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Table S1. Characteristics of the beamlines used in this study with information of the elements measured. 

Scale Bulk Micro 
SR-Facility Photon Factory SPring-8 UVSOR 
Beamline BL-12C 1 BL-4A 2 BL-15A 3 BL-19A 4 BL37XU 5 BL4U 6 
Method Bulk-XAFS μXRF-XAFS μXRF-XAFS STXM μXRF-XAFS STXM 

Spatial Resolution 
(Beam size: μm) 600 × 600 5 × 5 20 × 20 0.03 × 0.03 0.1 × 0.1 0.07 × 0.07 

Detector Ge-SSD7 Si-SDD8 Si-SDD PMT9 Si-SDD PMT 
Energy Range (eV) 4000–23,000 6000–15,000 2100–5000 90–2000 4500–55,000 150–770 
Measured elements 
(XAFS in this study) 

Cr (K-edge) Mn (K-edge) S (K-edge) Fe (L-edge) Cr, Mn, Fe 
(K-edge) 

S (L-edge) 

1 https://pfxafs.kek.jp/beamlies/bl-12c/. 
2 http://pfwww.kek.jp/users_info/station_spec/bl4/bl4a.html. 

3 https://pfxafs.kek.jp/beamlies/bl-15a1/. 
4 http://pfwww.kek.jp/users_info/station_spec/bl19/index.html and reference [30]. 

5http://www.spring8.or.jp/wkg/BL37XU/instrument/lang/INS-0000000592/instrument_summary_view. 
6 https://www.uvsor.ims.ac.jp/staff/BL4U/. 

7 Solid State Detector. 
8 Silicon Drift Detector. 
9 Photomultiplier tube. 

  



 
Figure S1. Carbonate analysis points plotted on backscattered election (BSE) images. The field of view of each BSE image 
is the same as that in Figure 1 in the manuscript. The plotted name corresponds to the name of Table S2.  

 



Table S2. Carbonate composition in iddingsite measured via electron microprobe analysis (wt.%). The name corresponds to the analysis point in Figure S1. 

 
Abbreviations: V…: name of measuring points shown in Figure S1; GV: Governador Valadares; Sd: siderite; Ol: olivine. 
a Bridges and Grady, 2000 [26]. 
b Bridges et al., 2019 [53]. 
c Mittlefehldt, 1994 [52]. 
d Morris et al., 2010 [51]. 
e Terrestrial calcite of NWA 817 reported in Bridges and Schwenzer, 2012 [25].  
f CO2 was calculated by differences.  

 
References: 

25. Bridges, J.C.; Schwenzer, S.P. The nakhlite hydrothermal brine on Mars. Earth Planet. Sci. Lett. 2012, 359–360, 117–123. 
26. Bridges, J.C.; Grady, M.M. Evaporite mineral assemblages in the nakhlite (Martian) meteorites. Earth Planet. Sci. Lett. 2000, 176, 267–279. 
51. Morris, R.V.; Ruff, S.W.; Gellert, R.; Ming, D.W.; Arvidson, R.E.; Clark, B.C.; Golden, D.C.; Siebach, K.; Klingelhöfer, G.; Schröder, C.; et at. Identification of Carbonate-Rich Outcrops on Mars 

by the Spirit Rover. Science 2010, 329, 421–424. 
52. Mittlefehldt, D.W. ALH84001, a cumulate orthopyroxenite member of the Martian meteorite clan. Meteorit. Planet. Sci. 1994, 29, 214–221. 
53. Bridges, J.C.; Hicks, L.J.; Treiman, A.H. Carbonates on Mars. In Volatiles in the Martian Crust; Elsevier: Amsterdam, The Netherlands, 2019; Chapter 5, pp. 89–118, doi:1016/B978-0-12-804191-

8.00005-2. 

 



 
Figure S2. Representative Mn K-edge XANES spectra (pink spectra) obtained from the Mn-
bearing carbonate iddingsite. The Mn is present as Mn carbonate considering the spectra of 
standard materials. The legend corresponds to the name in Figure S1. 

 



Table S3. Sulfate content in iddingsite measured via electron microprobe analysis (wt.%).  

 
 
 



 

 
Figure S3. Analysis points of iron sulfides plotted on the optical microscopic images of PTS 58-1 (left) and 63-3 (right) with 
S-XANES spectra. Part of the “+” marks in this figure correspond to the S-XANES spectra shown in Figure 5c in the 
manuscript. In the case of one “+” mark with more than one measurement name, the microscopic iron sulfide (not visible 
on this scale) near the ”+” mark was also analyzed. S-XANES spectra of oxidized iron sulfides in PTS 63-3, which was not 
included in the manuscript, are also shown. The S-XANES spectra were plotted by using Athena software; the photon 
energy was not calibrated in detail.  

  



 
Figure S4. Analysis points of Cr-XANES indicated over the BSE, RPMA, and μ-XRF images. (a) RGB elemental image 
obtained through EPMA elemental mapping. (b) High-magnification BSE image of the white square region in (a). (c) RGB 
elemental image obtained by μ-XRF mapping. Cr-rich Mn-siderite is clearly shown as a purple-colored portion. The Cr-
XANES spectrum “Cr in MnCO3-1” was obtained from the position marked “+”in this image. (d) BSE image of another 
analysis area, which is also shown in Figure 1 in the manuscript. (e) RGB elemental image obtained by μ-XRF mapping. 
The Cr-rich Mn-siderite is clearly shown as a yellow–light green-colored portion. The Cr-XANES spectrum “Cr in MnCO3-
4” was obtained from the position marked “+”in this image. In addition, Cr zoning was confirmed in the surrounding 
pyroxenes.  
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