local  glass  and  (2)  exotic  glass

(see Figures 2 and 3, Tables 1 and 2).

 3.1  Local Glass
A total of 18 glasses were classified as of local origin, based on the

data obtained from trace elements. The local glasses exhibit three

distinct  chemical  compositions:  basaltic,  single  mineral,  and

mixture glass.

The  four  basaltic  glasses,  49-151,  51-124,  51-132,  and  51-215,

exhibit  notable  variations  in  major  element  compositions  when

compared  with  the  CE-5  bulk  soil  (Table  1).  These  variations  are

evident in the TiO2 (2.91–4.15 wt%),  FeO (16.74–29.50 wt%),  CaO

(9.57–12.00  wt%),  and  MgO  (4.83–8.41  wt%)  contents.  However,

they exhibit Mg# (~23–45, Mg# = molar Mg/(Mg + Fe) × 100) and
 

Table 1.   Chemical composition of local glasses.

Sample No. 49-151 51-124 51-132 51-215 45-97 49-59 51-101 51-201 51-242 48-110 41-164 43-276 47-134 (avg.)a 49-39 49-207 50-107 51-73 51-164

(wt%)

SiO2 43.9 45.9 47.63 46.3 48.16 46.69 49.8 49.41 50.9 47.3 49.54 48.48 35.12 46.11 48.50 35.41 60.1 46.42

TiO2 4.15 3.46 2.91 3.55 2.28 1.05 1.14 1.09 1.89 0.11 0.87 1.61 15.55 2.61 4.14 13.47 2.50 4.01

Al2O3 4.07 11.16 13.83 12.44 3.02 1.38 8.70 1.28 4.80 32.6 20.2 3.07 7.66 7.51 12.8 8.29 10.61 8.6

FeO 29.5 18.8 16.74 18.2 18.28 29.32 19.89 31.67 19 1.28 7.1 25.27 25.51 25.40 18.8 30.35 13.3 21.6

MnO 0.34 0.22 0.19 0.2 0.26 0.36 0.28 0.39 0.28 0.02 0.11 0.35 0.24 0.3 0.25 0.29 0.15 0.25

MgO 4.83 5.3 6.72 8.41 10.55 3.95 7.82 5.76 10.55 0.39 4.91 8.48 6.16 5.20 7.55 5.04 5.79 9.08

CaO 11.88 12 10.67 9.57 17.24 16.79 11.7 10.21 13 17 15.94 12.36 8.97 12.04 8.1 6.37 6 9.02

Na2O 0.11 0.55 0.45 0.54 n.d. n.d. 0.44 0.03 0.25 1.16 0.86 0.06 0.11 0.29 n.d. 0.19 0.5 0.3

K2O 0.10 0.4 0.24 0.18 n.d. 0.02 0.08 0 0.06 0.07 0.08 0.13 0.11 0.08 0.42 0.07 0.29 0.17

P2O5 0.27 1.64 0.18 0.23 n.d. 0.05 0.02 0.02 0.13 n.d 0.1 0.16 0.11 0.10 n.d. 0.13 0.38 0.21

(ppm)

Li 0 13 16 n.d. 3 n.d. 3 3 0 20 4 9 15 n.d. n.d. 13 37 5

B 28 69 6 30 n.d. 25 13 3 10 n.d. 15 13 22.4 19 12 4 n.d. 26

Sc 100 86 48.1 37.9 159 173 78.9 134 71 0.2 105 118 65.7 88 121 30.7 29 52.4

V 98 121 58 76 244 73 60.4 52.9 74.6 5.5 143 78.5 131 78.4 151 77.3 40 73.3

Cr 1052 1460 1277 1395 2180 1410 582 536 1185 40 1310 732 1920 1330 1850 1342 790 1313

Co 49 23.7 32.2 41.3 35.2 25.7 31.9 40.8 39.9 2.6 19 33.7 33.7 32.9 35.4 27.1 36 38.8

Ni 60 131 227 253 16 n.d. 23 12 45 32 n.d. 6 89 97 135 50 190 124

Cu 97 10 4.3 21.9 n.d. n.d. 1 4.9 n.d. 6.8 3.7 5.7 n.d. 3 n.d. 7.7 15 12.1

Zn n.d. 1 4 34 n.d. n.d. n.d. n.d. 10 n.d. n.d. 1 27.5 3 4 29 62 22

Ga 5 4.8 4.7 4.9 2.9 8 2.8 1.7 0.35 11.8 4.9 4.4 3.9 5.2 3.8 3.5 1.8 3.4

Rb 1.81 5.8 4.2 5.1 0.29 0.16 0.74 0.04 1.84 0.99 0.55 3.1 1.78 1.5 1.4 5 7.6 1.65

Sr 137 279 256 266 24.7 70.8 194 17 48 533 277 120 167 174 206 177 311 213
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REE concentrations similar to those of the CE-5 basalt (Figure 4a),

showing  an  enrichment  in  light  REEs  (LREEs)  and  a  depletion  in

heavy REEs (HREEs).

Five  glasses  were  identified  as  pyroxene-like.  They  exhibit  low

Al2O3 (<5 wt%; Table 1), higher FeO, and lower MgO contents than

the  highland  pyroxene.  Their  compositions  fall  within  the  CE-5

pyroxene  fields  on  the  MgO  versus  FeO  and  FeO  versus  Al2O3

diagrams (Figure 2). With regard to trace elements, they are char-

acterized by an obvious negative Eu anomaly (Table 1), accompa-

nied  by  a  depletion  in  LREEs  (Figure  4b),  consistent  with  those

pyroxenes  in  the  CE-5  basalt  (Figure  4b).  One  glass  (51-101)

exhibits  higher Al2O3 (8.70 wt%) than the other four glasses,  and

its  major  element  characteristics  are  similar  with  low-Ti

basalt/regolith  (Maxwell  and  Wiik,  1971; Wakita  et  al.,  1971;

Helmke  et  al.,  1973; Snyder  et  al.,  1997).  However,  this  glass  has

enriched HREEs, with lower (La/Lu)N and (La/Yb)N ratios (<1; Table

S1). Conversely, the low-Ti basalt/regolith has these two ratios >1

(Maxwell  and Wiik,  1971; Wakita  et  al.,  1971; Helmke et  al.,  1973;

Snyder et al., 1997).

One  glass  (48-110)  was  identified  as  plagioclase-like,  which

exhibits  high  Al2O3 (32.60  wt%)  and  CaO  (17.00  wt%)  contents

and  a  low  FeO  content  (1.28  wt%)  with  an  obvious  Eu-positive

anomaly in the REE patterns (Figure 4c).  These characteristics are

similar  to  those  of  the  lunar  highland  anorthosites  (Figure  S2).

However, the chemical composition of this glass is similar to that

of  the  plagioclase  in  the  CE-5  basalt  with  regard  to  CaO,  FeO,

MgO,  and  Al2O3 contents  (Figure  3).  The  higher  FeO  and  lower

CaO contents are distinct from highland plagioclases (Figures 3a,

3c, and 3d). The REE analysis revealed that the sample contains an

REE concentration similar to the plagioclases in the CE-5 basalt.

Continued from Table 1

Sample No. 49-151 51-124 51-132 51-215 45-97 49-59 51-101 51-201 51-242 48-110 41-164 43-276 47-134 (avg.)a 49-39 49-207 50-107 51-73 51-164

Y 104 114 114 84 51.7 186 38.4 52 34.1 0.38 27.1 74 58.5 75.6 75.9 73.4 35 61.9

Zr 395 528 506 225 89.9 683 64.4 70.7 118 n.d. 83 274 517 230 281 480 164 272

Nb 29.9 49.6 31.9 22.8 0.11 0.73 1.44 0.3 6.2 0.19 3.8 12.9 48.5 12 17.3 43.7 16.2 24.7

Cs 0.17 0.69 15 127 0.05 0.04 0.07 0.08 0.27 n.d. 0.02 0.04 0.1 0.24 0.07 1.08 1.36 0.16

Ba 171 540 457 265 n.d. 1.7 55.6 1.4 141 71 76 235 224 167 200 255 331 218

La 29.5 35.9 37.3 32.5 1.37 7.79 3.51 1.93 6.8 0.77 5.5 21.4 18.4 15.8 22 23.8 19.5 21.3

Ce 75.5 94 90.2 81 9.3 36.1 10.3 7 17 2.4 12.6 53 44.6 36.7 58 64.1 50 51

Pr 11.8 13.4 14.7 11.2 2.32 7.15 2.46 1.55 2.4 n.d. 2.43 7.7 6.01 5.6 8.1 8.5 6.6 7

Nd 57 59 62 44.5 15.9 45.2 10.9 10.4 7.5 1.7 10 34 28 28.4 48 43.9 20.5 34.9

Sm 16.1 23 17.8 15 5.5 15.8 4.8 5.3 5.4 0.89 3.5 9.4 9.25 7.8 13.5 12 5 8.2

Eu 1.1 1.57 2.7 2.4 0.46 1.78 0.71 0.27 0.21 2.9 1.91 1.15 1.81 1.81 1.19 1.64 4 2.14

Gd 17.5 29.7 19.2 13.8 8.1 27.1 6.6 6.8 6.2 1.7 7.4 12.2 10.5 15.3 15.6 15.6 4.8 14.5

Tb 3.27 3.14 3.05 3.09 1.68 5.57 0.78 1.39 1.62 0.04 n.d. 2.2 1.75 2.92 2.82 2.49 n.d. 2.27

Dy 22.7 18.5 23 15.4 9.6 39.7 7.2 10.4 4.6 n.d. 7.4 15 11.7 17.7 19.5 13.6 n.d. 13.4

Ho 4.11 6.38 4.29 3.55 1.95 7.59 1.93 2.24 1.58 0.23 1.3 2.7 2.66 3.46 3.15 3.45 1.3 2.49

Er 10.2 11.3 12 9.2 4.5 23 4.5 5.9 5.2 n.d. n.d. 7.2 6.7 9 7.7 8.9 3.2 7.1

Tm 1.6 2.1 1.58 1.41 0.7 3.86 0.7 0.82 0.57 n.d. 0.5 0.92 1.15 1.19 1.21 1.19 0.51 0.89

Yb 9.5 21.4 11 5.6 3.8 22 5.2 5.9 4.3 n.d. n.d. 6.4 7.2 5.7 5.9 8.3 4 5.3

Lu 1.36 0.81 1.27 0.98 0.62 3.89 0.77 0.77 1.35 0.08 0.62 1.05 1.06 0.87 0.44 1.22 0.4 1.03

Hf 10.2 16.4 16.7 6.1 5 32.3 2.57 2.65 1.9 0.07 1.79 7.4 13.4 5.7 11.1 11.9 5.5 8.8

Ta 1.33 3.3 1.62 0.73 0.07 0.08 n.d. 0.02 0.31 0.15 0.31 0.75 3.14 0.42 0.91 2.59 1.4 1.15

Pb 0.87 0.81 0.85 1.47 n.d. 0.02 0.07 0.13 0.32 0.03 0.15 0.54 0.33 1.1 0.16 0.19 1.6 0.37

Th 2.64 3.79 4.98 4.8 n.d. 0.44 0.28 n.d. 0.76 n.d. 1.04 2.5 2.68 1.86 2.46 3.63 1.8 2.8

U 0.67 1.16 1.34 0.51 n.d. 0.14 0.03 n.d. 0.04 n.d. 0.34 0.69 0.82 0.72 0.44 1.2 0.78 0.44

Zr/Y 3.79 4.63 4.44 2.68 1.74 3.67 1.68 1.36 3.46 3.06 3.7 8.85 3.04 3.7 6.54 4.69 4.39

Sc/Sm 6.21 3.74 2.7 2.53 29.0 11.0 16.4 25.3 13.2 0.22 30.0 12.6 7.1 11.3 8.96 2.56 5.8 6.39

(Eu/Eu*)N 0.2 0.18 0.45 0.51 0.21 0.26 0.38 0.14 0.11 7.19 1.14 0.33 0.56 0.51 0.25 0.37 2.49 0.6

(Sm/Yb)N 1.84 1.17 1.76 2.91 1.57 0.78 1 0.98 1.37 1.6 1.4 1.49 2.49 1.57 1.36 1.68

(La/Yb)N 2.11 1.14 2.3 3.94 0.24 0.24 0.46 0.22 1.07 　 　 2.27 1.74 1.88 2.53 1.95 3.31 2.73

aavg., average.
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Eight  glasses,  namely  41-164,  43-276,  47-134,  49-39,  49-207,  50-

107, 51-73, and 51-164, exhibit mixing features of local materials.

Their major elements display a wide range (Table 1), for example,

in  the  TiO2 (4.01–15.55  wt%),  Al2O3 (7.51–12.80  wt%),  and  FeO

(18.80–30.35  wt%)  contents  (Table  1).  We  utilized  a  geochemical

modeling  approach  similar  to  that  proposed  by Korotev  et  al.

(1995),  based  on  the  local  mineral  assemblages  (e.g.,  pyroxene

and  plagioclase)  and  the  bulk  compositions  of  major  elements

and REE  from the  CE-5  basalt  (Tian  HC et  al.,  2021; Chen Y  et  al.,

2023). The objective of the model calculations was to satisfy both

the  major  and  trace  element  data  simultaneously  (see Table  S5).

For example, glass 50-107 can be formed by a mixture of 70% CE-
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Figure 2.   Major elements of pyroxenitic glasses compared with the CE-5 and highland composition of pyroxene. One glass was near highland

pyroxene. The data on CE-5 pyroxene are from Tian HC et al. (2021), and the data on highland samples are from Floss et al. (1998). Cpx,

clinopyroxene; Opx, orthopyroxene.
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Figure 3.   Major elements of feldspathic glass compared with the plagioclase of the CE-5 basalt and Apollo 16 anorthosite samples. Data on the

CE-5 plagioclase are from Che XC et al. (2021), Hu S et al. (2021), Jiang Y et al. (2022), Tian HC et al. (2021), and He Q et al. (2022). Data on the

Apollo 16 anorthosite plagioclase are from Rose et al. (1973), Dymek et al. (1975), Powell et al. (1975), Wänke et al. (1975), Dominik and Jessberger

(1978), Ryder and Norman (1980), Papike et al. (1997), and Norman et al. (2003). Pl, plagioclase.
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5 basalt  and 30% ilmenite  (see Figure 4d and Table S5),  whereas

glass 43-276 can be formed by a mixture of 55% CE-5 basalt  and

45% pyroxene (see Figure 4e and Table S5). In total, these glasses

can be formed by mixing 40–75 wt% CE-5 basalt with 25–60 wt%

single minerals (clinopyroxene, plagioclase, and ilmenite from the

CE-5 basalt; see Table S5 for details).

 3.2  Exotic Glass
The  remaining  10  glasses  were  identified  as  exotic  glass.  They

exhibit a wide range of chemical characteristics (see Figures 5 and

6).

One  glass,  38-3,  has  a  noritic  composition  with  a  high  Al2O3

content  (23.95  wt%; Table  2),  a  slight  Eu-negative  anomaly
((Eu/Eu*)N = 0.6), and a high Mg# (73; Table 2). The REE concentra-
tions  in  this  glass  are  lower  than  those  observed  in  the  Apollo
noritic  samples  (e.g.,  noritic  matrix 15455; Taylor  et  al.,  1972;
Figure 6a).  The CIPW normative results indicated that the glass is
composed of  67.35 wt% plagioclase  and 25.79 wt% hypersthene
(Table S4). Two glasses, 45-41 and 51-232, exhibit similarities with
the  KREEP  (samples  rich  in  potassium,  REEs,  and  phosphorus)
basalts  in  terms  of  major  element  compositions,  including  low
FeO  and  high  Al2O3 contents.  It  is  noteworthy  that  there  are
considerable enrichments in incompatible trace elements,  partic-
ularly Th concentrations (Table 2). Another glass, 41-101, presents
high TiO2 (8.18 wt%) and FeO (17.60 wt%) contents with a depletion

 

43-276 Mixture
CE-5 mid-Ti basaltic glass

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
1

10

100

1000

Sa
m

pl
e/

CI
 c

ho
nd

rit
es

(e)

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
0.1

1

10

100

1000

Sa
m

pl
e/

CI
 c

ho
nd

rit
es

48-110
CE-5 plagioclase

(c)

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
1

10

100

1000

Sa
m

pl
e/

CI
 c

ho
nd

rit
es

50-107 Mixture
CE-5 mid-Ti basaltic glass

(d)

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
1

10

100

1000

Sa
m

pl
e/

CI
 c

ho
nd

rit
es

CE-5 basaltic samples

51-215
49-151
51-124
51-132

(a)

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
0.01

0.1

1

10

100

1000

Sa
m

pl
e/

CI
 c

ho
nd

rit
es

45-97
49-59
51-101
51-201
51-242

(b)

Tian et al., 2021

 
Figure 4.   REE normative pattern of local glasses. (a) Basaltic glasses: these four glass patterns are almost the same as those of the CE-5 basalt

(Tian HC et al., 2021; He Q et al., 2022; Li CL et al., 2022; Zong KQ et al., 2022; Jiang Y et al., 2023); (b) pyroxenitic glasses: the gray field is the CE-5

pyroxene (Tian HC et al., 2021), except 49-59; other glasses are in the gray field; (c) feldspathic glasses; (d) local mixed glass 50-107. The data on

CE-5 glass is after Yang W et al. (2022). The data of CI chondrites from McDonough and Sun, 1995.
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of HREEs compared with the KREEP soil 15434 (Helmke et al., 1973;
Figure 6c). One glass, 50-50, displays a feldspathic composition. It
has  high  Al2O3 (>25  wt%)  and  low  FeO  contents  (<6  wt%)  with
high Mg# values (>70; Table S4) and exhibit characteristics similar
to those observed in the Apollo 16 samples (Figure 3),  accompa-
nied  by  a  slightly  positive  Eu  anomaly  (Table  2 and Figure  6d).
Two  glasses,  44-4  and  50-14,  exhibit  high  MgO  contents  (>24
wt%; Table 1) and Mg# values (>80; Table S4). Both samples have
relatively  low  REE  concentrations  and  exhibit  an  obvious  Eu
normative  anomaly  compared  with  the  CE-5  bulk  soil  (Table  2).
These  characteristics  are  similar  to  the  Mg-suite  rocks  (Lucey,
2006; Elardo et al., 2023; Figure 7).

Glass  51-42  exhibits  a  pyroxene-like  composition  with  low  Al2O3

(1.63  wt%)  and  TiO2 contents  (0.25  wt%),  a  high  MgO  content
(20.28 wt%) and Mg# value (75; Table S4), and a high concentration
of  Cr,  which  seems  to  imply  a  mare  provenance  (Table  2).
However, Bence et  al.  (1973) reported a high Cr  concentration in
highland clinopyroxene (their  Cr2O3 content ranged from 0.36 to
0.96 wt%). In addition, the major elements and REE pattern of 51-
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Figure 5.   Exotic mixed glass (39-277) REE pattern. The red line is the

mixing calculated result. The result matches the REE pattern well. We

used the KREEP material 15386 to calculate the mixture. The data on

15386 are after Neal and Kramer (2003), and the CE-5 glass is after
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Table 2.   Chemical composition of exotic glasses and CE-5 bulk soil.

Sample No. CE-5 bulk soil (avg.)a 41-101 45-41 (avg.) 51-232 38-3 (avg.) 44-4 (avg.) 50-14 (avg.) 51-42 50-50 (avg.) 39-277 39-251

(wt%)

SiO2 41.5 43.7 57.8 48.2 48.4 48.0 50.2 52.9 47.7 46.1 60.2

TiO2 5.09 8.18 2.36 1.78 0.35 1.46 1.98 0.25 0.19 3.55 0.13

Al2O3 11.4 14.2 13.8 18 24.0 5.32 6.75 1.63 25.1 14.7 15.1

FeO 22.7 17.6 10.5 11.0 5.01 9.96 8.3 12.2 3.58 13.0 7.43

MnO 0.28 0.17 0.12 0.14 0.08 0.3 0.38 0.22 0.09 0.16 0.11

MgO 6.3 4.09 5.9 7.53 7.63 28.1 24.4 20.3 8.75 11.2 7.35

CaO 11.5 9.64 7.09 11.4 13.7 5.96 6.97 11.7 14.2 10.5 8.21

Na2O 0.42 0.51 0.8 0.71 0.57 0.11 0.16 0.02 0.24 0.19 1.12

K2O 0.21 0.59 0.79 0.31 0.09 n.d. 0.04 0.01 n.d. 0.04 0.08

P2O5 0.26 0.76 0.05 0.44 0.04 0.03 0.03 0.05 0.04 0.03 0

(ppm)

Li 14.8 17 43 24 11 9.33 n.d. n.d. 9 12.6 10

B 29 n.d. a 30 n.d. 22.3 21.5 n.d. 1.4 18 25

Sc 62.9 26.4 22.6 23.2 12.3 31.9 34.2 48.7 5.7 38.7 3.7

V 88.9 50 27.0 53.3 35.5 114 119 286 26.8 89.7 22.1

Cr 1405 780 987 1315 1193 4603 4740 4680 1261 2040 1150

Co 32.4 28.4 7.65 33.8 4.63 2.8 0.89 39.4 0.66 14.3 2.3

Ni 18.6 76 n.d. 290 18 8 n.d. 88 0 44 9

Cu 15.3 11.8 n.d. 11.4 2.61 n.d. 2.25 n.d. 5.2 3.3 6

Zn 9.7 8 3.25 12 3.93 1.57 7.5 4 0 n.d. n.d.

Ga 6 10.2 1.5 5.1 0.57 0.35 1.3 1.3 1.08 1.01 0.87

Rb 4.9 23 12 8.7 1.51 0.41 0.21 n.d. 0.36 0.56 1.18

Sr 351 345 172 242 122 62.2 80.7 1.8 122 249 65.9

Y 115 180 397 147.1 23.0 36.4 50.7 5.2 3.87 140 9.9

Zr 571 880 1903 402 87.0 139 182 5.7 12.5 640 41.7

Nb 36.3 56 159 43.2 7.6 9.47 11.7 0.18 0.51 43.3 4.4
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42 fall within the range of highland clinopyroxenes (Figures 2 and

8).

Two exotic glasses were identified as having mixture characteris-

tics.  Glass  39-277  has  a  high  Mg#  value  (61),  high  Al2O3 (14.72

wt%)  and  MgO  contents  (11.18  wt%),  and  low  FeO  (12.95  wt%)

and  TiO2 contents  (3.55  wt%),  with  high  incompatible  element

concentrations (e.g., REE, Th; Table 1), which can be best fitted by

a mixture of 30% KREEP materials with 70% CE-5 basalt (Neal and

Kramer,  2003; Figure 5 and Table S5).  Glass  39-251 has high SiO2

(60.22  wt%)  and  Al2O3 contents  (15.13  wt%)  and  low  FeO  (7.35

wt%)  and  CaO  (8.21  wt%)  contents,  with  a  high  Mg#  value  (64;

Table S4) compared with CE-5 bulk soil (Tables 2 and S4), indicative

of  a  formation process  involving the mixing of  highland rocks  or

minerals.

 4.  Discussion
Although  we  selected  28  glasses  with  major  elements  distinct

from  the  CE-5  bulk  soil,  the  LA-ICP-MS  analyses  revealed  that

some of these glasses are of local origin. Therefore, it was necessary

to consider the most appropriate method for correctly identifying

the exotic glasses in the CE-5 soil sample.

 4.1  Classification for the CE-5 Impact Glasses
Previous  studies  have  utilized  a  variety  of  diagrams  and  plots  to

identify exotic glasses. For instance, Delano et al. (2007) presented

a  ternary  diagram  utilizing  three  nonvolatile  lithophile  elements

(Ti,  Mg,  Al)  to  differentiate  local  and  exotic  glasses  in  Apollo  16

samples, using a line to approximate the boundary between mare

and  highland  regions. Lucey  (2006) proposed  several  diagrams,

such  as  FeO  versus  Th  and  FeO  versus  Al2O3,  to  classify  lunar

samples into feldspar highland terranes (FHT), Procellarum KREEP

terranes (PKT), and mare basalt, thus facilitating the identification

of  exotic  materials.  Furthermore, Korotev and Irving (2021) intro-

duced a Sc versus Sm plot, whereas another well-known diagram

is  the  CaO/Al2O3 versus  MgO/Al2O3 plot,  which  uses  two  bound-

aries:  one  separating  highland  (CaO/Al2O3 ≤ 0.75)  from  mare

basalts  (CaO/Al2O3 ≥ 0.75),  and  another  distinguishing  mare

Continued from Table 2

Sample No. CE-5 bulk soil (avg.)a 41-101 45-41 (avg.) 51-232 38-3 (avg.) 44-4 (avg.) 50-14 (avg.) 51-42 50-50 (avg.) 39-277 39-251

Cs 0.21 0.56 0.3 0.38 0.15 0.03 0.23 0.07 0.05 0 0.03

Ba 409 770 2598 372 85 91.8 105 0.25 19.4 532 41

La 37.2 84 126 52.4 5.77 10.6 11.8 0.7 1.07 50 2.32

Ce 103 211 302 139 15.3 26.0 33.2 0.99 2.46 96.4 5.79

Pr 13.4 30.9 40.7 19.7 2.1 3.59 4.51 0.31 0.52 17.7 n.d.

Nd 61.4 139 173 87 9.23 20.0 23.7 n.d. 1.7 78.7 3.8

Sm 17.8 34.6 47.4 23.5 3.03 4.7 5.45 0.64 1.4 21.1 0.83

Eu 3 3.8 2.88 1.73 0.67 0.71 0.61 0.06 0.73 2.88 n.d.

Gd 19.8 37.9 56.7 29 3.8 6.9 8.65 1.6 0.62 24.5 0.54

Tb 3.3 6.5 11.0 4.49 0.61 1.12 1.41 0.34 0.06 4.56 n.d.

Dy 20.6 36.8 74.5 30.8 3.87 6.7 9.75 0.48 n.d. 27.3 0.36

Ho 4.1 6.9 16.4 5.94 0.89 1.38 1.91 0.12 0.09 5.19 n.d.

Er 11.2 20 47.4 16.8 2.68 4.03 5.25 0.97 n.d. 13.6 n.d.

Tm 1.5 2.58 7.13 2.43 0.34 0.56 0.71 0.23 0.06 2.18 n.d.

Yb 9.3 13.4 46.0 15.1 2.27 3.43 4.55 1.3 n.d. 15.9 0.35

Lu 1.3 1.89 6.29 1.88 0.28 0.53 0.75 n.d. 0.05 1.93 n.d.

Hf 14.5 24.4 53.7 10.2 2.3 3.58 4.9 0.37 0.06 17.3 0.26

Ta 1.8 2.67 6.92 2.13 0.35 0.48 0.69 n.d. 0.01 2.23 0.23

Pb 1.6 3.4 0.5 1.35 0.21 0.08 0.05 0.05 n.d. 0.49 0.32

Th 5.1 9.8 37 5.45 1.39 1.06 1.46 0.03 0.1 8.19 0.42

U 1.3 2.14 3.88 1.4 0.37 0.25 0.43 0 n.d. 1.19 0.03

Zr/Y 4.97 4.89 4.79 2.73 3.78 3.82 3.59 1.1 3.19 4.56 2.79

Sc/Sm 3.53 0.76 0.48 0.99 4.07 6.79 6.27 76.09 6.86 1.83 4.62

(Eu/Eu*)N 0.49 0.32 0.17 0.2 0.6 0.38 0.27 0.18 2.58 0.39

(Sm/Yb)N 2.08 2.81 1.12 1.69 1.45 1.49 1.3 0.54 1.44 2.11

(La/Yb)N 2.72 4.26 1.87 2.36 1.73 2.1 1.75 0.37 1.01 2.14 1.36

an.d., not detected; avg., average. The composition of CE-5 bulk soil is from Chen Y et al. (2023).
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basalts  from  picrites  (MgO/Al2O3 ≥ 1.25;  Naney  et  al.,  1976;

Delano,  1986; Yang  W  et  al.,  2022; Wu  FY  et  al.,  2024).  However,

our analysis indicated that these plots were inadequate to distin-

guish local and exotic glasses in the CE-5 soil samples (see figures

in  Supplementary  Material).  They  may  misclassify  some  local

glasses  in  the  CE-5  soil  as  exotic,  particularly  those  characterized

by a single mineral composition. For example, the local feldspathic

glass 48-110 appears within the highland region on those classical

diagrams and plots (see figures in Supplementary Material).

To accurately identify the exotic glasses,  a new classification plot
(Figure  9)  was  implemented for  the CE-5  glasses.  This  plot  incor-
porates additional criteria, specifically the lanthanum (La) concen-
tration, measured in parts per million (ppm), shown on the vertical
axis,  and  the  Mg#  value,  shown  on  the  horizontal  axis.  These
parameters  were  used  to  differentiate  between  locally  derived
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Figure 6.   REE normative pattern diagram of exotic glasses. (a) REE pattern diagram of noritic glass compared with Apollo samples; (b) Mg-rich

glasses; (c) REE pattern diagram of KREEP glasses compared with Apollo KREEP soil sample 15434; (d) REE pattern diagram of feldspathic glasses.

The data on 15434 are from Helmke et al. (1973), and the data on 15455 are from Taylor et al. (1972). Apollo 16 samples are from Rose et al. (1973),

Dymek et al. (1975), Powell et al. (1975), Wänke et al. (1975), Dominik and Jessberger (1978), Ryder and Norman (1980), Papike et al. (1997), and

Norman et al. (2003). The data of CI chondrites from McDonough and Sun, 1995.
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Figure 7.   Mg# versus Th diagram of two Mg-rich glasses. The data

cited are from Shearer et al. (2015).
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Figure 8.   REE pattern diagram of highland pyroxene glass, compared

with Apollo samples. Data on the CE-5 pyroxene are from Tian HC et

al. (2021). Data on the highland pyroxene are from Floss et al. (1998).
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and exotic glasses. We referred to Mg# values (Mg# < 60) and the

La concentration of the CE-5 basaltic samples (Che XC et al., 2021;

Hu S et al., 2021; Tian HC et al., 2021; He Q et al., 2022; Wu FY et al.,

2024)  to  determine  whether  the  glasses  were  within  these  end

member boundaries (see Figure 9).

On  the  one  hand,  the  Mg#  value  represents  a  major  difference

between the CE-5 mare basalts  and the highland rocks.  The Mg#

values in the minerals of the CE-5 basalt are lower than 60 (Che XC

et al., 2021; Hu S et al., 2021; Tian HC et al., 2021; He Q et al., 2022;

Chen Y  et  al.,  2023; Wu FY et  al.,  2024).  In  contrast,  the  highland

minerals have higher Mg# (>65; Taylor et al., 1973, 1974; Wänke et

al.,  1973; Morris  et  al.,  1986; Korotev,  1997; Norman  et  al.,  2010).

On the  other  hand,  most  CE-5  basalt  fragments  have  La  concen-

trations ranging from 30 to 45 ppm (Li CL et al.,  2021; Tian HC et

al.,  2021; He  Q  et  al.,  2022; Zong  KQ  et  al.,  2022; Jiang  Y  et  al.,

2023).  The  minerals  in  the  CE-5  basalt  have  lower  La  concentra-

tions,  which are usually  less  than 8 ppm (Tian HC et  al.,  2021).  In

contrast, KREEP samples exhibit La concentrations higher than 50

ppm (Hubbard et  al.,  1973; Wänke et  al.,  1976, 1977; Warren and

Wasson,  1980; Lindstrom,  1984; Salpas  et  al.,  1987; Ryder  and

Sherman,  1989; Simon  et  al.,  1989; Neal  and  Kramer,  2003).

Despite the fact  that  the highland samples have a  wide range of

La  concentrations,  from  several  to  40  ppm  (Taylor  et  al.,  1973,

1974; Wänke  et  al.,  1973; Morris  et  al.,  1986; Korotev,  1997;

Norman et al., 2010; Figure 9), they can be distinguished from the

CE-5 local materials through combined analysis of La with Mg#. A

comparison  of  the  traditional  classification  plots  or  diagrams

revealed  that  the  Mg#  versus  La  plot  provides  a  more  definitive

classification  of  glasses,  particularly  those  composed  predomi-

nantly of a single mineral phase (Figure 9). The application of this

plot to glasses in other lunar soil samples has yet to be determined

and will require further investigation in the future.

Despite  the  major  element  compositions  of  exotic  glasses

compared  with  the  CE-5  basaltic  component  of  the  local  glasses

identified in this study, trace element analysis indicated that their

material  was still  sourced from the local  unit. Wu YH et al.  (2023)

identified  a  glass  (G133)  with  distinct  chemical  characteristics

compared  with  CE-5  local  regolith.  They  proposed  that  the

observed chemical variations could result from the selective melt-

ing  of  a  relatively  uniform  protolith  during  local  impacts.  Our

study  identified  more  such  glasses,  providing  additional  support

for their study. It  should be noted that all  these glasses are small

in  diameter  (<70  μm; Wang  BW  et  al.,  2024; Figure  S1 and Table

S4), and the G133 is merely 45 μm (Wu YH et al., 2023). The small

sizes  of  these  glasses  also  support  the  view  that  these  glasses

were formed by a selective impact melting process of local materi-

als.  Furthermore, Chao  et  al.  (1970) suggested  that  larger  glass

particles more accurately reflect the bulk composition of the origi-

nal  targets,  given  the  challenges  in  determining  the  fraction  or

bulk  composition  of  smaller  discrete  glasses.  The  formation  of

these local glasses suggests the need to extend our consideration

of  selective melting processes (not  only  mare basalts  or  bulk  soil
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components)  to  encompass  both  single  mineral  and  mixtures  in

major  and  trace  elements.  This  expanded  approach  provides  a

more  robust  framework  for  interpreting  the  classification  and

provenance  characteristics  of  CE-5  impact  glasses,  particularly  in

terms  of  reconciling  their  chemical  signatures  with  potential

precursor  materials.  Therefore,  to  determine  the  provenance  of

smaller impact glasses, it is essential to analyze not only the major

elements, but also the trace elements.

In the case of the local pyroxene-like glasses, subsurface cumulate

has  been suggested as  another  possible  origin  (Su B  et  al.,  2022;

Zong KQ et  al.,  2022; Wu FY et  al.,  2024).  However,  these glasses

exhibit low Mg# values (<52), which may be inconsistent with the

potential high Mg# of the subsurface cumulate layer. On the basis

of  the  Mg-Fe  partition  coefficient  (Putirka,  2008),  the  CE-5  basalt

with  Mg#  values  of  ~30  should  equilibrate  with  pyroxenes  with

Mg#  values  of  ~60.  This  indicates  that  the  Mg#  of  subsurface

cumulate should be ≥60.  In  addition,  these pyroxene-like glasses

all  have  small  diameters  (<70  μm),  which  also  supports  the  view

that they were derived from selective melting of local materials.

 4.2  Potential Provenance of the Exotic Glasses
Impact  cratering  is  the  fundamental  mechanism  for  the  trans-

portation of materials on the lunar surface (Delano, 1991; Korotev

and Gillis, 2001; Zellner et al., 2002; Zeigler et al., 2006; Yan P et al.,

2022; Yang W et al., 2022). Although the provenance of the exotic

glasses is highly speculative, these glasses can provide the chemi-

cal  composition  and  further  understanding  of  materials  not

sampled  on  the  lunar  surface.  For  example,  they  can  serve  to

corroborate previous studies (e.g., Zeigler  et  al.,  2006)  or  provide

direction for  future ejecta  simulation studies  in  lunar  exploration

(e.g., Černok  et  al.,  2021).  Ten  glasses  exhibited  exotic  chemical

compositions, and remote sensing data provide a means of deter-

mining their potential provenance. Previous remote sensing data

have  suggested  that  the  Aristarchus,  Pythagoras,  Mairan,  Sharp,

Harpalus,  and  Copernicus  craters  could  potentially  serve  as

sources of exotic materials for the CE-5 landing site (Xie MG et al.,

2020; Fu XH et al., 2021; Qian YQ et al., 2021).

The analysis of remote sensing data from the M3 (Moon, Mineral,
Mapper)  instrument,  and  Kaguya  has  revealed  the  presence  of
noritic  composition,  high-Ca  pyroxene,  a  high  Mg#  zone,  and
feldspar  materials  in  the  Aristarchus  crater  (McEwen  et  al.,1994;
Mustard et al., 2011; Zhang L et al., 2023), as well as being a poten-
tial  source  of  KREEP  material  with  a  high  Th  concentration  (Th  ≥
8 ppm; Lawrence et  al.,  2007; Fu XH et  al.,  2021)  and a  high FeO
content  (>16  wt%; Fu  XH  et  al.,  2021).  Other  craters,  such  as  the
Mairan (Th ≥ 11 ppm) and Sharp (Th ≥ 8 ppm), were also noted as
potential sources of KREEP materials but with lower FeO contents
(≤15  wt%; Fu  XH  et  al.,  2021).  Otherwise,  the  Pythagoras  crater
was considered a potential source of feldspathic materials (Fu XH
et al., 2021). Moreover, Mei AX et al. (2023) identified a mare–high-
land  mixture  breccia  (CE5C)  containing  KREEP  materials  and
proposed that it may originate from the eastern region of the CE-5
landing site, given the location of the Mairan crater to the east of
the CE-5 landing site. According to the chemical results for exotic
glasses and remote sensing data, we assume the potential prove-
nance will provide the possibility for future research (Table 3).

 5.  Conclusions
The impact glasses present in the CE-5 soil samples offer valuable
insights into the diversity of the lunar surface. The findings of our
study can be summarized as follows:

(1)  Although  all  28  glasses  studied  here  exhibit  major  element
compositions distinct from those of the CE-5 bulk soil, 18 of them
have  chemical  compositions  similar  to  those  of  the  CE-5  basaltic
samples or minerals in the basalt, indicating a local origin. There-
fore, a more comprehensive investigation is necessary to accurately
identify the exotic materials, particularly for glasses characterized
by  a  single  mineral  composition  and  small-diameter  glasses.  We
propose a novel classification plot,  Mg# versus La,  to more effec-
tively  identify  the  exotic  glasses  in  the  CE-5  samples,  thereby
providing constraints for a better understanding of the character-
istics of exotic materials in these samples.

 

Table 3.   The possible provenance of exotic glasses.

No. Main characteristics Possible provenance Distancea (km)

38-3
Has noritic content. REE pattern characteristics similar to
those of Apollo samples, with a high value of plagioclase.

Aristarchus crater wall 600

39-251
High plagioclase and low Ca pyroxene contents, higher Mg# than

CE-5 samples; may involve the mixing of highland rocks or minerals.
Aristarchus crater 600

39-277
High Mg# (61) and La (50 ppm), more than in CE-5 samples.

Mixed with KREEP materials.
The KREEP materials may be from the

Mairan crater
200

44-4, 50-14
High MgO and Mg# values, low REEs,
and an obvious Eu-negative anomaly.

Aristarchus crater 600

41-101, 45-41, 51-232
KREEP. High concentration of REEs, similar to and even higher than

KREEP basalt 15386; 41-101 exhibits a high value of FeO,
but 45-41 and 51-232 display low FeO.

45-4, 51-232: Mairan or Sharp crater;
41-101: Aristarchus crater

Mairan: 200
Aristarchus: 600

Sharp: 265.5

50-50
Feldspathic. High composition of Al2O3, a slight Eu-positive anomaly,

and higher Mg# than in CE-5 samples.
Pythagoras or Aristarchus crater

Pythagoras: 650
Aristarchus: 600

51-42
Characteristics similar to highland clinopyroxene in both major and

trace elements; higher Mg# than in CE-5 samples.
Aristarchus crater 600

aThe distance measurement used in QuickMap (https://quickmap.lroc.asu.edu/).
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(2) The remaining 10 glasses are identified as exotic and exhibit a
range  of  chemical  characteristics.  We  suggest,  based  on  remote
sensing data,  that these exotic glasses may have originated from
the Aristarchus, Mairan, Sharp, and Pythagoras craters.
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