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S.1 IsoDIC Model Equations   

The following numerical values have been assigned to the respective isotopologue: 12C = 2, 13C = 3, 16O = 

6, 17O = 7, 18O = 8. For example, H12C18O16O17O- = H2867. 

1. 266 + H26 ⇌ H2666 + H+  

2. 267 + H26 ⇌ H2667 + H+  

3. 268 + H26 ⇌ H2668 + H+ 

4. 277 + H26 ⇌ H2677 + H+  

5. 278 + H26 ⇌ H2678 + H+ 

6. 288 + H26 ⇌ H2688 + H+  

7. 266 + H27 ⇌ H2667 + H+ 

8. 267 + H27 ⇌ H2667 + H+ 

9. 267 + H27 ⇌ H2678 + H+ 

10. 277 + H27 ⇌ H2777 + H+ 

11. 278 + H27 ⇌ H2778 + H+ 

12. 288 + H27 ⇌ H2788 + H+ 

13. 266 + H28 ⇌ H2668 + H+ 

14. 267 + H28 ⇌ H2678 + H+ 

15. 268 + H28 ⇌ H2688 + H+ 

16. 277 + H28 ⇌ H2778 + H+ 

17. 278 + H28 ⇌ H2788 + H+ 

18. 288 + H28 ⇌ H2888 + H+ 

19. 266 + H26 ⇌ H3666 + H+ 

20. 366 + H26 ⇌ H3667 + H+ 



21. 377 + H26 ⇌ H3668 + H+ 

22. 378 + H26 ⇌ H3677 + H+ 

23. 378 + H26 ⇌ H3678 + H+ 

24. 388 + H26 ⇌ H3688 + H+ 

25. 366 + H27 ⇌ H3667 + H+ 

26. 367 + H27 ⇌ H3677 + H+ 

27. 368 + H27 ⇌ H3678 + H+ 

28. 377 + H27 ⇌ H3777 + H+ 

29. 378 + H27 ⇌ H3778 + H+ 

30. 388 + H27 ⇌ H3788 + H+ 

31. 366 + H28 ⇌ H3668 + H+ 

32. 367 + H28 ⇌ H3678 + H+ 

33. 368 + H28 ⇌ H3688 + H+ 

34. 377 + H28 ⇌ H3778 + H+ 

35. 378 + H28 ⇌ H3788 + H+ 

36. 388 + H28 ⇌ H3888 + H+ 

37. 266 + 6H ⇌ H2666 

38. 267 + 6H ⇌ H2667 

39. 268 + 6H ⇌ H2668 

40. 277 + 6H ⇌ H2677 

41. 278 + 6H ⇌ H2678 

42. 288 + 6H ⇌ H2688 

43. 266 + 7H ⇌ H2667 

44. 267 + 7H ⇌ H2677 

45. 268 + 7H ⇌ H2678 

46. 277 + 7H ⇌ H2777 

47. 278 + 7H ⇌ H2778 

48. 288 + 8H ⇌ H2788 

49. 266 + 8H ⇌ H2668 

50. 267 + 8H ⇌ H2678 

51. 268 + 8H ⇌ H2688 

52. 277 + 8H ⇌ H2778 

53. 278 + 8H ⇌ H2788 

54. 288 + 8H ⇌ H2888 

55. 366 + 6H ⇌ H3666 

56. 367 + 6H ⇌ H3667 

57. 368 + 6H ⇌ H3668 

58. 377 + 6H ⇌ H3677 

59. 378 + 6H ⇌ H3678 

60. 388 + 6H ⇌ H3688 

61. 366 + 7H ⇌ H3667 

62. 367 + 7H ⇌ H3677 

63. 368 + 7H ⇌ H3678 

64. 377 + 7H ⇌ H3777 

65. 378 + 7H ⇌ H3778 

66. 388 + 7H ⇌ H3788 



67. 366 + 8H ⇌ H3668 

68. 367 + 8H ⇌ H3678 

69. 368 + 8H ⇌ H3688 

70. 377 + 8H ⇌ H3778 

71. 378 + 8H ⇌ H3788 

72. 388 + 8H ⇌ H3888 

73 – 152. HiCjOkOlO- + mOH_ ⇌ iCjOkOlO2 + H2
mO  

                  where i = 12, 13, 16 ≤ j ≤ k ≤ l ≤ 18, m = 16, 17, 18 

153 – 155. H2
mO ⇌ mOH- + H+  

                  where m = 16, 17, 18 

 

The above reactions and their isotope effects were used by Guo (2020) to calculate intrinsic kinetic 

clumped isotope fractionation factors (KFFs) associated with CO2 hydration and hydroxylation and their 

reverse reactions.  

S.2 COAD Model Equations 

S.2.1 Hydration and hydroxylation reactions  

1. 266 + H26 ⇌ H2666 + H                    (forward = k+1) (reverse = k-1) 

2. 266 + 6H ⇋ H2666                              (forward = k+4) (reverse = k-4) 

3. 366 + H26 ⇋ H3666 + H                     (forward = c+1) (reverse = c-1) 

4. 366 + 6H ⇋ H3666                              (forward = c+4) (reverse = c-4) 

5. 266 + H28 ⇋ H2866 + H                     (forward = a+1) (reverse = 1/3a-1) 

6. 286 + H26 ⇋ H2866 + H                     (forward = b+1) (reverse = 2/3b-4) 

7. 266 + 8H ⇋ H2866                               (forward = a+4) (reverse = 1/3a-4) 

8. 286 + 6H ⇋ H2866                               (forward = b+4) (reverse = 2/3b-4) 

9. 366 + H28 ⇋ H3866 + H                      (forward = p+1) (reverse = 1/3p-1) 

10. 386 + H26 ⇋ H3866 + H                      (forward = s+1) (reverse = 2/3s-1) 

11. 366 + 8H ⇋ H3866                                (forward = p+4) (reverse = 1/3p-4) 

12. 386 + 6H ⇋ H3866                                (forward = s+4) (reverse = 2/3s-1) 

13. 286 + H28 ⇋ H2886 + H                       (forward = p’+1) (reverse = 2/3p’-1) 

14. 288 + H26 ⇋ H2886 + H                       (forward = s’+1) (reverse = 1/3s’-1) 

15. 286 + 8H ⇋ H2886                                 (forward = p’+4) (reverse = 2/3p’-4) 

16. 288 + 6H ⇋ H2886                                 (forward =s’+4) (reverse = 1/3s’-4) 

S.2.2 Governing equations for the reaction-diffusion model 

17. 
𝑑[266]

𝑑𝑡
= 𝐷𝐶𝑂2

∗
𝑑2[266]

𝑑𝑧2 − 𝑘+1[266] + 𝑘−1[𝐸2666]χ[𝐻] − 𝑘+4[266][6𝐻] +

𝑘−4[𝐸2666]χ 

18. 
𝑑[366]

𝑑𝑡
= 𝐷𝐶𝑂2

∗
𝑑2[366]

𝑑𝑧2 − 𝑐+1[366] + 𝑐−1[𝐸3666]13χ[𝐻] − 𝑐+4[366][6𝐻] +

𝑐−4[𝐸3666]13χ 

19. 
𝑑[286]

𝑑𝑡
= 𝐷𝐶𝑂2

∗
𝑑2[286]

𝑑𝑧2 − 𝑏+1[286] +
2

3
𝑏−1[𝐸2866]18𝑋[𝐻] − 𝑏+4[286][6𝐻] +

2

3
𝑏−4[𝐸2866]18𝑋 

20. 
𝑑[386]

𝑑𝑡
= 𝐷𝐶𝑂2

∗
𝑑2[386]

𝑑𝑧2 − 𝑝+1[386] +
1

3
𝑝−1[𝐸3866]63𝑋[𝐻] − 𝑠+4[386][6𝐻] +

2

3
𝑠−4[𝐸3866]63𝑋 



21. 
𝑑[288]

𝑑𝑡
= 𝐷𝐶𝑂2

∗
𝑑2[288]

𝑑𝑧2 − 𝑠′
+1[288] +

1

3
𝑠′

−1[𝐸2886]64𝑋[𝐻] − 𝑠′
+4[288][6𝐻] +

1

3
𝑠′

−4[𝐸2886]64𝑋 

22. 
𝑑[𝐸2666]

𝑑𝑡
= 𝐷𝐶𝑂2

∗
𝑑2[𝐸2666]

𝑑𝑧2 + 𝑘+1[266] − 𝑘−1[𝐸2666]𝑋[𝐻]𝑘+4[266][6𝐻] −

𝑘−4[𝐸2666]𝑋 − 𝑆𝑝 ∗ 𝐽𝐶𝑎𝐶𝑂3
 

23. 
𝑑[𝐸3666]

𝑑𝑡
= 𝐷𝐶𝑂2

∗
𝑑2[𝐸3666]

𝑑𝑧2 + 𝑐+1[366] − 𝑐−1[𝐸3666]13𝑋[𝐻]𝑐+4[366][6𝐻] −

𝑐−4[𝐸3666]13𝑋 − 𝑆𝑝 ∗ 𝐽𝐶𝑎𝐶𝑂3
∗

[𝐸3666]

[𝐸2666]
∗13 𝛼𝐶𝑎𝐶𝑂3−𝐸𝐼𝐶  

24. 
𝑑[𝐸2866]

𝑑𝑡
= 𝐷𝐶𝑂2

∗
𝑑2[𝐸2866]

𝑑𝑧2 + 𝑎+1[266]𝑟𝑤 −
1

3
𝑎−1[𝐸2866]18𝑋[𝐻] + 𝑎+4[266][8𝐻] −

1

3
𝑎−4[𝐸2866]18𝑋 + 𝑏+1[286] −

2

3
𝑏−1[𝐸2866]18𝑋[𝐻] + 𝑏+4[286][6𝐻] −

2

3
𝑏−4[𝐸2866]18𝑋 − 𝑆𝑝 ∗ 𝐽𝐶𝑎𝐶𝑂3

∗
[𝐸2866]

[𝐸2666]
∗18 𝛼𝐶𝑎𝐶𝑂3−𝐸𝐼𝐶  

25. 
𝑑[𝐸3866]

𝑑𝑡
= 𝐷𝐶𝑂2

∗
𝑑2[𝐸3866]

𝑑𝑧2 + 𝑝+1[366]𝑟𝑤 −
1

3
𝑝−1[𝐸3866]63𝑋[𝐻] + 𝑝+4[266][8𝐻] −

1

3
𝑝−4[𝐸3866]63𝑋 + 𝑠+1[386] −

2

3
𝑠−1[𝐸3866]63𝑋[𝐻] + 𝑠+4[386][6𝐻] −

2

3
𝑠−4[𝐸3866]63𝑋 − 𝑆𝑝 ∗ 𝐽𝐶𝑎𝐶𝑂3

∗
[𝐸3866]

[𝐸2666]
∗63 𝛼𝐶𝑎𝐶𝑂3−𝐸𝐼𝐶 ∗13 𝛼𝐶𝑎𝐶𝑂3−𝐸𝐼𝐶 ∗18 𝛼𝐶𝑎𝐶𝑂3−𝐸𝐼𝐶 

26. 
𝑑[𝐸2886]

𝑑𝑡
= 𝐷𝐶𝑂2

∗
𝑑2[𝐸2886]

𝑑𝑧2 + 𝑝′
+1

[286]𝑟𝑤 −
2

3
𝑝′

−1
[𝐸2886]64𝑋[𝐻] + 𝑝′

+4
[286][8𝐻] −

2

3
𝑝′

−4
[𝐸2886]64𝑋 + 𝑠′

+1[288] −
1

3
𝑠′

−1[𝐸2886]64𝑋[𝐻] + 𝑠′
+4[288][6𝐻] −

1

3
𝑠′

−4[𝐸2886]64𝑋 − 𝑆𝑝 ∗ 𝐽𝐶𝑎𝐶𝑂3
∗

[𝐸2886]

[𝐸2666]
∗64 𝛼𝐶𝑎𝐶𝑂3−𝐸𝐼𝐶 ∗18 𝛼𝐶𝑎𝐶𝑂3−𝐸𝐼𝐶 ∗18 𝛼𝐶𝑎𝐶𝑂3−𝐸𝐼𝐶  

27. 
𝑑[𝐴𝑙𝑘]

𝑑𝑡
= 𝐷𝐴𝑙𝑘 ∗

𝑑2[𝐴𝑙𝑘]

𝑑𝑧2 − 2 ∗ 𝑆𝑝 ∗ 𝐽𝐶𝑎𝐶𝑂3
 

28. 
𝑑[𝐶𝑎2+]

𝑑𝑡
= 𝐷𝐶𝑎2+ ∗

𝑑2[𝐶𝑎2+]

𝑑𝑧2 − 𝑆𝑝 ∗ 𝐽𝐶𝑎𝐶𝑂3
 

S.2.3 Governing equations for the box model  

29. 
𝑑[266]

𝑑𝑡
= −𝑘+1[266] + 𝑘−1[𝐸2666]𝑋[𝐻] − 𝑘+4[266][6𝐻] + 𝑘−4[𝐸2666]𝑋 +

𝐹𝑠𝑝𝑟

𝑉𝑝𝑜𝑜𝑙
([266]𝑠𝑝𝑟 − [266]) +

𝐹𝑐𝑟

𝑉𝑝𝑜𝑜𝑙
([266]𝑐𝑟 − [266]) 

30. 
𝑑[366]

𝑑𝑡
= −𝑐+1[366] + 𝑐−1[𝐸3666]13𝑋[𝐻] − 𝑐+4[366][6𝐻] + 𝑐−4[𝐸3666]13𝑋 +

𝐹𝑠𝑝𝑟

𝑉𝑝𝑜𝑜𝑙
([366]𝑠𝑝𝑟 − [366]) +

𝐹𝑐𝑟

𝑉𝑝𝑜𝑜𝑙
([366]𝑐𝑟 − [266]) 

31. 
𝑑[286]

𝑑𝑡
= −𝑏+1[286] +

2

3
𝑏−1[𝐸2866]18𝑋[𝐻] − 𝑏+4[286][6𝐻] +

2

3
𝑏−4[𝐸2866]18𝑋 +

𝐹𝑠𝑝𝑟

𝑉𝑝𝑜𝑜𝑙
([286]𝑠𝑝𝑟 − [286]) +

𝐹𝑐𝑟

𝑉𝑝𝑜𝑜𝑙
([286]𝑐𝑟 − [266]) 

32. 
𝑑[386]

𝑑𝑡
= −𝑝+1[386] +

1

3
𝑝−1[𝐸3866]63𝑋[𝐻] − 𝑠+4[386][6𝐻] +

2

3
𝑠−4[𝐸3866]63𝑋 +

𝐹𝑠𝑝𝑟

𝑉𝑝𝑜𝑜𝑙
([386]𝑠𝑝𝑟 − [386]) +

𝐹𝑐𝑟

𝑉𝑝𝑜𝑜𝑙
([386]𝑐𝑟 − [266]) 

33. 
𝑑[288]

𝑑𝑡
= −𝑠′

+1[288] +
1

3
𝑠′

−1[𝐸2886]64𝑋[𝐻] − 𝑠′
+4[288][6𝐻] +

1

3
𝑠′

−4[𝐸2886]64𝑋 +
𝐹𝑠𝑝𝑟

𝑉𝑝𝑜𝑜𝑙
([288]𝑠𝑝𝑟 − [288]) +

𝐹𝑐𝑟

𝑉𝑝𝑜𝑜𝑙
([288]𝑐𝑟 − [266]) 

34. 
𝑑[𝐸2666]

𝑑𝑡
= 𝑘+1[266] − 𝑘−1[𝐸2666]𝑋[𝐻]𝑘+4[266][6𝐻] − 𝑘−4[𝐸2666]𝑋 +

𝐽𝑎𝑡𝑚∗𝑆𝐴𝑝𝑜𝑜𝑙

𝑉𝑝𝑜𝑜𝑙
+

𝐹𝑠𝑝𝑟

𝑉𝑝𝑜𝑜𝑙
([𝐸2666]𝑠𝑝𝑟 − [𝐸2666]) +

𝐹𝑐𝑟

𝑉𝑝𝑜𝑜𝑙
([𝐸2666]𝑐𝑟 − [𝐸2666]) − 𝑆𝑝 ∗

𝐽𝐶𝑎𝐶𝑂3
 



35. 
𝑑[𝐸3666]

𝑑𝑡
= 𝑐+1[366] − 𝑐−1[𝐸3666]13𝑋[𝐻]𝑐+4[366][6𝐻] − 𝑐−4[𝐸3666]13𝑋

𝐽𝑎𝑡𝑚∗𝑆𝐴𝑝𝑜𝑜𝑙

𝑉𝑝𝑜𝑜𝑙
∗

(
[𝐸3666]

[𝐸2666]
)

ℎ𝑦𝑑𝑟𝑜𝑥
+

𝐹𝑠𝑝𝑟

𝑉𝑝𝑜𝑜𝑙
(13𝑅𝐸𝐼𝐶(𝑠𝑝𝑟)

[𝐸𝐼𝐶]𝑠𝑝𝑟 − [𝐸3666]) +
𝐹𝑐𝑟

𝑉𝑝𝑜𝑜𝑙
([𝐸3666]𝑐𝑟 −

[𝐸3666]) − 𝑆𝑝 ∗ 𝐽𝐶𝑎𝐶𝑂3

[𝐸3666]

[𝐸2666]
∗13 𝛼𝐶𝑎𝐶𝑂3−𝐸𝐼𝐶  

36. 
𝑑[𝐸2866]

𝑑𝑡
= 𝑎+1[266]𝑟𝑤 −

1

3
𝑎−1[𝐸2866]18𝑋[𝐻] + 𝑎+4[266][8𝐻] −

1

3
𝑎−4[𝐸2866]18𝑋 +

𝑏+1[286] −
2

3
𝑏−1[𝐸2866]18𝑋[𝐻] + 𝑏+4[286][6𝐻] −

2

3
𝑏−4[𝐸2866]18𝑋 +

𝐽𝑎𝑡𝑚∗𝑆𝐴𝑝𝑜𝑜𝑙

𝑉𝑝𝑜𝑜𝑙
∗

(
[𝐸2866]

[𝐸2666]
)ℎ𝑦𝑑𝑟𝑜𝑥 +

𝐹𝑠𝑝𝑟

𝑉𝑝𝑜𝑜𝑙
([𝐸2866]𝑠𝑝𝑟 − [𝐸2866]) +

𝐹𝑐𝑟

𝑉𝑝𝑜𝑜𝑙
([𝐸2866]𝑐𝑟 − [𝐸2866]) − 𝑆𝑝 ∗

𝐽𝐶𝑎𝐶𝑂3

[𝐸2866]

[𝐸2666]
∗18 𝛼𝐶𝑎𝐶𝑂3−𝐸𝐼𝐶  

37. 
𝑑[𝐸3866]

𝑑𝑡
= 𝑝+1[366]𝑟𝑤 −

1

3
𝑝−1[𝐸3866]63𝑋[𝐻] + 𝑝+4[266][8𝐻] −

1

3
𝑝−4[𝐸3866]63𝑋 +

𝑠+1[386] −
2

3
𝑠−1[𝐸3866]63𝑋[𝐻] + 𝑠+4[386][6𝐻] −

2

3
𝑠−4[𝐸3866]63𝑋 +

𝐽𝑎𝑡𝑚∗𝑆𝐴𝑝𝑜𝑜𝑙

𝑉𝑝𝑜𝑜𝑙
∗

(
[𝐸3866]

[𝐸2666]
)ℎ𝑦𝑑𝑟𝑜𝑥 +

𝐹𝑠𝑝𝑟

𝑉𝑝𝑜𝑜𝑙
([𝐸3866]𝑠𝑝𝑟 − [𝐸3866]) +

𝐹𝑐𝑟

𝑉𝑝𝑜𝑜𝑙
([𝐸3866]𝑐𝑟 − [𝐸3866]) − 𝑆𝑝 ∗

𝐽𝐶𝑎𝐶𝑂3

[𝐸3866]

[𝐸2666]
∗63 𝛼𝐶𝑎𝐶𝑂3−𝐸𝐼𝐶 ∗13 𝛼𝐶𝑎𝐶𝑂3−𝐸𝐼𝐶 ∗18 𝛼𝐶𝑎𝐶𝑂3−𝐸𝐼𝐶  

38. 
𝑑[𝐸2886]

𝑑𝑡
= 𝑝′

+1[286]𝑟𝑤 −
2

3
𝑝′

−1
[𝐸2886]64𝑋[𝐻] + 𝑝′

+4[286][8𝐻] −
2

3
𝑝′

−4
[𝐸2886]64𝑋 + 𝑠′

+1[288] −
1

3
𝑠′

−1[𝐸2886]64𝑋[𝐻] + 𝑠′
+4[288][6𝐻] −

1

3
𝑠′

−4[𝐸2886]64𝑋 +
𝐽𝑎𝑡𝑚∗𝑆𝐴𝑝𝑜𝑜𝑙

𝑉𝑝𝑜𝑜𝑙
∗ (

[𝐸2886]

[𝐸2666]
)ℎ𝑦𝑑𝑟𝑜𝑥 +

𝐹𝑠𝑝𝑟

𝑉𝑝𝑜𝑜𝑙
([𝐸2886]𝑠𝑝𝑟 − [𝐸2886]) +

𝐹𝑐𝑟

𝑉𝑝𝑜𝑜𝑙
([𝐸2886]𝑐𝑟 − [𝐸2886]) − 𝑆𝑝 ∗

𝐽𝐶𝑎𝐶𝑂3

[𝐸2886]

[𝐸2666]
∗64 𝛼𝐶𝑎𝐶𝑂3−𝐸𝐼𝐶 ∗18 𝛼𝐶𝑎𝐶𝑂3−𝐸𝐼𝐶 ∗18 𝛼𝐶𝑎𝐶𝑂3−𝐸𝐼𝐶  

39. 
𝑑[𝐴𝑙𝑘]

𝑑𝑡
=

𝐹𝑠𝑝𝑟

𝑉𝑝𝑜𝑜𝑙
([𝐴𝑙𝑘]𝑠𝑝𝑟 − [𝐴𝑙𝑘]) +

𝐹𝑐𝑟

𝑉𝑝𝑜𝑜𝑙
([𝐴𝑙𝑘]𝑐𝑟 − [𝐴𝑙𝑘]) − 2 ∗ 𝑆𝑝 ∗ 𝐽𝐶𝑎𝐶𝑂3

 

40. 
𝑑[𝐶𝑎2+]

𝑑𝑡
=

𝐹𝑠𝑝𝑟

𝑉𝑝𝑜𝑜𝑙
([𝐶𝑎2+]𝑠𝑝𝑟 − [𝐶𝑎2+]) +

𝐹𝑐𝑟

𝑉𝑝𝑜𝑜𝑙
([𝐶𝑎2+]𝑐𝑟 − [𝐶𝑎2+]) − 𝑆𝑝 ∗ 𝐽𝐶𝑎𝐶𝑂3

 

S.2.4 Post-processing: Isotopologue concentrations to isotope ratios 

41. δ
13

C(‰)= (
¹³𝑅

0.0118
-1) *1000, 

42. ¹³R=
[3666]

[2666]
. 

43. 𝛿18𝑂(‰) = (
3∗18𝑅

0.0020052
− 1) ∗ 1000, 

44. ¹⁸𝑅 =
[2866]

[2666]
. 

45. ∆47= (
⁴⁷𝑅

⁴⁷𝑅
− 1) ∗ 1000, 

46. 
⁴⁷𝑅

⁴⁷𝑅∗ =
[386][266]

[366][286]
, 

47. ∆63= (
⁶³𝑅

⁶³𝑅∗ − 1) ∗ 1000, 

48. 
⁶³𝑅

⁶³𝑅∗ =
[3866][2666]

[3666][2866]
. 

49. ∆48= (
⁴⁸𝑅

⁴⁸𝑅∗ − 1) ∗ 1000, 

50. 
⁴⁸𝑅

⁴⁸𝑅∗ = 4 ∗
[288][266]

[286][286]
, 



51. ∆64= (
⁶⁴𝑅

⁶⁴𝑅∗ − 1) ∗ 1000, 

52. 
⁶⁴𝑅

⁶⁴𝑅∗ = 3 ∗
[2886][2666]

[2866][2866]
 

S.2.5 Adding ∆48 to the model 

Homogeneous reactions and clumped isotope definitions:  

1. 286 + 286 ⇌ 288 + 266 

2. ⁴⁸𝐾𝐶𝑂2
=

[288][266]

[286][286]
. 

3. ∆48= (
⁴⁸𝑅

⁴⁸𝑅∗ − 1) ∗ 1000, 

4. ⁴⁸𝑅 =
[288]

[266]
 

5. ⁴⁸𝐾𝐶𝑂2
=

[288]

[266]

[266]

[286]

[266]

[286]
= ⁴⁸𝑅 ∗ (2 ∗18 𝑟𝐶𝑂2

)−1 =
1

4
(

⁴⁸𝑅

⁴⁸𝑅∗)𝐶𝑂2

𝑒𝑞
 

6. 
[288]

[266]
= ⁴⁸𝑅∗ = ¹⁸𝑟𝐶𝑂2

2 . 

7. ⁴⁸𝐾𝐶𝑂2
=

[288][266]

[286][286]
=

1

4
(

⁴⁸𝑅

⁴⁸𝑅∗)
𝐶𝑂2

𝑒𝑞

=
1

4
(

∆48,𝐶𝑂2

𝑒𝑞

1000
+ 1) 

8. 𝐻2866 + 𝐻2866 ⇌ 𝐻2886 + 𝐻2666 

9. 2866 + 2866 ⇌ 2886 + 2666, 

10. ⁶⁴𝐾𝐻𝐶𝑂3¯ =
[𝐻2886][𝐻2666]

[𝐻2866][𝐻2866]
=

1

3
(

⁶⁴𝑅

⁶⁴𝑅∗)𝐻𝐶𝑂3¯
𝑒𝑞 =

1

3
(

∆64,𝐻𝐶𝑂3¯
𝑒𝑞

1000
+ 1) 

11. 64𝐾𝐶𝑂3
2− =

[2886][2666]

[2866][2866]
=

1

3
(

64𝑅
64𝑅∗)

𝐶𝑂3
2−

𝑒𝑞 =  
1

3
(

∆
64,𝐶𝑂3

2−
𝑒𝑞

1000
+ 1). 

Heterogeneous reactions involving ∆48 isotopologues: 

12. 286 + 𝐻28 
2 3𝑝′

−1⁄
⇌

𝑝′+1

𝐻2886− + 𝐻+ 

13. 288 + 𝐻26
𝑠′+1
⇌

1 3𝑠′⁄ −1

𝐻2886− + 𝐻+ 

14. 286 + 8𝐻−
𝑝′+4
⇌

2 3𝑝′⁄ −4

𝐻2886−  

15. 288 + 6𝐻−
𝑠′+4
⇌

1 3𝑠′⁄ −4

𝐻2886− 

16. 
𝑑[288]

𝑑𝑡
= −𝑠′+1[288] +

1

3
𝑠′−1[𝐸2886]64𝑋[𝐻]−𝑠′

+4[288][6𝐻] +
1

3
𝑠′−4[𝐸2886]64𝑋 

𝑑[𝐸2886]

𝑑𝑡
= 𝑝′+1[286]𝑟𝑤 −

2

3
𝑝′

−1
[𝐸2886]64𝑋[𝐻] + 𝑝′

+4
[286][8𝐻] −

2

3
𝑝′

−4
[𝐸2886]64𝑋

+ 𝑠′
+1[288] −

1

3
𝑠′

−1[𝐸2886]64𝑋[𝐻] + 𝑠′
+4[288][6𝐻] −

1

3
𝑠′−4[𝐸2886]64𝑋 

 

S.3 Model Parameters 

 

Symbol Expression or value at 25oC Reference 

K1 
[𝐻][𝐻2666]

[266]
  - 



K2 
[𝐻][𝐻2666]

[𝐻2666]
  - 

Kw [6H][H] - 

k+1 ln 𝑘+1 = 1246.98 −
61900

𝑇𝐾
− 183.0𝑙𝑛𝑇𝑘   Uchikawa and 

Zeebe (2012) 

k-1 k-1 = k+1/K1  - 

k+4 𝑙𝑛 𝑘+4 = 17.67 −
2790.47

𝑇𝐾
  Uchikawa and 

Zeebe (2012) 

k-4 k-4 = k+4
𝐾𝑤

𝐾1
  - 

𝜒 𝜒 =
1

1+
𝐾2

[𝐻+]

  - 

Carbon isotope 

parameters 

  

𝛼𝐻𝐶𝑂3
−−𝐶𝑂2 

𝑒𝑞13  -9.866T-1 + 1.02412  Zhang et al. 

(1995) 

𝛼𝐻𝐶𝑂3
−−𝐶𝑂2 

𝑒𝑞13  -0.867 T-1 + 1.00252  Zhang et al. 

(1995) 

𝛼𝑐+1
𝐾𝐹𝐹13  0.9872 Yumol et al. 

(2020) 

𝛼𝑐+4
𝐾𝐹𝐹13  0.9814 Christensen et 

al. (2021) 

c+1 c+1 = 𝛼𝑐+1
𝐾𝐹𝐹 ∙ 𝑘+1

13  - 

c-1 c-1 = 𝑐+1/ (𝐾1 ∙ 𝛼𝐻𝐶𝑂3
−−𝐶𝑂2 

𝑒𝑞13 )  - 

c+4 c+4 =  𝛼𝑐+4
𝐾𝐹𝐹 ∙ 𝑘+4

13  - 

c-4 c-4= 𝑐+4/ (
𝐾1

𝐾𝑤
∙ 𝛼𝐻𝐶𝑂3

−−𝐶𝑂2 

𝑒𝑞13 )  - 

𝜒13  𝜒13 =
1

1+
𝐾2∙ 𝛼

𝐻𝐶𝑂3
−−𝐶𝑂3 

𝑒𝑞13

[𝐻+]

  - 

Oxygen isotope 

parameters 

  

𝛼
𝐶𝑂2 −𝐻2𝑂

𝑒𝑞18  exp(2520 𝑇𝐾
−2 + 0.01212 Beck et al. 

(2005) 

𝛼𝐻𝐶𝑂3
−−𝐻2𝑂

𝑒𝑞18  exp(2590 𝑇𝐾
−2 + 0.00189 Beck et al. 

(2005) 

𝛼
𝐶𝑂3

2−−𝐻2𝑂

𝑒𝑞18  exp(2390 𝑇𝐾
−2 − 0.00270 Beck et al. 

(2005) 

𝛼𝑂𝐻−−𝐻2𝑂
𝑒𝑞18  5.6676× 10−5 𝑇𝐾 + 0.9622 Zeebe (2020) 

𝛼𝑎+1
𝐾𝐹𝐹18  1.0000 Yumol et al. 

(2020) 

𝛼𝑏+1

𝐾𝐹𝐹18  0.9812 Yumol et al. 

(2020) 

𝛼𝑎+4
𝐾𝐹𝐹18  0.971 at 5 °C 

0.978 at 25 °C 

Watkins and 

Devriendt 

(2021) 

𝛼𝑏+4

𝐾𝐹𝐹18  1.0000 Christensen et 

al. (2021) 

𝑎+1 𝑎+1 =  𝛼𝑎+1
𝐾𝐹𝐹18 ∙ 𝑘+1 - 



𝑏+1 𝑏+1 =  𝛼𝑏+1

𝐾𝐹𝐹18 ∙ 𝑘+1 - 

𝑎−1 𝑎−1 = 𝑎+1/(𝐾1 ∙ 𝛼𝐻𝐶𝑂3
−−𝐻2𝑂

18 ) - 

𝑏−1 𝑏−1 = 𝑏+1/(𝐾1 ∙ 𝛼𝐻𝐶𝑂3
−−𝐶𝑂2

18 ) - 

𝑎+4 𝑎+4 = 𝛼𝑎+4
𝐾𝐹𝐹18 ∙ 𝑘+4 - 

𝑏+4 𝑏+4 = 𝛼𝑏+4

𝐾𝐹𝐹18 ∙ 𝑘+4 - 

𝑎−4 
𝑎−4 = 𝑎+4/ (

𝐾1

𝐾𝑤
∙

𝛼𝐻𝐶𝑂3
−−𝐻2𝑂

18

𝛼𝑂𝐻−−𝐻2𝑂
𝑒𝑞18

) 
- 

𝑏−4 
𝑏−4 = 𝑏+4/ (

𝐾1

𝐾𝑤
∙ 𝛼𝐻𝐶𝑂3

−−𝐶𝑂2

18 ) 
- 

𝜒18  
𝜒18 =

1

1 +
𝐾2 ∙ 𝛼𝐶𝑂3 −𝐻𝐶𝑂3

−
𝑒𝑞13

[𝐻+]

 
- 

Δ47 parameters   

(
𝑅47

𝑅∗47  )
𝐶𝑂2

𝑒𝑞

 
(𝛥47,𝐶𝑂2

𝑒𝑞 /1000)  + 1 Hill et al. (2020) 

(
𝑅63

𝑅∗63
 )

𝐻𝐶𝑂3
−

𝑒𝑞

 
(𝛥63,𝐻𝐶𝑂3

−
𝑒𝑞 /1000)  + 1 Hill et al. 

(2020); Tripati 

et al. (2015) 

(
𝑅63

𝑅∗63  )
𝐶𝑂3

2−

𝑒𝑞

 
(𝛥

63,𝐶𝑂3
2−

𝑒𝑞 /1000)  + 1 Hill et al. 

(2020); Tripati 

et al. (2015) 

𝛼
𝐶𝑂3

2−−𝐻𝐶𝑂3

𝑒𝑞63  
(

𝑅63

𝑅∗63
 )

𝐶𝑂3
2−

𝑒𝑞

/ (
𝑅63

𝑅∗63
 )

𝐻𝐶𝑂3
−

𝑒𝑞

 
- 

𝐾2
63  𝛼𝐶𝑂3

2−−𝐻𝐶𝑂3
−

𝐾𝐹𝐹63 𝛼𝐻𝐶𝑂3
−−𝐶𝑂3 

𝑒𝑞 ∙∙ 13 𝛼
𝐶𝑂3

2−−𝐻𝐶𝑂3
−

𝑒𝑞18 ∙ 𝐾2 
- 

𝜒63  1

1 +
𝐾63

2 ∙ 𝛼𝐶𝑂3 −𝐻𝐶𝑂3
−

𝑒𝑞63

[𝐻+]

 
- 

𝐾𝐼𝐸𝑝+1
13−18  1-0.146/1000 Guo (2020) 

𝐾𝐼𝐸𝑠+1
13−18  1-0.219/1000 Guo (2020) 

𝐾𝐼𝐸𝑝+4
13−18  1-0.016/1000 Guo (2020) 

𝐾𝐼𝐸𝑠+1
13−18  1-0.175/1000 Guo (2020) 

𝑝+1 𝑐+1 ∙ 𝑎+1

𝑘+1 ∙ 𝐾𝐼𝐸𝑝1

47  
Uchikawa et al. 

(2021) 

𝑠+1 𝑐+1 ∙ 𝑏+1

𝑘+1 ∙ 𝐾𝐼𝐸𝑠1

47  
Uchikawa et al. 

(2021) 

𝑝−1  - 

𝑠−1  - 

𝑝+4 𝑐+4 ∙ 𝑎+4

𝑘+4 ∙ 𝐾𝐼𝐸𝑝4
13−18  

Uchikawa et al. 

(2021) 



𝑠+4 𝑐+4 ∙ 𝑏+4

𝑘+4 ∙ 𝐾𝐼𝐸𝑠4
47  

Uchikawa et al. 

(2021) 

𝑝−4 
𝑝+4 / [(

𝑅63

𝑅∗63  )
𝐻𝐶𝑂3

−

𝑒𝑞

∙
𝐾1

𝐾𝑤
∙ 𝛼𝐻𝐶𝑂3

−−𝐶𝑂2 

𝑒𝑞13 ∙ 𝛼𝐻𝐶𝑂3
−−𝑂𝐻−

𝑒𝑞18 ] 
- 

𝑠−4 
𝑠+4 ∙ [(

𝑅47

𝑅∗47  )
𝐶𝑂2

𝑒𝑞

/ (
𝑅63

𝑅∗63  )
𝐻𝐶𝑂3

−

𝑒𝑞

∙
𝐾1

𝐾𝑤

∙ 𝛼𝐻𝐶𝑂3
−−𝐶𝑂2 

𝑒𝑞
∙ 𝛼𝐻𝐶𝑂3

−−𝐶𝑂2 

𝑒𝑞1813 ] 

- 

Δ48 parameters   

(
𝑅64

𝑅∗64  )
𝐶𝑂2

𝑒𝑞

 
(𝛥48,𝐶𝑂2

𝑒𝑞 /1000)  + 1 Hill et al. (2020) 

(
𝑅64

𝑅∗64  )
𝐻𝐶𝑂3

−

𝑒𝑞

 
(𝛥64,𝐻𝐶𝑂3

−
𝑒𝑞

/1000)  + 1 Hill et al. (2020) 

(
𝑅64

𝑅∗64  )
𝐶𝑂3

2−

𝑒𝑞

 
(𝛥

64,𝐶𝑂3
2−

𝑒𝑞 /1000)  + 1 Hill et al. (2020) 

𝛼
𝐶𝑂3

2−−𝐻𝐶𝑂3

𝑒𝑞64  
(

𝑅64

𝑅∗64  )
𝐶𝑂3

2−

𝑒𝑞

/ (
𝑅64

𝑅∗64  )
𝐻𝐶𝑂3

−

𝑒𝑞

 
- 

𝐾2
64  𝛼𝐶𝑂3

2−−𝐻𝐶𝑂3
−

𝐾𝐹𝐹64 ∙ 𝛼
𝐶𝑂3

2−−𝐻𝐶𝑂3
−

𝑒𝑞18 𝛼
𝐶𝑂3

2−−𝐻𝐶𝑂3
−

𝑒𝑞18 ∙ 𝐾2 
- 

𝜒64  1

1 +
𝐾64

2 ∙ 𝛼𝐶𝑂3 −𝐻𝐶𝑂3
−

𝑒𝑞64

[𝐻+]

 
- 

𝐾𝐼𝐸𝑝+1
′

18−18  1+0.049/1000 Guo (2020) 

𝐾𝐼𝐸𝑠+1
′

18−18  1-0.146/1000 Guo (2020) 

𝐾𝐼𝐸𝑝+4
′

18−18  1-0.144/1000 Guo (2020) 

𝐾𝐼𝐸𝑠+4
′

18−18  1-0.086/1000 Guo (2020) 

𝑝+1
′  𝑎+1 ∙ 𝑏+1

𝐾𝐼𝐸𝑝1
′

48 ∙ 𝑘+1

 
- 

𝑠+1
′  𝑏+1 ∙ 𝑏+1

𝐾𝐼𝐸𝑠1
′

48 ∙ 𝑘+1

 
- 

𝑝−1
′   - 

𝑠−1
′   - 

𝑝+4
′  𝑎+4 ∙ 𝑏+4

𝐾𝐼𝐸𝑝4
′

48 ∙ 𝑘+4

 
- 

𝑠+4
′  𝑏+4 ∙ 𝑏+4

𝐾𝐼𝐸𝑠4
′

48 ∙ 𝑘+4

 
- 

𝑝−4
′  

𝑝+4
′  / [(

𝑅64

𝑅∗64
 )

𝐻𝐶𝑂3
−

𝑒𝑞

∙
𝐾1

𝐾𝑤
∙ 𝛼𝐻𝐶𝑂3

−−𝐶𝑂2 

𝑒𝑞18 ∙ 𝛼𝐻𝐶𝑂3
−−𝑂𝐻−

𝑒𝑞18 ] 
- 



𝑠−4
′  

𝑠+4
′ ∙ [(

𝑅48

𝑅∗48  )
𝐶𝑂2

𝑒𝑞

/ (
𝑅64

𝑅∗64  )
𝐻𝐶𝑂3

−

𝑒𝑞

∙
𝐾1

𝐾𝑤

∙ 𝛼𝐻𝐶𝑂3
−−𝐶𝑂2 

𝑒𝑞 ∙ 𝛼𝐻𝐶𝑂3
−−𝐶𝑂2 

𝑒𝑞1818 ] 

- 

 

 

 

 


