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A. Ryugu Sample Handling and Preparation for Spectroscopic and Imaging analysis.

Prior to handling, mounting, and measurements of the Ryugu particles, we tested all the 

materials to be used for the mounting of the Ryugu particles for their S abundance, including the 

cyanoacrylate adhesive (Gorilla Super Glue Gel) and polyethylene plastic film (Kapton) thin film 

(3 μm) across several mm with a 5×5 µm2 resolution, which each showed trace to no S in their 

respective micro X-ray absorption near edge structure (XANES) spectra (Figure S1). 

Fig. S1. A comparison of the XANES spectra acquired on the polyethylene film, Gorilla glue(™) 
and reference standards sodium thiosulfate, cysteine, and methionine. Sodium thiosulfate was 
used as the in-line calibrant, with the first peak (S-S) assigned to 2472.04 eV.  



Ryugu particles were mounted in 3 different 

configurations in the anaerobic chamber (Figure S2): 

1. Ryugu particle A0070 was affixed onto the thin

film and the film was firmly adhered to a metal ring,

which was mounted into the holder at the SLAC

beamline, SSRL 14-3. During this process, the

primary fragment of A0070 broke into 3 pieces and

produced a fine powder. All 3 pieces (named A, B,

C) were subsequently placed on the film without any

loss.

2. The fine <1 mm-sized particles of A0070 that

came loose during the mounting were collected and

placed on sulfur-free mylar adhesive tape and

exposed to air for ~2 hours to probe the effect of O2

exposure on the sulfur speciation.

3. An indium mount was prepared and Ryugu

particle A0093 was pressed into the indium and

subsequently polished with diamond cloths (grit size

~9µm) within the anaerobic chamber. The main

mass of the particle in the mount was divided into 4

quadrants and quadrant Q1 and Q2 were mapped.

Additionally, a small satellite S1 mass was also mapped. 

The primary particles of A0070 and A0093 were kept in the anaerobic chamber while standards 

were measured (e.g., Figure S1), and then moved in an N2-filled container to the He-purged 

sample chamber at the beamline. Therefore, samples prepared by procedures 1 and 3 were not 

exposed to O2 prior to or during XANES and synchrotron micro-X-ray fluorescence (μXRF) 

measurements. 

The XANES spectra acquired on the Ryugu particle A0070 exposed to air (sample preparation 

step 2) were compared to those not exposed to air (steps 1 and 3), to confirm negligible 

speciation alteration (oxidation) due to short duration atmospheric exposure. Although the 

remaining data presented here are from samples not exposed to O2, these confirmation data allow 

us to understand how sulfides can potentially transform under laboratory or storage settings. 

Figure S3 shows that S XANES spectra in particles exposed to air show a contribution at the 

sulfate peak energy with different intensities. The particles with intentional O2 isolation, where 

care was taken to eschew air exposure, show similar sulfide and sulfate features, including those 

that do not contain a sulfate peak. This is interpreted as co-location of sulfide and sulfate grains 

at the spatial scale of the X-ray beam (~5 μm2), and redoximorphic alteration of the particles. 

More importantly, the relative proportions of sulfur species typically found in terrestrial bio-

residues (e.g., 62) is very different from the distributions of sulfur species in our results; this is

convincing evidence that our sample observations are unaffected by terrestrial contamination. 

After XANES and XRF measurements at SLAC were complete, the film with the particles were 

stored (freshly N2 purged) in the original JAXA container and returned to Arizona State 

University (ASU) and stored in an anaerobic chamber. The indium mount containing particle 



A0093 was stored in an N2 purged desiccator. Prior to elemental mapping with the electron 

microprobe, particle A0070 was remounted by pressing-in indium. The film was peeled from the 

sample surface, after pressing in indium. Finally, once the elemental maps and backscattered 

electron images had been acquired, and the sulfate grain (Figure 1a) had been located in A0070, 

the sample was sent to the Nano-scale Secondary Ion Mass Spectrometry (NanoSIMS) 

laboratory at the California Institute of Technology for S and O isotopic analysis. The mount 

containing the Ryugu particle A0070 was immediately placed in the airlock of the NanoSIMS 

instrument (with vacuum better than 5×10-7 torr). 

Fig. S3. Comparison of the spectra from A0070 particles exposed to air (pink) and those not 
exposed to air (blue). The location of the pyrrohotite and Ca-sulfate peaks are shown by lines. 
Sample labels A, B, and C indicate preparation configuration 1, 2, and 3, respectively. 

For comparative analyses, XANES and XRF data were also acquired on thin sections of 

Murchison and Graves Nunataks (GRA) 95229 meteorites on loan from NASA Johnson Space 

Center. These were specifically chosen because of the less-severe terrestrial alteration that most 

CI carbonaceous chondrites (CCs) have experienced. 

B. Micro-XRF and XANES.

B1. Methodology and Data Collection. 

pyrrhotite 



Five areas in Murchison and eight areas in GRA 95229 thin sections, each ≤ 1 × 1 mm2 was 

investigated using μXRF and μXANES (Figure 4). The areas probed were inter-chondrule matrix 

and fine-grained rims around calcium, aluminum-rich inclusions and chondrules. Smaller areas 

were measured at multiple energies for spatial analysis of S species with stacked maps collected 

across the sulfur absorption edge. Spectra collected in each mapped area were designated with 

markers. Markers in Figures S5a and S5b use color coding to denote the presence or absence of 

sulfide, sulfate, and thiol based on linear combination fitting (LCF) to reference mineral spectra.  

GRA 95229 and Murchison spectra with prominent elemental S0 or HS- spectral features were 

used in Figure S6 to show the potential higher energy thiol shoulder on the S0 peak. In the cases 

where LCF resulted in component weights of < 1% with large relative errors, fits were repeated 

with the low contribution component omitted to investigate the necessary contribution of that 

component to the fit by evaluation of the fit sum and χ2, the goodness of fit change. The best fit 

was assigned to the LCF with the lowest χ2 and fewest components and was reported. 

Scrutinizing the LCF, with multiple iterations, was necessary for quantitative analysis and to 

ensure the consistency of results. 

B2. Results from Murchison and GRA 95229. Areas mapped with μ-XRF from Murchison and 

GRA 95229 are shown with yellow bounding boxes over the reflected light photomicrograph 

(Figures S4a and S4b). Thick lines indicate coarse maps while thin lines are used to show 

multiple energy fine-scale map areas. 

We observe co-localization of multiple sulfur species in Murchison and GRA 95229 (Figures 

S5a and S5b). GRA 95229 exhibits peaks of mono- and di-sulfides, sulfate, and a broad peak 

around 2472.5 eV corresponding to elemental sulfur and/or thiol. This peak at 2472.5 eV has 

been previously reported in Murchison (20, 42) but is much more prominent and abundant in 

GRA 95229 (Figure S6). The elemental sulfur and thiol peaks at about 2472.5 eV were shown to 

consistently co-exist with sulfate species within the 3 µm2 pixel in the region mapped in the best 

resolution available at the time (Figures S5, S6), and generally exist in areas with relatively 

lower silicon content. We also identified a large ~120×260 μm2 silicate grain, rich in aluminum 

in the matrix of GRA 95229, which contains monosulfide (troilite) and sulfate. Phosphides and 

calcium sulfates could be possible phases for the large assemblage found in GRA 95229. Smaller 

domains (< 15 μm in size) rich in phosphorus and calcium are distributed throughout this large 

grain. The abundance of troilite is higher in Murchison than in GRA 95229. In Murchison, the 

elemental sulfur and thiol peak at 2472.5 eV is always present with monosulfdes (e.g., 

mackinawite [(Fe,Ni)1+xS] or troilite [FeS]) and sulfate. Among the XANES spots collected, 37 

% of spectra in the Murchison matrix and 20 % in the fine-grained rims around igneous 

inclusions show presence of the elemental sulfur and thiol peak at 2472.5 eV. In fact, the 

elemental sulfur and thiol peak intensity is clearly observed in a fine-grained rim in Murchison 

(Figure S7). The Fe, Ni sulfides are primarily within the inclusion, while the pure FeS present 

dominates the fine-grained rim and matrix. Finally, P-bearing assemblages were not identified in 

the regions probed in Murchison.  

Qualitatively, thiol compounds appear to be more abundant in GRA 95229 than Murchison 

because of the presence of a broader peak, observed as a higher energy shoulder on the S0 peak, 

at the relevant energies (2472−2474 eV). Aqueous alteration of GRA 95229 is limited to its 



matrix. Therefore, the formation and subsequent destruction of thiols in meteorites during the 

secondary alteration process is a possibility. When thiol is present, it is always with sulfate at the 

micron scale, and if the sulfate is asteroidal in origin, then by proxy, the thiol molecules could be 

produced by the same process. See the Main Text for a discussion on the formation pathways of 

thiols and sulfate. Thiols readily reduce to disulfides under specific reducing conditions, and this 

might explain the low abundance in Murchison.  

Fig. S4a. Reflected light image of the GRA 95229 thin section. Areas measured for sulfur 
XANES and XRF are shown in yellow squares. Sub-areas are shown by thinner yellow squares. 
The resolution of the coarse maps are 10 µm2 to 20 µm2 per pixel with a dwell time of 10-20 ms. 
The resolution of the fine maps are 3 µm2 per pixel with a dwell time of 50-75 ms. The elemental 
sulfur and thiol peaks occur in areas 1, 4, 5, 8. 



Fig. S4b. Reflected light image of thin-section of Murchison. Areas measured for sulfur XANES 
and XRF are shown in yellow squares. The areas shown with yellow squares have step sizes of 
3 µm and dwell times of 75 ms for each pixel. The elemental sulfur and thiol peaks occur in 
areas 3 & 4. 



Fig. S5a. Micro X-ray fluorescence (µ-XRF) heat maps for total sulfur (2500 eV) in GRA 95229. 
XANES spectra at points of interest show the distribution of sulfides, sulfates and elemental 
sulfur. Area number (bottom right) in each map corresponds to areas in Figure S4a. Markers 
denote location of XANES spectra. Points containing only, and combinations of, sulfide, 
elemental sulfur and sulfate were identified. The isopleth heat map color variation between 
maps is not equivalent.  



Fig. S5b. X-ray Fluorescence (XRF) total sulfur heat maps (2500 eV) in Murchison. Each map 
number (bottom right) corresponds to Figure S4b. Markers denote XANES spot analysis, see 
S5a for a full description.  



Table S1: Linear combination fits of sulfur XANES in Ryugu particles and meteorites, Murchison and 

GRA 95229 

Spot Pyrrhotite Elemental Sulfur Thiol Sulfate 

GRA 95229 Area 1 

1 0.568 ± 0.016 0.080 ± 0.013 -- 0.352 ± 0.005 

2 0.721 ± 0.011 0.014 ± 0.010 0.035 ± 0.013 0.230 ± 0.004 

3 0.914 ± 0.003 -- -- 0.086 ± 0.003 

4 0.947 ± 0.008 -- -- 0.053 ± 0.002 

5 0.947 ± 0.011 -- -- 0.053 ± 0.003 

6 0.317 ± 0.019 -- -- 0.683 ± 0.005 

7 0.555 ± 0.006 -- -- 0.445 ± 0.015 

8 0.987 ± 0.011 -- 0.012 ± 0.014 -- 

9 0.617 ± 0.012 0.095 ± 0.010 -- 0.288 ± 0.004 

10 0.737 ± 0.012 0.095 ± 0.010 -- 0.168 ± 0.003 

11 0.518 ± 0.015 0.077 ± 0.012 0.053 ± 0.017 0.352 ± 0.005 

12 0.522 ± 0.013 0.105 ± 0.011 0.017 ± 0.015 0.355 ± 0.004 

13 0.620 ± 0.014 0.050 ± 0.011 0.031 ± 0.016 0.299 ± 0.004 

14 0.831 ± 0.009 -- 0.012 ± 0.011 0.158 ± 0.003 

15 0.762 ± 0.010 0.030 ± 0.008 0.011 ± 0.010 0.196 ± 0.003 

16 0.553 ± 0.023 0.086 ± 0.011 -- 0.361 ± 0.005 

17 0.726 ± 0.011 0.026 ± 0.009 0.027 ± 0.012 0.222 ± 0.003 

18 0.912 ± 0.006 -- -- 0.088 ± 0.002 

26 0.515 ± 0.014 0.054 ± 0.012 0.031 ± 0.016 0.398 ± 0.005 

27 0.516 ± 0.051 0.098 ± 0.010 0.032 ± 0.018 0.353 ± 0.004 

28 0.600 ± 0.016 0.028 ± 0.013 0.046 ± 0.018 0.326 ± 0.005 

29 0.782 ± 0.010 -- 0.012 ± 0.011 0.207 ± 0.003 

GRA 95229 Area 4 

1 0.568 ± 0.017 0.097 ± 0.014 -- 0.335 ± 0.005 

2 0.593 ± 0.017 0.058 ± 0.015 0.026 ± 0.020 0.322 ± 0.006 

3 0.846 ± 0.011 -- 0.070 ± 0.013 0.084 ± 0.003 

4 0.904 ± 0.011 -- 0.044 ± 0.013 0.052 ± 0.003 

5 0.899 ± 0.011 -- -- 0.100 ± 0.004 

6 0.806 ± 0.012 0.013 ± 0.011 -- 0.181 ± 0.004 

7 0.867 ± 0.010 0.028 ± 0.009 -- 0.105 ± 0.003 

8 0.932 ± 0.015 -- -- 0.068 ± 0.005 

9 0.925 ± 0.009 -- 0.043 ± 0.011 0.031 ± 0.003 

10 0.735 ± 0.015 0.029 ± 0.013 -- 0.236 ± 0.005 

11 0.355 ± 0.023 -- 0.027 ± 0.027 0.619 ± 0.007 

12 0.112 ± < DL -- 0.023 ± < DL 0.865 ± < DL 

13 0.322 ± 0.069 -- 0.124 ± 0.081 0.554 ± 0.022 

14 0.880 ± 0.022 -- -- 0.120 ± 0.004 



15 0.691 ± 0.018 0.040 ± 0.016 -- 0.268 ± 0.006 

16 0.133 ± < DL -- 0.022 ± < DL 0.845 ± < DL 

17 0.859 ± < DL -- 0.141 ± < DL -- 

18 0.880 ± 0.017 -- -- 0.120 ± 0.005 

19 0.817 ± 0.020 -- -- 0.183 ± 0.006 

GRA 95229 Area 5 

1 0.797 ± 0.015 0.027 ± 0.013 -- 0.176 ± 0.004 

1 0.668 ± 0.020 0.031 ± 0.018 -- 0.302 ± 0.007 

2 0.841 ± 0.010 -- 0.061 ± 0.012 0.098 ± 0.004 

3 0.226 ± 0.026 0.217 ± 0.024 0.060 ± 0.031 0.497 ± 0.009 

4 0.712 ± 0.016 0.014 ± 0.014 0.043 ± 0.019 0.231 ± 0.005 

5 0.696 ± 0.013 0.083 ± 0.011 -- 0.221 ± 0.004 

6 0.687 ± 0.021 0.090 ± 0.010 -- 0.223 ± 0.004 

7 0.894 ± 0.012 -- -- 0.106 ± 0.004 

8 0.972 ± 0.011 -- -- 0.028 ± 0.004 

9 0.973 ± 0.012 -- -- 0.027 ± 0.003 

10 0.612 ± 0.022 0.117 ± 0.011 -- 0.272 ± 0.006 

11 0.802 ± 0.012 0.016 ± 0.010 -- 0.182 ± 0.005 

12 0.819 ± 0.022 0.024 ± 0.019 -- 0.156 ± 0.006 

13 0.614 ± 0.023 0.028 ± 0.020 -- 0.358 ± 0.007 

14 0.969 ± < DL -- 0.011 ± < DL 0.020 ± < DL 

15 0.934 ± < DL -- -- 0.066 ± < DL 

16 0.630 ± 0.024 -- 0.180 ± 0.028 0.191 ± 0.007 

17 0.569 ± 0.021 0.021 ± 0.018 0.023 ± 0.024 0.388 ± 0.006 

18 0.864 ± < DL -- -- 0.136 ± < DL 

19 0.713 ± 0.028 0.028 ± 0.025 -- 0.259 ± 0.008 

20 0.681 ± 0.037 0.043 ± 0.033 -- 0.276 ± 0.011 

21 0.801 ± < DL -- -- 0.199 ± < DL 

22 0.610 ± 0.022 0.084 ± 0.018 -- 0.306 ± 0.007 

GRA 95229 Area 8 

1 0.862 ± 0.025 -- 0.046 ± 0.029 0.092 ± 0.008 

2 0.778 ± 0.017 0.022 ± 0.015 0.035 ± 0.021 0.165 ± 0.005 

3 0.912 ± 0.012 -- 0.054 ± 0.012 0.033 ± 0.023 

4 0.921 ± 0.012 -- 0.033 ± 0.014 0.046 ± 0.004 

5 0.876 ± 0.013 -- 0.042 ± 0.015 0.083 ± 0.004 

6 0.886 ± 0.013 0.016 ± 0.012 0.019 ± 0.016 0.077 ± 0.004 

7 0.760 ± 0.016 0.037 ± 0.014 0.020 ± 0.019 0.183 ± 0.005 

8 0.432 ± 0.028 0.029 ± 0.024 0.016 ± 0.033 0.523 ± 0.008 

9 0.823 ± 0.044 0.018 ± 0.009 0.053 ± 0.016 0.106 ± 0.004 

10 0.709 ± 0.045 -- 0.114 ± 0.023 0.177 ± 0.007 

11 0.612 ± 0.022 0.021 ± 0.019 0.061 ± 0.026 0.307 ± 0.007 

12 0.777 ± 0.008 -- -- 0.223 ± 0.011 



13 0.923 ± < DL -- -- 0.077 ± < DL 

14 0.917 ± < DL -- 0.047 ± < DL 0.037 ± < DL 

15 0.744 ± 0.019 0.044 ± 0.017 -- 0.212 ± 0.041 

16 0.322 ± 0.037 0.082 ± 0.032 0.058 ± 0.043 0.537 ± 0.011 

17 0.753 ± 0.008 -- -- 0.247 ± 0.008 

18 0.893 ± 0.021 -- -- 0.107 ± 0.007 

19 0.759 ± 0.027 -- 0.078 ± 0.027 0.163 ± 0.044 

20 0.480 ± 0.029 0.033 ± 0.025 -- 0.486 ± 0.009 

Murchison Area 1 

1 0.609 ± 0.021 -- -- 0.391 ± 0.029 

2 0.447 ± 0.017 -- -- 0.553 ± 0.017 

3 0.932 ± 0.019 -- -- 0.068 ± 0.006 

4 0.969 ± < DL -- 0.031 ± < DL -- 

5 0.649 ± 0.023 0.023 ± 0.020 -- 0.330 ± 0.007 

6 0.641 ± 0.007 -- -- 0.359 ± 0.007 

7 0.873 ± 0.018 -- -- 0.126 ± 0.006 

8 0.880 ± 0.019 -- -- 0.120 ± 0.006 

9 0.868 ± 0.001 -- 0.016 ± 0.014 0.116 ± 0.004 

10 0.666 ± 0.026 -- -- 0.334 ± 0.037 

11 0.980 ± 0.015 -- -- 0.020 ± 0.005 

12 0.476 ± 0.020 -- -- 0.524 ± 0.020 

13 0.892 ± 0.011 -- -- 0.108 ± 0.004 

14 0.967 ± < DL -- 0.013 ± < DL 0.020 ± < DL 

Murchison Area 2 

1 0.991 ± < DL -- -- 0.009 ± < DL 

2 0.931 ± 0.019 -- -- 0.069 ± 0.006 

3 0.983 ± < DL -- -- 0.017 ± < DL 

4 0.949 ± < DL -- 0.050 ± < DL -- 

5 0.483 ± 0.055 -- -- 0.527 ± 0.005 

6 0.839 ± 0.014 -- -- 0.161 ± 0.008 

7 0.850 ± 0.007 -- -- 0.150 ± 0.007 

Murchison Area 3 

1 0.959 ± 0.008 -- 0.029 ± 0.010 0.012 ± 0.003 

2 0.711 ± 0.016 0.022 ± 0.014 -- 0.267 ± 0.005 

3 0.975 ± 0.020 -- -- 0.026 ± 0.006 

4 0.590 ± 0.016 -- -- 0.410 ± 0.005 

5 0.427 ± 0.021 -- -- 0.574 ± 0.006 

6 0.705 ± 0.008 -- -- 0.295 ± 0.008 

7 0.639 ± 0.021 0.050 ± 0.018 -- 0.311 ± 0.007 

8 0.973 ± < DL -- -- 0.027 ± < DL 

9 0.898 ± 0.016 -- 0.031 ± 0.019 0.072 ± 0.005 

10 0.659 ± 0.020 0.044 ± 0.018 -- 0.296 ± 0.006 



Murchison Area 4 

1 0.890 ± 0.015 -- 0.034 ± 0.018 0.075 ± 0.005 

2 0.996 ± 0.017 -- -- 0.004 ± 0.005 

3 0.747 ± 0.015 -- -- 0.254 ± 0.005 

4 0.925 ± < DL -- -- 0.075 ± < DL 

5 0.505 ± 0.099 0.032 ± 0.008 -- 0.463 ± 0.004 

6 0.975 ± < DL -- 0.005 ± < DL 0.020 ± < DL 

7 0.591 ± 0.017 -- -- 0.409 ± 0.005 

8 0.930 ± 0.017 -- -- 0.070 ± 0.005 

9 0.989 ± 0.013 -- -- 0.011 ± 0.004 

10 0.808 ± 0.012 0.103 ± 0.010 -- 0.089 ± 0.017 

11 0.974 ± < DL -- 0.019 ± < DL 0.009 ± < DL 

12 0.806 ± 0.024 0.049 ± 0.021 -- 0.145 ± 0.034 

13 0.887 ± < DL -- -- 0.113 ± < DL 

Murchison Area 5 

1 0.474 ± 0.034 -- -- 0.526 ± 0.012 

2 0.591 ± 0.011 -- -- 0.409 ± 0.011 

3 0.588 ± 0.035 -- -- 0.412 ± 0.012 

4 0.604 ± 0.018 -- -- 0.396 ± 0.005 

5 0.846 ± 0.016 -- -- 0.154 ± 0.020 

6 0.943 ± < DL 0.009 ± < DL 0.035 ± < DL 0.012 ± < DL 

8 0.659 ± 0.014 -- 0.020 ± 0.017 0.321 ± 0.005 

Ryugu A0070 Area A 

1.1 0.966 ± 0.020 -- -- 0.034 ± 0.004 

1.2 0.948 ± 0.027 -- -- 0.052 ± 0.005 

2.1 0.960 ± 0.025 -- -- 0.040 ± 0.005 

2.2 0.956 ± 0.055 -- -- 0.044 ± 0.011 

3.1 0.967 ± 0.022 -- -- 0.033 ± 0.004 

4.1 0.983 ± 0.030 -- -- 0.017 ± 0.006 

4.2 0.957 ± 0.030 -- -- 0.043 ± 0.006 

5.1 0.957 ± 0.028 -- -- 0.043 ± 0.006 

5.2 0.964 ± 0.018 -- -- 0.036 ± 0.004 

6 0.929 ± 0.024 -- -- 0.071 ± 0.005 

7 0.944 ± 0.031 -- -- 0.056 ± 0.006 

8 0.915 ± 0.028 -- -- 0.085 ± 0.008 

9 0.938 ± 0.031 -- -- 0.062 ± 0.006 

10 0.933 ± 0.016 -- -- 0.067 ± 0.005 

Ryugu A0070 Area B 

1 1.000 ± 0.019 -- -- -- 

2 (2*) 0.979 ± 0.038 -- -- 0.021 ± 0.007 

3 0.939 ± 0.025 -- -- 0.059 ± 0.005 

4 0.947 ± 0.020 -- -- 0.053 ± 0.006 



5 0.998 ± 0.001 -- -- -- 

7.2 0.931 ± 0.027 -- -- 0.068 ± 0.005 

8 0.957 ± 0.021 -- -- 0.043 ± 0.004 

9 0.941 ± 0.035 -- -- 0.059 ± 0.005 

10 0.931 ± 0.035 -- -- 0.065 ± 0.007 

11.1 -- -- -- > 0.900

11.1.1 (1*) -- -- -- > 0.900

11.1.2 0.957 ± 0.021 -- -- 0.043 ± 0.004 

11.1.3 (3*) -- -- -- > 0.900

11.1.4 (4*) -- -- -- > 0.900

11.1.5 (5*) -- -- -- > 0.900

11.1.6 (6*) -- -- -- > 0.900

12 0.964 ± 0.020 -- -- 0.036 ± 0.004 

13 0.957 ± 0.038 -- -- 0.043 ± 0.008 

Ryugu A0070 Area C 

8 0.953 ± 0.029 -- -- 0.047 ± 0.006 

9 0.947 ± 0.027 -- -- 0.053 ± 0.007 

10 0.947 ± 0.019 -- -- 0.053 ± 0.005 

11 0.927 ± 0.022 -- -- 0.072 ± 0.004 

Ryugu A0093 Area Q1 

1 (10*) 0.999 ± 0.016 -- -- -- 

2 (11*) 0.999 ± 0.015 -- -- -- 

3 (12*) 0.980 ± 0.013 -- -- 0.020 ± 0.003 

4 0.981 ± 0.020 -- -- 0.019 ± 0.004 

5 (7*) 0.264 ± 0.037 -- 0.678 ± 0.035 0.058 ± 0.010 

Ryugu A0093 Area Q1sp5 

1.2 (8*) -- -- 1.000 ± < DL -- 

2 (9*) -- -- 1.000 ± < DL -- 

3 0.991 ± 0.019 -- -- 0.009 ± 0.003 

Ryugu A0093 Area Q2 

9 (10*) 0.969 ± 0.027 -- -- 0.030 ± 0.005 

10 (11*) 0.948 ± 0.031 -- -- 0.052 ± 0.006 

11 (12*) 0.963 ± 0.022 -- -- 0.037 ± 0.003 

Ryugu A0093 Area S1 

6 0.842 ± 0.027 -- -- 0.158 ± 0.005 

7 0.998 ± 0.020 -- -- -- 

8 0.976 ± 0.021 -- -- 0.024 ± 0.003 

Spectra are normalized to 100 %. The area names correspond to Figures S4a, S4b, S5a, and S5b. The 
bold rows include datapoints that show a clear elemental sulfur and/or thiol peak in their XANES spectra. 
Abundances below the detection limits of 0.001 are shown by '--'. Where the 1σ uncertainty > component 
value, the component value is less constrained. Spectra in Fig. 1c are identified by “number(*)”. 



Fig. S6. Murchison (red) and GRA 95229 (blue) XANES spectra with >5% elemental sulfur/thiol 
are shown. Dashed lines correspond to sulfide (A) at 2470.0 eV, elemental sulfur (B) at 2472.0 
eV, thiol (C) at 2473.3 eV, and sulfate (D) at 2482.7 eV. We surmise that thiol is present in 
some of these domains, due to the asymmetry of the XANES spectral features at B and C. This 
asymmetry at B and C is more prominent in GRA 95229 than Murchison. 



Fig. S7. (a) Backscattered electron image of an area in Murchison showing an inclusion and its 
fine-grained rim. Scale bar is 100 µm. (b) Low-resolution (7×7 µm2) μXRF sulfur oxidation state 
maps of the white rectangular area drawn in (a). The RGB map shows the presence of 
mackinawite in red, pyrrhotite in green and thiol/elemental sulfur in blue. The fine-grained rim is 
richer in thiol/ elemental sulfur than the matrix. 



B3. Results from Ryugu particles A0070 and A0093. Quantitative analysis of sulfur species by 

LCF of Ryugu XANES spectra is plotted in Figure S8, along with GRA 95229 and Murchison 

datasets. Components were constrained to be non-negative and the goodness of fit was evaluated 

by minimizing chi-squared (χ2 = ∑(obsi–expi)
2/expi). Errors shown in Table S1 are ± 1σ. Of note 

are the thiol-rich domains (marked 7, 8, and 9; shown in Figure 1) that appear in Ryugu but not 

in GRA 95229 and Murchison.  

Fig. S8a. Distribution of proportional linear combination fit (LCF) contributions from sulfur 
species identified in GRA 95229, Murchison and Ryugu particles based on XANES; data in 
Table S1. Each component contributed 0 – 1.0 to an individual S XANES spectra. Box and 
whisker plots show mean (square symbol), median (line in box), box boundaries are 25 % and 

75 %, error bars show 1σ standard deviation of the data, individual fits are shown with ‘x’, ’+’ 

and ‘o’ markers, the dashed line bounding the data points shows the kernel smoothed fit. 

B4. Additional fits to A0093 spectra. Quantitative analysis of the S species in Ryugu particles 

was achieved with least-squares LCF of sulfur K-edge XANES. Minimizing the reduced chi-

squared parameter by iterative variance of the components in the final fit results in a good 

description of the data. However, a good fit reveals that the data are a good match to the 

modelled reference spectra and does not indicate the appropriateness of the model compounds. 

LCF fits reference compounds and peak fitting assigns specific energy transitions. A limitation 

of LCF is that it is dependent on the reference database representing the samples being fit. 

Therefore, we have compared LCF to peak fitting of S XANES and determined that both 

approaches are appropriate and describe the Ryugu spectra well. Below, we show results for 

A0093_ln_sp5_007, A0093_ln_sp5_008, and A0093_ln_sp5_009 using peak fitting for 

completeness. 



Figure S8b. Gaussian curve fitting for sulfur XANES at spot 7 from Figure 1B for Ryugu 

particle A0093. We employed additional Gaussian curve fitting method to spots 7−9 as a 

supplemental approach to LCF to assess the various S components. The confirmational analyses 

agreed with inorganic sulfide pyrrhotite, including the doublet peaks at 2470.2 and 2470.9 eV, as 

well as confirming the Ca sulfate by its main peak at 2482.5 eV. The main peak located at 2473.5 

eV was a good fit to cysteine by LCF and confirmed to match the characteristic energy for the 

thiol (R-SH) functional group. The Gaussian curve fitting method suggested some additional 

details that were not accounted for in the LCF.  Compounds identified by Gaussian curve fitting 

showed small contributions from methionine sulfoxide at 2476.2 eV (such as methionine 

sulfoxide), sulfone or sulfite at 2479.2 eV.  These independently confirm the LCF results for the 

inorganic sulfide and sulfate spectra and organic thiol and thioester. Gaussian fit parameters: 10 

lineshapes, 111 data points, 26 variables, R-factor = 0.0001654, reduced χ2 = 0.0002449.  

Energy (eV) Height Center (eV) Sigma 
2470.2 0.626(0.074) 2470.20(0.00) 0.715(0.033) 
2470.9 0.334(0.086) 2470.90(0.00) 0.698(0.086) 
2473.5 3.764(0.764) 2473.53(0.30) 1.163(0.040) 
2476.2 1.378(0.434) 2476.15(0.72) 0.717(0.061) 
2477.6 0.490(0.667) 2477.55(0.98) 0.653(0.269) 
2479.2 2.455(0.958) 2479.21(1.96) 1.443(0.748) 
2482.5 0.652(0.785) 2475.50(0.00) 0.947(0.242) 
Arctan1 0.275(0.340) 2475.86(1.69) 1.443(0.748) 
Arctan2 0.6040(0.197 2480.24(0.71) 0.500(0.000) 
Err Func 0.078(0.214) 2473.5(15.04) 5.493(5.535) 



Figure S8c.  Gaussian curve fitting for sulfur XANES at spot 8 from Figure 1B for Ryugu 

particle A0093. This spectrum was interpreted by LCF to be pure cysteine, the organic thiol 

species. Gaussian peak fitting shows that the main peak could be successfully fit by a 

combination of two peaks at 2472.5 eV and 2473.3 eV, well matched to cysteine (2473.5 eV) 

with a contribution from elemental sulfur (2472.6 eV), which was not found by LCF. Minor 

components also found by peak fitting included methionine sulfoxide (2476.6 eV) and sulfonate 

(2478.4 eV), and sulfone or sulfite (2480.7 eV). Fit parameters: 7 lineshapes, 111 data points and 

20 variables, R-factor = 0.0001772, reduced χ2 = 0.0002039. 

Energy (eV) Height Center (eV) Sigma 
2470.8 0.460(0.630) 2470.82(33.75) 0.933(0.054) 
2472.5 0.505 (0.144) 2472.53 (0.16) 0.490(0.049) 
2473.3 3.029 (5.951) 2473.24(0.22) 0.881(0.079) 
2476.6 0.099 (0.069) 2476.58(0.75) 0.552(0.147) 
2478.4 0.347(0.108) 2478.44(0.77) 0.950(0.000) 
2480.7 0.422(0.127) 2480.67(0.13) 0.949(0.082) 
Arctan 1.029 (0.006) 2473.60(0.53) 0.414(0.044) 



Figure S8d.  Gaussian curve fitting for sulfur XANES at spot 9 from Figure 1B for Ryugu 

particle A0093. This spectrum was interpreted by LCF to be cysteine (thiol R-HS). Gaussian 

curve fitting indicated mostly cysteine (2473.3 eV), with minor contributions from monosulfide 

(2470.8 eV), elemental sulfur (2472.5 eV), sulfonate (2476.3 eV), sulfone (2478.1 eV), and 

sulfoxide (2480.7 eV). Sulfoxide R-(SO)-R, sulfone R-(SO2)-R and sulfonate R-SO3, and sulfate 

ester R-OSO3 are typical oxidation products of organosulfides and thiols. The presence of these 

products with the sulfide/thiol indicate a partial oxidation process, and demonstrate that they 

shared a common origin. While the spatial and textural context supports the interpretation that 

this partial oxidation occurred on the parent body, and although extensive precautions were 

employed to eschew atmospheric contact, the possibility of partial oxidation post collection 

cannot be completely ruled out. 

Energy (eV) Height Center (eV) Sigma 
2470.8 0.466(37.80) 2470.84(200.44) 0.893(0.052) 
2472.5 0.525 (0.417) 2472.49 (0.31) 0.501(0.086) 
2473.3 3.412(3.635) 2473.30(0.30) 0.843(0.520) 
2476.3 0.264(0.123) 2476.34(0.20) 0.497(0.053) 
2478.1 0.383(0.180) 2478.13(1.17) 0.950(0.000) 
2480.7 0.666(0.167) 2480.72(0.17) 1.212(0.153) 
Arctan 1.155(0.008) 2473.67(0.58) 0.452(0.049) 



C. Results from EPMA EDS and X-ray intensity mapping.

C1. Methodology and Data Collection. Backscattered electron images and X-ray intensity maps 

of GRA 95229 were obtained at ASU using a JEOL JXA 8530F electron microprobe operated 

with an accelerating voltage of 15 keV and a probe current of 15 nA.   

The X-ray intensity maps of the GRA 95229 and Murchison samples (of areas shown in Figures 

S4a and S4b) were conducted with the electron microprobe, after the acquisition of XANES and 

XRF data. We used an accelerating voltage of 15 keV, a probe current of 40 nA, a probe 

diameter of 2 µm, and a dwell time of 2 ms/pixel. The mapped X-ray intensities we obtained are 

for the Kα lines C, O, Cl, Na, K, Mg, Ca, Al, Ti. Si, Fe, P, Mn, S, Cr, Mn, Cu, and the Lα line of 

Au (elements in bold were measured with WDS) 

C2. Results on GRA 95229 and Murchison. GRA 95229 is a 128.9 g CC Renazzo-type 2 (CR2) 

chondrite (63) that was recovered in 1995 by the Antarctic search for Meteorites (ANSMET) 
program (64). CR2 chondrites are distinguished by large, abundant porphyritic chondrules, 
several with igneous rims, a few refractory inclusions, abundant Fe metal, and fine-grained, 

hydrated matrix. GRA 95229 records minor terrestrial weathering (65) without evidence of 
elemental redistribution outside veinlets, minimal occlusion of primary porosity yet rust veinlets 

radiating from altered Fe-Ni metal grains occur, while no systematic differences in weathering 

were noted between interior and exterior Fe-Ni nodules (66). Common matrix minerals in GRA 
95229 (Figure S9a) are amorphous Fe-Mg silicates, ferrolizardite, saponite, and FeNi sulfide, 

while forsteritic olivine, low-Ca pyroxene, Fe-oxide, and carbon-nanoglobules are accessory 

components according to (66). Notably, GRA 95229 contains fairly abundant presolar grains that 
occur concentrated in fine dust rims on chondrules (67).



Fig. S9a. Composite X-ray intensity maps for 2 areas in GRA 95229 that show micro-scale 
domains rich in elemental sulfur and thiol in their XANES spectra. a and b - Region 4, c and d - 
region 8; a and c are composites of Fe Kα with Mg Kα and Si Kα intensity maps; b and d are 
composites of Fe Kα with S Kα and Ca Kα intensity maps; color coding is red for Fe, green for 
Mg and S, and blue for Ca and Si; numbered white and yellow dots designate XANES analysis 
spots of Figure S5a; yellow dots indicate the presence of elemental sulfur. 

The CM2 CC Murchison fell on September 28, 1969 near Murchison, Australia, producing a 

shower of meteorites with a combined mass of 100 kg (68, 69). Murchison is generally 
characterized by small chondrules and refractory inclusions, abundant fine-grained matrix and 

hydrated minerals. The dark, fine-grained clastic matrix that accounts for 76 vol% of Murchison 

(70) is dominantly composed of phyllosilicates such as saponite and serpentine (71). It contains

fragments of chondrules, calcium-aluminum-rich inclusions, spinel, tochilinite, sulfide, and rare

metal as inclusions in the matrix (Figure 9b; 71, 72). Furthermore, light xenolithic clasts of

higher petrologic grade occur in Murchison (73, 74). Murchison is regarded as one of the least

altered CMs and hosts pre-solar components (75).



Fig. S9b. Composite X-ray intensity maps for 2 areas in Murchison that show micro-scale 
domains rich in elemental sulfur and thiol in their XANES spectra. a and b - region 3, c and d - 
region 4; a and c are composites of Fe Kα with Mg Kα and Si Kα intensity maps; b and d are 
composites of Fe Kα with S Kα and Ca Kα intensity maps; color coding is red for Fe, green for 
Mg and S, and blue for Ca and Si; numbered white and yellow dots designate XANES analysis 
spots of Figure S5b; yellow dots indicate the presence of elemental sulfur. 

Sulfur is relatively enriched in the inter-clast, fine-grained groundmass of GRA 95229 compared 

to most clast inclusions. Relatively fewer sulfide regions occur in accreted dust rims on 

chondrules compared to the groundmass. Sulfur may also occur as altered sulfide components of 

chondrule fragments. Sulfur speciation appears to be dependent on local alteration conditions 

and not tied to petrographic context. For example, altered sulfide grains associated with 

chondrules can show sulfate signatures (Figures S5, S9], while no general correlation is apparent 

among sulfur-bearing grains in the groundmass and accreted dust rims (Figures S5, S9). 



D. Isotopic Data.

D1. Isotopic results on the thiosulfate Grain A0070_TSul#1. The S and O isotopic compositions 

of the sulfate grain A0070_TSul#1 acquired through an ‘isotope’ analysis (rastered on the grain) 

is listed in Table S2.  

Table S2. Isotopic Compositions of the Ryugu Grain A0070_Sul 

With reference to ẟ17O (1σ) ẟ18O (1σ) △17O (1σ)

San Carlos Olivine* -11.0±4.3 -7.8±2.3 -7.0±4.9

Eagle Station Olivine -7.3±3.3 -9.9±1.4 -2.2±3.6

ẟ33S (1σ) ẟ34S (1σ) △33S (1σ)

TNR14* -0.1±1.6 9.8±0.9 5.0±1.8 

EGT17 -3.1±2.9 -10.4±0.9 2.2±3.0 

*delta values plotted in Figure 2 (Main Text)

D2. Imaging Analysis on the thiosulfate Grain A0070_TSul#1. We measured about 100k 

counts/sec of 32S on gypsum. On the thiosulfate grain A0070_TSul#1 (with a raster of 8 x 8 µm2 

centered on the grain; Figure S10), the count rate is about 20 times less. The sulfur ratios maps 

(Figure S10) after correcting for image drift, deadtime and quasi-simultaneous arrival (using a 1 

pA current for a semi-quantitative correction using LIMAGE) show homogeneous distribution of 

S isotopes. We do not report the S isotopes measured during the imaging mode owing to large 

errors and not using well-characterized organic sulfur standards. A0070_TSul#1 shows C- and 

CN- ion signals. We suspect that the thiol-rich coating is likely methionine (which has N in its 

structure). The 𝛿13C and 𝛿15N isotopic values for the methionine coating (normalized to the 

natural ratios, 13C/12C = 0.0112; 15N/14N = 0.003676) are -99 ± 1 ‰ (2) and +62.3 ± 2.0 ‰ 

(2), respectively. Owing to the carbon coat that was applied for prior EPMA analysis, the C 

isotope composition from these images should be used with caution.  



Fig. S10. The homogeneous distribution of 33S/32S and 34S/32S isotopic ratios as well as 𝛿15N 

and 𝛿13C image of the thiosulfate grain in Ryugu particle AA0070. The grain coating is N-

anomalous. 
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