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Fig. S1. The Raman spectrum of BiOCI(s) after an experiment at 400 °C.
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Fig. S2. An X-ray diffractogram of BiOCl(s) after an experiment at 400 °C.
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Fig. S3. The results of DSC-TG (Differential Scanning Calorimeter and Thermal Gravitational)
analyses of the reactant, BiOCI(s), after an experiment at 400 °C. The blue and green lines
represent the typical measured residual mass fraction (left Y-axis, %) and heat flow (right Y-
axis, mW) as a function of temperature (°C), respectively. The abrupt decrease in the mass

fraction and corresponding change in the heat flow at 600 °C record the decomposition of BiOCI.
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Table S1. The compositions of the experimental solutions of the kinetic experiments at 250 °C, which are illustrated in Figure 2.

Time, Density, . P(H20), . . .
H.O0,g HCI, mol n(Bi), mol X(HCI) Bi, ppm X(Bi) p(H20)  ¢o(HCI)  log f(H,O) log f(HCI) log P(Bi)
days g/cm?® bar

0.5 0.0153 0.740 0.000172 5.95E-08 33 0.00417 16.78 1.44E-06 0.892 0.970 1.47 -0.88 -4.32
1 0.0153 0.762 0.000177 1.37E-07 33 0.00417 37.56 3.22E-06 0.892 0.970 1.47 -0.88 -3.97
15 0.0153 0.741 0.000172 1.61E-07 33 0.00417 45.38 3.90E-06 0.892 0.970 1.47 -0.88 -3.89
2 0.0153 0.753 0.000175 2.84E-07 33 0.00417 78.79 6.76E-06 0.892 0.970 1.47 -0.88 -3.65
3 0.0153 0.750 0.000174 2.43E-07 33 0.00417 67.80 5.82E-06 0.892 0.970 1.47 -0.88 -3.72
4 0.0153 0.760 0.000176 5.18E-07 33 0.00417 142.40 1.22E-05 0.892 0.970 1.47 -0.88 -3.39
5 0.0153 0.743 0.000172 3.45E-07 33 0.00417 96.95 8.32E-06 0.892 0.970 1.47 -0.88 -3.56
6 0.0153 0.737 0.000171 5.76E-07 33 0.00417 163.32 1.40E-05 0.892 0.970 1.47 -0.88 -3.33
7 0.0153 0.752 0.000174 3.67E-07 33 0.00417 101.98 8.75E-06 0.892 0.970 1.47 -0.88 -3.54
8 0.0153 0.749 0.000174 4.90E-07 33 0.00417 136.73 1.17E-05 0.892 0.970 1.47 -0.88 -341
9 0.0153 0.749 0.000174 5.17E-07 33 0.00417 144.40 1.24E-05 0.892 0.970 1.47 -0.88 -3.39
10 0.0153 0.743 0.000173 9.99E-07 33 0.00416 280.99 2.41E-05 0.892 0.970 1.47 -0.88 -3.10
12 0.0153 0.750 0.000174 1.44E-06 33 0.00416 401.02 3.44E-05 0.892 0.970 1.47 -0.88 -2.94
14 0.0153 0.743 0.000172 7.50E-07 33 0.00416 211.11 1.81E-05 0.892 0.970 1.47 -0.88 -3.22

[ERN
]

0.0153 0.742 0.000172 6.28E-07 33 0.00417 176.88 1.52E-05 0.892 0.970 1.47 -0.88 -3.30




Table S2. Compositions of the quenched experimental solutions.

T,°C Density, g/lcm® H20,g n(HCI), mol n(Bi), mol P(H20),bar X(HCI)  Bi, ppm X(Bi) »(H20) @(HCI) logf(H20) log f(HCI) log P(Bi) Hydration number 2

250  0.0021 0.110  1.80E-04 7.84E-07 5 2.86E-02 1485 1.24E-04 0.9835 0.9953 0.69 -0.85 -3.21 0.81
250  0.0021 0.105 1.72E-04 6.53E-07 5 2.86E-02 1297 1.09E-04 0.9835 0.9953 0.69 -0.85 -3.27 0.81
250  0.0035 0.178  1.76E-04 5.05E-07 8.2 1.74E-02 592 5.01E-05 0.973 0.9924 0.90 -0.85 -3.39 0.99
250  0.0036 0.176  1.73E-04 9.2E-07 8.5 1.74E-02 1092 9.25E-05 0.9719 0.9921 0.92 -0.83 -3.10 1.01
250  0.0047 0.234 1.67E-04 1.03E-06 11 1.27E-02 916 7.80E-05 0.9637 0.9898 1.03 -0.86 -3.07 1.12
250  0.0059 0.289  1.69E-04 1.39E-06 13 1.04E-02 1009 8.60E-05 0.9572 0.9879 1.09 -0.87 -2.95 1.19
250  0.0059 0.286  1.67E-04 9.47E-07 135 1.04E-02 693 591E-05 0.9555 0.9875 1.11 -0.86 -3.10 1.21
250  0.0078 0.379  1.68E-04 1.33E-06 175 7.93E-03 731 6.25E-05 0.9425 0.9838 1.22 -0.86 -2.96 1.32
250  0.0090 0.436  1.67E-04 1.16E-06 20 6.85E-03 556 4.76E-05 0.9343 0.9816 1.27 -0.87 -3.02 1.39
250  0.0105 0.505 1.63E-04 1.47E-06 23 5.78E-03 610 5.23E-05 0.9246 0.9789 1.33 -0.89 -2.92 1.47
250  0.0144 0.707  1.64E-04 2.53E-06 305 4.16E-03 747 6.41E-05 0.9002 0.9722 1.44 -0.91 -2.71 1.65
250  0.0148 0.726  1.68E-04 252E-06 311 4.16E-03 725 6.22E-05 0.8983 0.9717 1.45 -0.90 -2.71 1.66
250  0.0153 0.749  1.71E-04 2.23E-06 33 4.08E-03 622 5.34E-05 0.8921 0.97 1.47 -0.88 -2.75 1.71
250  0.0185 0.895 1.67E-04 3.06E-06 374 3.35E-03 715 6.14E-05 0.8779 0.9662 1.52 -0.92 -2.64 1.81
250  0.0185 0.885  1.65E-04 4E-06 374 3.35E-03 944 8.11E-05 0.8779 0.9662 1.52 -0.92 -2.52 1.81
250  0.0142 0.728  4.42E-05 8.06E-08 30 1.09E-03 23.1 1.99E-06 0.9019 0.9727 1.43 -1.50 -4.22 1.63
250  0.0142 0.718  9.07E-05 1.19E-07 30 2.27E-03 346 297E-06 09019 0.9727 1.43 -1.18 -4.05 1.63
250  0.0142 0.728  1.35E-04 9.73E-07 30 3.32E-03 279 2.40E-05 09019 0.9727 1.43 -1.01 -3.14 1.63
250  0.0142 0.727  1.72E-04 6.08E-07 30 4.23E-03 175 1.50E-05 0.9019 0.9727 1.43 -0.91 -3.35 1.63
250  0.0142 0.724  2.20E-04 5.39E-07 30 5.44E-03 156 1.33E-05 0.9019 0.9727 1.43 -0.80 -3.40 1.63
250  0.0142 0.728  2.79E-04 1.19E-06 30 6.86E-03 342 2.93E-05 0.9019 0.9727 1.43 -0.70 -3.06 1.63
250  0.0142 0.726  3.37E-04 9.63E-06 30 8.28E-03 2771 2.37E-04 09019 0.9727 1.43 -0.62 -2.15 1.63

250  0.0142 0.730  3.64E-04 1.03E-05 30 8.90E-03 2950 2.52E-04 09019 0.9727 1.43 -0.59 -2.12 1.63
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2.12
2.17
2.18
2.19
2.20
221
2.22
2.22
2.23
2.23
2.24
2.25

-0.71
-0.66

-0.52
-0.52
-0.54
-0.55
-0.54
-0.56
-0.57
-0.58
-0.59
-0.62
-0.63
-0.65
-0.70
-0.72
-0.73
-0.76
-0.79
-0.83
-0.84
-0.92
-0.92
-1.05
-1.05

-2.88
-2.72

-2.30
-2.29
-2.70
-2.82
-2.75
-2.98
-2.67
-2.89
-2.72
-2.82
-2.84
-2.41
-2.74
-2.36
-2.51
-2.25
-2.42
-2.25
-2.27
-2.19
-1.96
-2.00
-2.18

2.30
2.30

0.61
0.65
0.70
0.76
0.85
0.94
1.19
1.35
1.59
2.09
2.51
2.83
4.17
4.92
5.48
6.16
7.04
7.88
8.30
9.55
9.55
11.13
11.20



400
400
400
400
400
400
400
400
400
400
400
400
400

400
400
400
400
400
400
400
400
400
400
400

0.0173
0.0173
0.0173
0.0173
0.0173
0.0173
0.0839
0.0839
0.0839
0.0839
0.0839
0.0839
0.0839

0.0133
0.0173
0.0242
0.0295
0.0449
0.0474
0.0525
0.0694
0.0662
0.1052
0.1393

0.841
0.849
0.841
0.840
0.832
0.832
2.404
2.404
2.404
2.404
2.404
2.404
2.404

0.6429
0.852

1.2048
1.4478
2.2047
2.3008
2.5803
1.9871
3.2221
3.013

3.9909

1.57E-04
2.37E-04
3.11E-04
3.73E-04
4.87E-04
5.95E-04
9.12E-05
1.35E-04
1.97E-04
2.38E-04
2.65E-04
2.96E-04
3.59E-04

8.12E-05
8.45E-05
8.77E-05
8.79E-05
9.39E-05
9.57E-05
9.81E-05
6.22E-05
1.04E-04
7.32E-05
8.38E-05

1.29E-06
1.1E-06
2.21E-06
2.12E-06
7.89E-06
3E-05
6.86E-07
9.56E-07
2.02E-06
3.06E-06
4.32E-06
4.91E-06
6.35E-06

2.47E-07
2.07E-07
2.4E-07

2.22E-07
1.76E-07
1.26E-07
1.34E-07
1.05E-07
3.11E-07
2.74E-07
1.31E-06

50
50
50
50
50
50
180
180
180
180
180
180
180

39
50
68
81
115
120
130
159
154
205
234

3.35E-03
5.01E-03
6.63E-03
7.93E-03
1.04E-02
1.27E-02
6.83E-04
1.01E-03
1.47E-03
1.78E-03
1.98E-03
2.21E-03
2.69E-03

2.27E-03
1.78E-03
1.31E-03
1.09E-03
7.67E-04
7.49E-04
6.84E-04
5.64E-04
5.80E-04
4.38E-04
3.78E-04

320
272
549
529
1980
7539
59.6
83.1
175
266
375
427
552

80
51
42
32
17
11
11
11
20
19
68

2.75E-05
2.33E-05
4.70E-05
4.52E-05
1.69E-04
6.41E-04
5.14E-06
7.16E-06
1.51E-05
2.29E-05
3.23E-05
3.67E-05
4.75E-05

6.91E-06
4.37E-06
3.58E-06
2.76E-06
1.44E-06
9.85E-07
9.36E-07
9.49E-07
1.74E-06
1.64E-06
5.89E-06

0.9262
0.9262
0.9262
0.9262
0.9262
0.9262
0.7471
0.7471
0.7471
0.7471
0.7471
0.7471
0.7471

0.9421
0.9262
0.9003
0.8819
0.8346
0.8278
0.8141
0.7751
0.7818
0.7142
0.6616

0.9875
0.9875
0.9875
0.9875
0.9875
0.9875
0.9643
0.9643
0.9643
0.9643
0.9643
0.9643
0.9643

0.99

0.9875
0.9835
0.9807
0.9742
0.9734
0.9717
0.9671
0.9679
0.9612
0.9573

1.67
1.67
1.67
1.67
1.67
1.67
2.13
2.13
2.13
2.13
2.13
2.13
2.13

1.57
1.67
1.79
1.85
1.98
2.00
2.02
2.09
2.08
2.17
2.19

-0.78
-0.61
-0.48
-0.41
-0.29
-0.20
-0.93
-0.76
-0.59
-0.51
-0.46
-0.42
-0.33

-1.06
-1.06
-1.06
-1.06
-1.07
-1.06
-1.06
-1.06
-1.06
-1.06
-1.07

-2.86
-2.93
-2.63
-2.65
-2.07
-1.49
-3.03
-2.89
-2.57
-2.39
-2.24
-2.18
-2.07

-3.57
-3.66
-3.61
-3.65
-3.78
-3.93
-3.91
-3.82
-3.57
-3.47
-2.86

0.65
0.65
0.65
0.65
0.65
0.65
3.01
3.01
3.01
3.01
3.01
3.01
3.01

0.61
0.65
0.75
0.85
1.27
1.35
1.53
2.23
2.09
4.17
5.49



400 0.1571 44986 9.13E-05 1.64E-06 245 3.66E-04 76 6.58E-06 0.6616 0.9573 2.21 -1.07 -2.79 7.04

400 0.1571 44986 9.13E-05 8.16E-07 245 3.66E-04 38 3.27E-06 0.6444 0.9563 2.20 -1.07 -3.10 6.09
400 0.1842 5.2753 1.07E-04 2.48E-06 258 3.66E-04 98 8.46E-06 0.6444 0.9563 2.22 -1.04 -2.66 8.13
400 0.3194 9.147  1.57E-04 8.32E-06 292 3.10E-04 190 1.64E-05 0.5993 0.954 2.24 -1.06 -2.32 10.90

Note: * The hydration number is calculated using Equation (17).

Table S3. Parameters for the equation y = a + b*X° used to provide preliminary fits to the experimental data at high water fugacity illustrated in Figure 3.

T°C a b c # pts® Adj. R?® dy/dx Maximum ©
250 -1.59 1.53E-01 3.99 15 0.91 3
300 -1.89 4.11E-07 24.38 10 0.74 10
350 -1.84 1.91E-08 24.57 16 0.97 12
400 -1.86 6.19E-08 21.19 18 0.91 17
Note:

 # pts = number of points
> Adj. R? = adjusted R-square

¢ dy/dx Maximum = the maximum value of the derivative, representing the slope of the tangent.



Table S4. Values of Standard enthalpy (A H,,, kJ/mol) and entropy (Ap,S,,, J/mol-K) of the stepwise formation of the hydrated bismuth species, BiCl3(H20)n, at each
m* values.

BiCl3(H20), ApH; ApH, ApHs; ApH, ApH: ApH, AH,,,
m*=2 -87.796 -25.892
m*=3 -93.841 -50.158 -19.745
m*=4 -90.278 -56.187 -26.826 -21.393
m*=5 -90.576 -70.058 -30.146 -28.070 -19.164
m*=6 -87.117 -74.455 -35.030 -31.934 -21.495 -17.557
m*=7 -78.178 -61.774 -37.427 -33.331 -31.857 -21.287 -19.687

BiCl3(H,0), ALS; AnLS, ALS; ApS, ApSs AA,S, AS,,.
m*=2 -176.243 -87.734
m*=3 -214.831 -92.646 -78.640
m*=4 -230.274 -85.004 -83.520 -81.129
m*=5 -254.400 91.121 -90.951 -78.263 -77.814
m*=6 -252.173 -96.600 -96.506 -89.275 -75.479 -75.458
m*=7 -216.376 -96.600 -96.600 -96.563 -92.100 -80.149 -78.686

Note: The uncertainties in these values are ~10%, estimated from the deviation of the data from the fits. If m* = x, AH,,>, = AH, and AS,,., = AS,. For further
detail please refer to the section of 4.2. Derivation of thermodynamic data.



Table S5. Sources of data used in the thermodynamic calculations.

Species and solid phases Formation References Species and solid phases Formation References
BiClsH20(g) This study H2(9) Holland and Powell, 1998
BiClsH202(g) This study 02(9) Holland and Powell, 1998
BiClsH203(g) This study HCI(g) Robie and Hemingway, 1995
BiClsH204(qg) This study H20(g) Holland and Powell, 1998
BiClsH20s(g) This study H2S(g) Robie and Hemingway, 1995
BiClsH206(9) This study MoO2 Robie and Hemingway, 1995
BiClsH207(9) This study MoOs Robie and Hemingway, 1995
BiClsH20s(g) This study Hematite Fe203 Holland and Powell, 2011
BiClsH209(9) This study Magnetite Fes04 Holland and Powell, 2011
BiClsH2010(g) This study Fayanite FeSiO4 Holland and Powell, 2011
BiClsH2011(g) This study Quartz SiO2 Holland and Powell, 2011
BiClsH2012(g) This study BiOCl Schmidt and Oppermann, 2000
BiCls(g) Barin, 2008 Bismuth Bi Barin, 2008
Bi(g) Barin, 2008 Bismuthinite Bi2S3 Barin, 2008
Bix(g) Barin, 2008 Bi:0s Barin, 2008
BiCI(g) Barin, 2008




