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Supplementary Fig. 1 | Single-particle Micro X-ray fluorescence (ÕXRF) chemical 

characterization of the CE5 soil particle array CE5-023. a Two-element map of the array 

(Ni = yellow; Fe = blue). Yellow arrows mark Ni-bearing particles; the Ni-rich grain selected 

for detailed study is labelled P13. b-m Elemental distribution maps for particle P13: b Mg (Mg-

KŬ), c Al (Al-KŬ), d Si (Si-KŬ), e S (S-KŬ), f Ca (Ca-KŬ), g Ti (Ti-KŬ), h Mn (Mn-KŬ), i Fe 

(Fe-KŬ), j K (K-KŬ), k Cr (Cr-KŬ), l Ni (Ni-KŬ), and m P (P-KŬ). n Normalized XRF spectra 

acquired from the whole P13 particle (black) and from four micro-domains enriched in Ca (red), 

Fe (blue), Ni (orange), and S (pink), respectively. Note: The Rh singal orignates from the X-

ray tubeôs target material, which serves as the excitation source. 



 

 

Supplementary Fig. 2 | Three-dimensional X-ray microscopy (3D-XRM) reconstruction 

and mineral segmentation of particle CE5-023_P13. a Rendered external morphology of the 

particle. b-e Volume-rendered 3D XRM images highilighting individual mineral phases: b 

silicate matrix (cyan), c ilmenite (purple), d spinel (orange red), and e sulfide (yellow). f 

Composite 3D view from approximately the same orientation used for the ÕXRF map 

(Supplementary Fig. 1a), illustrating the spatial distribution of sulfide phase within the particle. 



 

 

Supplementary Fig. 3 | Scanning electron microscopy energy dispersive X-ray 

spectroscopy characterization of the troilite-pentlandite assemblage in the CE5-023_P13 

cross-section. a Back-scattered electron scanning electron microscopy (BSE-SEM) image of 

the Fe-Ni-S micro-region. Yellow lines mark the sites where ultrathin lamellae were extracted 

by focused-ion-beam (FIB) milling for subsequent transmission electron microscopy (TEM) 

analysis. b-j SEM-based energy dispersive X-ray spectroscopy (EDXS) elemental maps: b Fe 

(Fe KŬ), c S (S KŬ), d Ni (KŬ), e Ti (Ti KŬ), f Mg (Mg KŬ), g Si (Si KŬ), h Al (Al KŬ), i O (O 

KŬ), and j Ca (Ca KŬ). k Representative EDXS spectra from four regions of interest (yellow 

dashed circles in c, d, e, and g): ROI 1 = silicate matrix, ROI 2 = troilite, ROI 3 = pentlandite, 

and ROI 4 = ilmenite. The spectra highlight compositional contrast between the troilite-

pentlandite assemblage and the surrounding silicate host. Note: the carbon (C) singal comes 

from the embedding resin used to mount the sample.  



 

Supplementary Fig. 4 | Whole-particle SEM-EDXS survey of CE5_023_P13 after final 

FIB polishing. After extraction of several ultrathin lamellae from the troilite-pentlandite 

assemblage, the exposed cross-section was re-polished by low-kV FIB milling to remove 

surface demange. a BSE-SEM image of the entire polshed section. b-m Corresponding SEM-

EDXS elemental maps: b O (O KŬ), c Si (Si KŬ), d Al (Al KŬ), e Mg (Mg KŬ), f Ca (Ca KŬ), 

g Fe (Fe KŬ), h S (S KŬ), i Ti (Ti KŬ), j Ag (Ag KŬ), k Cl (Cl KŬ), l Ni (Ni KŬ), and m Cr (Cr 

KŬ). n Representative EDXS spectrum integrated over the full imaged area. The Ag signal 

originates from residual conductive silver paint used to bridge the sample-stub gap and 

enhanced charge dissipation during SEM analysis. Note: the carbon (C) singal comes from the 

embedding resin used to mount the sample. 



 

 

Supplementary Fig. 5 | SEM-EDXS characterization of the silicat-matrix microregion in 

the CE5-023_P13 cross-section. a BSE-SEM image of the selected silicate micro-region. b-i 

SEM-EDXS elemental maps: b O (O KŬ), c Si (Si KŬ), d Al (Al KŬ), e Mg (Mg KŬ), f Ca (Ca 

KŬ), g Fe (Fe KŬ), h S (S KŬ), and i Ni (Ni KŬ). j Representative EDXS spectra extracted from 

the two regions of interest (ROIs) marked in panels e, h. Note: the carbon (C) singal comes 

from the embedding resin used to mount the sample. k Semi-quantitative mas concentrations 

(wt%) elemental concentrationsfor each ROI, with probable mineral assignments: olivine (Ol) 

and pentlandite (Pn). 



 

 

Supplementary Fig. 6 | SEM-EDXS characrterization of a silicate matrix microregion in 

in the CE5-023_P13 cross-section. a BSE-SEM image of the analyzed microregion. b-g 

SEM-EDXS elemental maps: b O (O KŬ), c Si (Si KŬ), d Al (Al KŬ), e Mg (Mg KŬ), f Ca (Ca 

KŬ), and g Fe (Fe KŬ). h Representative EDXS spectra extracted from the two regions of 

interest (ROIs) marked in panels d, e. Note: the carbon (C) singal comes from the embedding 

resin used to mount the sample. i Semi-quantitative mas concentrations (wt%) of the major 

elements in each ROI together with the most probable mineral assignments (Pl = plagioclase). 



 

Supplementary Fig. 7 | SEM-EDXS characteriazation of an agglutinate microregion in in 

the CE5-023_P13 cross-section. a BSE-SEM image of the vesiculated agglutinate. b-h SEM-

EDXS elemental maps: b O (O KŬ), c Si (Si KŬ), d Al (Al KŬ), e Mg (Mg KŬ), f Ca (Ca KŬ), 

g Fe (Fe KŬ), and h Ti (Ti KŬ). i Representative EDXS spectra extracted from three regions of 

interest (ROIs) marked in panels d, f, h. j Semi-quantitative mas concentrations (wt%) for each 

ROI, with inferred mineral phases: ilmenite (Ilm) and pyroxene (Px). Note: the carbon (C) 

singal comes from the embedding resin used to mount the sample. 



 

 

Supplementary Fig. 8 | SEM-EDXS characterization of FIB-1 lamella prior to final 

thinning (~1 Õm thick). a BSE-SEM image of the cross section. b-g SEM-EDXS elemental 

maps acuried at 5 kV: b O (O KŬ), c Fe (Fe LŬ), d Ni (Ni LŬ), e Mg (Mg KŬ), f Si (Si KŬ), 

and g S (S KŬ). h Representative EDXS spectra from three region of interest (ROIs) marked 

in panels d, e, g, with inferred mineral phases: pentlandite-magnetie assemblage (ROI 2), 

troilite (Tro, ROI 1), and pentlandite (Pn, ROI 3).  
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Supplementary Fig. 9 | SEM-EDXS characterization of FIB-2 lamella prior to final 

thinning (1 Õm thick). a BSE-SEM image of the cross-section. b-i SEM-EDXS elemental 

maps acquired at 5 kV: b O (O KŬ), c Si (Si KŬ), d Al (Al KŬ), e Ca (Ca KŬ), f Mg (Mg KŬ), 

g Fe (Fe KŬ), h S (S KŬ), and i Ni (Ni KŬ). Mag = magnetite, Pn = pentlandite, Tro = troilite. 



 

 

Supplementary Fig. 10 | SEM-EDXS characterization of FIB-3 lamella prior to final 

thinning (1 Õm thick). a BSE-SEM image of the cross-section. b-i Corresponding SEM-

EDXS elemental maps acquired at 5 kV: b O (O KŬ), c Fe (Fe LŬ), d Ni (Ni LŬ), e Mg (Mg 

KŬ), f Al (Al KŬ), g Si (Si KŬ), and h S (S KŬ). i Representative EDXS spectra extracted from 

four regions of interest (ROIs) marked in panels a, d, g, with inferred mineral phases: 

pentlandite (Pn), troilite (Tro), magnetite (Mag), and silicate. 



 

Supplementary Fig. 11 | Chemical and structural characterization of pentlandite-triolite 

assemblage in the FIB-1 ultrathin section (~100 nm thick). a Low-magnificaiton High-angle 

annular dark-field scanning electron microscopy (HAADF-STEM) overview. b-d 

Corresponding STEM-EDXS elemental maps: b S (S KŬ), c Fe (Fe KŬ), and d Ni (Ni KŬ). e 

Representative EDXS spectra abtained from troilite (red) and the pentlandite (black) marked 

in panel a, confirming the Fe-S and Fe-Ni-S compositions, respectively. Note: The Cu signal 

originates from the copper components of the TEM sample holder, and the weak O signal is 

contributed by underlying silicate phases. f Atomic-resolution HAADF-STEM image showing 

the coherent interface between troilite (upper left) and pentlandite (lower right). A [11 00] 

troilite structural model is superimoposed on the upper left, and a [110] pentlandite structral 

model on the lower right. g Fast-Fourier-transform (FFT) pattern of the troilite lattice with 

indexed reflections. h FFT pattern of the pentlandite with  indexed reflections. Tro = troilite, 

Pn = pentlandite.
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Supplementary Fig. 12 | STEM-EDXS microanalysis of magnetite-bearing sub-regions in 

the FIB-1 ultrathin section. a HAADF-STEM overview of the analyzed area. b-i 

Corresponding STEM-EDXS elemental maps: b O (O KŬ), c S (S KŬ), d Si (Si KŬ), e Ca (Ca 

KŬ), f Al (Al KŬ), g Mg (Mg KŬ), h Fe (Fe KŬ), and i Ni (Ni KŬ). j Composite RGB map (Fe 

= bule, Ni = cyan, O = red) highlighting phase boundaries. k Representative EDXS spectra 

from seven regions of interest (ROIs) indicated in panel a, with inferred mineral phases: olivine 

(ROI 1), pyroxene (ROI 2), pentlandite-magnetite assemblage (ROI 3), pyroxene (ROI 4), 

plagioclase (FOI 5), pentlandite (ROI 6), and troilite (ROI 7). The data show that magnetite 

occurs either within pantlandite grains or along their margins, confirming close spatial 

association between the two phases. Note: The Cu signal originates from the copper 

components of the TEM sample holder. 



 

Supplementary Fig. 13 | Chemical and structural characterization of an enlarged 

magnetite-bearing micro-area in the FIB-1 ultrathin section marked in Supplementary 

Fig. 12a. a HAADF-STEM image of the selected area hosting magnetite (Mag) and pentlandite 

(Pn). b-e Corresponding STEM-EDXS elemental maps: b O (O KŬ), c S (S KŬ), d Fe (Fe KŬ), 

and e Ni (Ni KŬ). f Composite RGB overlay of S (blue), Ni (cyan), and O (red), emphasizing 

the spatial relationship beetween magnetite and pentlandite. g Representative EDXS spectra 

acquired from ~5 nm regions of interest within magnetite (red) and pentlandite (black), 

confirming their Fe-O and Fe-Ni-S chemistries, respectively. Note: The Cu signal originates 

from the copper components of the TEM sample holder, and the O signal is also contributed 

by surroudning or underlying silicate phases. h, i Atomic-resolution HAADF-STEM images of 

the magnetite-pantlandite interface; insets show the corresponding FFT patterns for magnetite. 
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Supplementary Fig. 14 | Chemical and structural characterization of an enlarged 

magnetite-pentlandite-troilte assemblage in the FIB-1 ultrathin section marked in 

Supplementary Fig. 12a. A HAADF-STEM overview highlighting the spatial relationships 

among magnetite (Mag), pentlandite (Pn), and troilite (Tro). b Bright-field TEM image of the 

same area. c-f Corresponding STEM-EDXS elemental maps: c S (S KŬ), d Fe (Fe KŬ), e O (O 

KŬ), and f Ni (Ni KŬ). g-i Atomic-resolution HAADF-STEM image with corresponding FFTs 

for g troilite viewed along the [1100] zone axis, h penlandite along the [011] zone axis, and i 

magnetite along the [110] axis.  



 

Supplementary Fig. 15 | Atomic-scale structure the magnetite-pentlandite-troilite 

assemblage indicated in Supplementary Fig. 14a. a-c Atomic-resolution HAADF-STEM 

images acquired at slightly different positions and focal settings to capture each phase along its 

zone axis: a troilite with adjoining pentlandite, b pentlandite, and c magnetite. Dashed squares 

in b and c mark sub-areas used for FFT analyasis. d-f FFT patterns for the troilite-pentlandite 

parir: d troilite (Tro), e pentlandite (Pn), and f their coherent interface. g-i FFT patterns for the 

pentlandite-magnetite pair: g pentlandite, h magnetite (Mag), and i the interface between the 

two phases.  


