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in matrix–decomposed  npFe 0  was 9.5�s (Fig.� 2 e) and 25�s 
(Fig.� 2 d). For the sample with water ice, the integration 
time of each point for Fe was 1.4�s to vapor-deposited  npFe 0  
(Fig.� 3 e) and 1.8�s to matrix-decomposed  npFe 0  (Fig.� 3 c). 
Note that the diameter of  npFe 0  is smaller than the thick-
ness of the FIB slice, allowing it to be contained within the 
amorphous rim. The EELS signal should be the mixture of 
the  npFe 0  and the surrounding�glass (Thompson et�al.  2016 ).                         

     2.4   Theoretical calculation 

 Simulations of heating process of NWA 10203 used COM-
SOL Multiphysics® software (COMSOL Inc., Burlington, 
MA, USA). We use the solid heat transfer method (Li et�al. 
 2022b ) to obtain a rough chemical reaction temperature (Fig. 
S9 and Table�S3). 

 The thermodynamic data (Gibbs free energy changes of 
reaction) were calculated by FactSage8.0 thermodynamic 
software (Beijing FactTech Ltd., Beijing, China). The Pre-
dom module of the FactSage8.0 software was used to cal-
culate Gibbs free energy criteria for reactions at di� erent 
temperatures and pressures. The equilibrium composition 
and product formation order of reactions and the presence 
of di� erent ions were calculated using the Equilib module. 

      3   Results 

    3.1   Characterization of�the�sample without�water 

 The selected area was irradiated with 3×30�mJ. The matrix 
is olivine, which was determined by SEM-EDS and TEM-
EDS mapping (Fig. S2). The TEM analysis showed the 
amorphous rim (100–200�nm thick) containing multiple rims 
(Keller & McKay  1997 ). It can be divided into a matrix-
decomposed layer and vapor-deposited layer according to 
formation mechanisms of  npFe 0 . Previous research showed 
that vapor-deposited  npFe 0  is generally smaller and appears 
at the top of the amorphous rim, which contains external 
chemical compositions (e.g., element S) (Keller & McKay 
 1993   1997 ). We identi“ ed the upper Fe particles as vapor-
deposited  npFe 0  based on their positions and diameters, 
even in the absence of external compositions existing in the 
top amorphous rim (EDS mapping, Fig. S2). The matrix-
decomposed  npFe 0  can be identi“ ed by its bigger diameter 
and proximity to the matrix. Additionally, the chemical com-
position of the bottom amorphous rim is nearly consistent 
with that of the matrix. The  npFe 0  was veri“ ed by fast Fou-
rier transform (FFT) of the high-resolution TEM (HRTEM) 
image (Fig.� 1 a–c). For  Fe 0  and  Fe 2+ , the Fe  L 3  edge in TEM-
EELS spectra has an energy of ~708.7�eV, while  Fe 3+   L 3  
edge is ~710.2�eV (Fig.� 1 g). The integration time of matrix-
decomposed layer particles (Fig.� 1 e) was 13.2�s per point, 
while vapor-deposited layer particles (Fig.� 1 d) took 4.5�s per 
point. Although the overall deviation is small compared to 

  Fig. 2        a  TEM HAADF image of FIB slice of sample with added absorption water;  b  enlargement position of black box in ( a );  c  HRTEM and 
FFT of  npFe 0  in ( b );  d – e  position of analysis points;  f – g  Fe  L 2,3  edge EELS spectra of  npFe 0  in ( d ) and ( e ), respectively  






