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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!t BL-4A?2 BL-15A3 BL-19A 4 BL37XU?> BL4U¢®
Method Bulk-XAFS uXRE-XAFS uXREF-XAFS STXM uXRE-XAFS STXM
Spatial Resolution ) 0 5x5 20 x 20 0.03 x 0.03 0.1x0.1 0.07 x 0.07
(Beam size: um)

Detector Ge-SSD7 Si-SDDg Si-SDD PMT? Si-SDD PMT
Energy Range (eV)  4000-23,000 6000-15,000 2100-5000 90-2000 4500-55,000 150-770
Measured elements Cr, Mn, Fe

K- K- K- Fe (L- ! ’ L-
(XAFS in this study) Cr (K-edge) Mn (K-edge) S (K-edge) e (L-edge) (K-edge) S (L-edge)

! 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-15al/.

4 http://pfwww kek.jp/users_info/station_spec/bl19/index.html and reference [30].

Shttp://www.spring8.or.jp/wkg/BL37XU/instrument/lang/INS-0000000592/instrument_summary_view,

¢ https://www.uvsor.ims.ac.jp/staff/BL4U/.
7 Solid State Detector.
8 Silicon_Drift Detector.
° Photomultiplier tube.
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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.

V4 V15 VI6 VIS2 VL7 VL8 VL0 V113 VL7 VI8 V119 V34 V35 V310 V31l V313 V51 V53 V54 VS5 V57 V58 V510 V62 V83 VIOl VIl2 VIL3 VL5 vite vil7 oeme  Nakhla o Nakhla lafaette GV o Comanche Terestrial
Sd2  Mn-richSds Ol olb olb cutcrop! calcite®

si0, 2.2 03 16 49 01 05
ALO, 0.2 01
FeO 2038 2100 2227 2669 3907 37.85 2595 4654 4661 3547 2022 3806 3532 3670 4460 47.15 5499 4272 5231 2069 4326 3504 4580 4921 2003 4388 3293 4124 4288 3925 3099 393 245 455 313 436 219 19.2 11
Mgo 918 952 967 428 1025 154 455 098 18 210 1152 261 211 416 260 331 156 893 543 575 18 124 29 549 426 1001 611 801 653 1032 974 138 7.0 56 6.2 2.2 26.2
MnO 2687 2637 2599 2509 126 1140 2291 420 768 955 2296 1005 1394 529 7.23 49 320 116 119 2006 938 1492 496 108 3176 104 1694 871 177 113 097 11 199 31 13.0 11 08 14
ca0 140 135 132 208 594 359 222 238 339 381 125 326 340 291 294 296 308 526 28 093 341 335 350 188 172 498 235 203 476 7.06 548 23 0.2 09 149 15 6.7 6.6 511
Na,0 002 001 002 010 011 013 009 005 004 0I5 007 006 005 002 002 003 001 007 009 002 002 002 006 018 001 009 004 006 006 017 010 03 17 15 11 03
K,0 04
P,0; 01 05
S0, 013 011 012 030 027 015 015 011 020 021 017 020 014 026 015 017 029 024 006 002 020 022 013 010 012 02 036 02 012 020 010 01 21
cr,0; 01 02
cl 03 10
co, 4203 4165 4062 4148 4311 4535 4414 4574 4027 4871 4381 4576 4504 50.66 4246 4143 3688 4163 3802 4353 4193 4521 4250 4207 4211 3978 4127 3067 4388 4188 4362 404 425 412 307 427 46.0 466 413
Total 10000 10000 10000 100.00 10000 100.00 10000 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 10000 10000 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 10000 10000 10000 10000 100.00 10000 10000 10000  100.00 100.00  100.00 100.00 100.00
Compisition (mol%)
Calcite 272 260 250 427 1149 810 473 549 702 907 244 132 156 700 624 613 607 1013 553 194 724 758 739 385 356 923 470 389 976 1333 1074 434 045 1.93 3004 333 1153 1116 98.35
Magnesite 2489 2556 2553 1222 2759 485 1349 315 524 695 3120 815 653 1394 7.60 954 429 2392 1447 1664 534 389 870 1565 1225 2580 1702 2133 1865 2712 2658  36.20 2174 16.70 000 1916  57.96 61.63 0.00
Rhodochrosite 4140 4023 3899 4073 192 2034 3860 7.64 1254 17.99 3545 17.83 2454 1008 1213 812 498 176 180 4781 1574 2667 829 175 5189 152 2682 1318 288 169 150 164 35.12 5.25 2072 193 1.09 187 0.00
Siderite 3100 3162 3298 4278  59.00 6671 4317 8372 7520 6598 30.82 6670 6137 6899 7394 7622 8465 6419 7820 3361 7169 6186 7562 7875 3231 6344 5146 6160 6871 57.86 6119  57.83 4269 7602  49.25 7558  29.42 2534 1.65

Abbreviations: V...: name of measuring points shown in Figure S1; GV: Governador Valadares; Sd: siderite; Ol: olivine.
2 Bridges and Grady, 2000 [26].

b Bridges et al., 2019 [53].

¢ Mittlefehldt, 1994 [52].

d Morris et al., 2010 [51].

¢ Terrestrial calcite of NWA 817 reported in Bridges and Schwenzer, 2012 [25].

f CO2 was calculated by differences.
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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.%).

Measureing point 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31
F "} a b} 2013 [ 0 G036 0.089 0 0.101 [ )] 0 o 0 o 0 0.023  0.013 I 0 0 3 0.058  0.072 0 0 0 2 0 0.013
Na,0 0.092  0.044 [ 0.028 0.01 0 G011 0.083 0 0.088  0.081 )] 0.063 ¢ 0.003 0032 0102 0.04 0.107 0056 0.037 0.04 0.01 0.067 0017 0024 6 0.094 0028 0031 0.032
Mgl 5493 5945 5782  7.556 417 7.286 1577 4.312 5.65 4.331 4734 1613 4794 1347 3221 137 4149 1911 7.3 4753 6048 5811 4778 1585 4557 35800 3456 4106 3534 2959 6142
Al0, 1136 1276 1005 0817 0.808 0879 0479 0501 0.73 0.643 0.7 1} 0461 0457 0631 0545 0.53% 0567 0.562  0EV3 0476 0818 0.55 0551 0471 0428 0477 0453 0607 0591 0763
$iQ, 56.139 4426 57.839 55993 55457 57.895 25782 51211 57524 494 55813 20.736 34345 33107 52476 36517 48528 32.799 5037 4812 45524 50971 44536 36325 388 37987 30.364 30.261 35413 46.817 55.139
50, 0.2 0.288  0.205 1.31 0.203 0.32 0202 0206 0248 0299 0216 0.284 0.148 0.296 0.189 0.18% 0.20 0.232 0233 0125 0171 Q0.206 0137 0253 0.224 0.17 0.15 0.186  £.118 0147 0113
Cal 1093 1928 0.3 0456 1421 0749 1.232 1308 0249 1316 0736 4159 212 1499 0974 1024 1155 1165 1475 1166 0496 1259 1267 2122 2193 1844 2507 3387 Zo00l1 0811 D487
TiQ, 0.185  0.202 ] 0112 0109 0147 012z 0078 0165 0031 0052 0102 .13 0.059  0.007 0.05 0077 0044 0096 G086 0.091 0 0.158  0.037 b 206 0153 0143 o3 0115 0.03
cl 0.009 Q [ 0.004 |13 Q 0.036  Q.016 a 0.028 q 0.014 0037 0.024 Q 0.016 0 0.008 o G.o3% 0022 0.041 o 0.062  0.003 0 0 0 0.008 0 0.01%
K,0 0.08 0022 0097 0008 0143 0141  D0.08Y 0.13 4108 0.082 0.47% 001> 04032 0.057 0132 0105 0148 0031 0117 ©124 0059 04085 0.097 0051 0.0%6 0033 0.003  0.014 048 0.04 1.056
P,0; o} 0.122 0.08 0 0.07 Q 0 0.022 0 0 g.e21 )] 0 3 0.092 003z 0028 0 0.079 G018 ] 0.026 3 0.004 ] 0.053 ¢ 0.092 Q2 0.04 0
Fel 24247 27.807 28609 22.833 27491 22.83 24.852 27611 26.849 29468 27.382 54841 25587 24.848 30535 28691 26342 31579 26313 27.836 32878 30418 27.144 31.874 31.901 27999 35741 43.89 31857 29.036 25.146
MhQ 0577 1273 0612 0592 1442 0842 2805 2016 0841 1.288  1.0%6 5346 7392 3065 1396 1.1 0926  0.807 1.204  GB%8 L1111 0.75 0.949 0801 0845 1094 1784 1923 1115 0.901  0.614
Cr,0, o 0652 0017 0061 0051 0104 0.034 0.07 0.031 1] 6.088 0122 0028 0.031 0006 0.024 0 .01 0107 GOl 0.023 0 0.011 0028  0.058 0 It} 0.055 0013 0.006 0129
Total 89.249 #3201 91546 B&TIT 01376 91193 57232 §7.961 92495 87.027 9SL11E 87229 75124 64.785 89.665 69.706 82241 65.205 87.971 83046 86.931 90427 T79.637 73744 TO.206 73497 74635 84.604 74817 81494 38683
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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.
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Figure S4. Analysis points of Cr-XANES indicated over the BSE, RPMA, and p-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 p-XRF mapping. Cr-rich Mn-siderite is clearly shown as a purple-colored portion. The Cr-
XANES spectrum “Cr in MnCOs-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 p-XRF mapping.
The Cr-rich Mn-siderite is clearly shown as a yellow-light green-colored portion. The Cr-XANES spectrum “Cr in MnCOs-
4” was obtained from the position marked “+”in this image. In addition, Cr zoning was confirmed in the surrounding
pyroxenes.
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