
Introduction Methodology Discussions ConclusionsKey Findings

Effect of Space Weathering in 
Stimulating the Oxidation of 
Lunar Materials
Part I: Fe Metal

Chengzheng (Copland) Yong1, Alian Wang1, Chuck Y. C. Yan1, Bradley L. Jolliff1, Jeffrey Gillis2

1Department of Earth, Environmental, and Planetary Sciences, Washington University in St. Louis
2Department of Physics, Washington University in St. Louis

1



Introduction Methodology Discussions ConclusionsKey Findings

Unexpected occurrence of iron (hydr)oxides on the Moon (polar regions)

L. Sun et al., 2025

Introduction

Introduction: M3 data

S. Li et al., 2020

FeOOH Fe2O3
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Iron oxides in Chang’e 6 sample 

Y. Liu et al., Science Advances, 2025 

Introduction

South pole

South Pole-Aitken

Apollo Crater
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Why do iron oxides form?

Reduced condition

Overall lunar environment: 

1 log unit below the Iron-

Wüstite buffer (IW-1). 

Should not form iron 

oxide

O+ from Earth wind

S. Li et al., 2020 hypothesized 

liberated Fe2+ by molecular 

water is oxidized by oxygen, 

forming goethite and hematite.

Impact events

Y. Liu et al., 2025: Heat + O-

rich plume can oxidize troilite 

(not limited to high latitudes)

Introduction
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Our view: iron metal + O/H2O + electron impact

Fe0 is present in lunar samples.

Introduction

Keller and McKay, 1993

+
O and H2O in the lunar 

exosphere
Vorburger et al., 2014,  

Reiss, 2024

+
Solar wind➔continuous

electron impact 

Simulated space weathering can 

form nanophase Fe0 (npFe0) on 

the surface of lunar soil grains.

Thompson et al., 2017

Credit: Osaka Univ. 
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Methodology: vacuum chamber with EEI + laser

Methodology

electrodes

Planetary Environment Analysis Chamber (PEACh)Vacuum chamber: down to 0.1 mbar, Ar filled to 3 mb

Energetic Electron impact (EEI): ~275 eV, flux=1019 s-1 m-2

Laser power density=1.6×108 W/m2

Calculating residual oxygen in the chamber: 
• Based on leak rate and 3 purges: 2×10-6 mbar
• Based on OI* emission line in plasma: 7×10-3 mbar

(OI* emission line caused by breakdown of residual O2
and H2O)

EEI (in between 

electrodes)

Sample: 1 g Fe powder <150 μm
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Key findings: oxidation of Fe

Key Findings

 
 
 

 
 
  
 
  

 
  
  

                                    

                  

                                    

                  

         

                              

         
        

  

   
  

        

           

                                    

                  

                                    

                  

 
 
 

 
 
  
 
  

 
  
  

         

         
        

  

   
          

                              

           

EEI only 

in Ar

EEI+laser

in Ar

Raman spectra of 

black spots are 

hematite + magnetite 

7

        

         

           

        

     

         

     

             

                    

     

             

         

       

        

           

      



Introduction Methodology Discussions ConclusionsKey Findings

Aqueous alteration of Fe only forms magnetite  

Discussions
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Aqueous alteration experiment Chemical modelling
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Start

10 days
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30 days

50 mg Fe powder,
1 ml water,
1% oxygen in air
Sealed container
90 °C

Only magnetite seen

1 g Fe powder, 20 ml water, how much O2
inside our vacuum chamber
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83Fe + 4H2O = Fe3O4 + 4H2
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EEI is the key in the abnormal formation of hematite   

Discussions

  
                

            

                     

                

       

                

            
  

               

    

            

     

     

     

     

         

           

EEI heating is ~ 65°C

Laser heating is an 
accelerator but not 
essential

EEI only

EEI + laser

laser only

Without EEI, long laser heating did not cause 
magnetite + hematite to appear

9



Introduction Methodology Discussions ConclusionsKey Findings

EEI must have generated activated grain surface  

Discussions

EEI might cause:

• Structural amorphization at the grain surface — (to test with TEM)

• Additional 100 nm size of Fe — (to test with SEM images)

• Unsatisfied bonds at the grain surface (or free radicals attached) —
(to test with XPS)

• Frenkel defect (atom displacement)
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Conclusions

Conclusions

EEI (simulating space weathering) created reactive grain surface (e.g., 
defects in Fe structure), and when combined with heating, hematite 
can form even when O2 concentration is lower than chemical model 
predictions.

Considering the real lunar environment: electron impacted npFe0 can 
form hematite in the presence of water vapor (or O), impact events 
expedite this process. → More hematite in the polar regions.

This result does not conflict with other hypotheses. Our hypothesis 
might only partially contribute to hematite formation in actual lunar 
conditions.

Currently working with coarse Fe grains, will use npFe0 in the future.
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Next step experiments

1000 K500 K
300 K

Hematite formation?

Fresh, space 
weathered regolith

Old, space 
weathered 
regolith

Unweathered
regolith or rock

H2O lost to space
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• Next step-1: npFe0 -bearing grains (space weathered), to see if hematite forms.
• Next step-2: Fe-bearing silicates, to see the structural changes and hematite 

formation
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