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S.1 IsoDIC Model Equations

The following numerical values have been assigned to the respective isotopologue: 2C = 2, 3C = 3, 10 =
6, 170 = 7, 180 = 8. For example, H*?)C*¥Q*0Y 0" = H2867.

266 + H,6 = H2666 + H*
267 + H26 = H2667 + H*
268 + H26 = H2668 + H*
277 + Hy6 = H2677 + H*
278 + H26 = H2678 + H*
288 + H26 = H2688 + H*
266 + H,7 = H2667 + H*
267 + H27 = H2667 + H*
267 + Ho7 = H2678 + H*
L 277 + Ho7 = H2777 + HY
. 278 + H7 = H2778 + HY
. 288 + H,7 = H2788 + H*
. 266 + H28 = H2668 + H*
. 267 + H28 = H2678 + H*
. 268 + H28 = H2688 + H*
. 277 + H,8 = H2778 + HY
. 278 + H28 = H2788 + H*
. 288 + H,8 = H2888 + H*
. 266 + H26 = H3666 + H*
. 366 + H26 = H3667 + H*
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377 + H,6 = H3668 + H*
378 + H,6 = H3677 + H*
378 + H,6 = H3678 + H*
388 + H.6 = H3688 + H*
366 + H,7 = H3667 + H*
367 + H,7 = H3677 + H*
368 + H,7 = H3678 + H*
377 + Hy7 = H3777 + HY
378 + Hy7 = H3778 + H*
388 + H,7 = H3788 + H*
366 + H,8 = H3668 + H*
367 + H,8 = H3678 + H*
368 + H.8 = H3688 + H*
377 + H,8 = H3778 + H*
378 + H,8 = H3788 + H*
388 + H,8 = H3888 + H*
266 + 6H = H2666
267 + 6H = H2667
268 + 6H = H2668
277 + 6H = H2677
278 + 6H = H2678
288 + 6H = H2688
266 + 7TH = H2667
267 + 7TH = H2677
268 + 7TH = H2678
277+ 7TH = H2777
278 + TH = H2778
288 + 8H = H2788
266 + 8H = H2668
267 + 8H = H2678
268 + 8H = H2688
277 + 8H = H2778
278 + 8H = H2788
288 + 8H = H2888
366 + 6H = H3666
367 + 6H = H3667
368 + 6H = H3668
377 + 6H = H3677
378 + 6H = H3678
388 + 6H = H3688
366 + 7H = H3667
367 + 7TH = H3677
368 + 7TH = H3678
377+ 7H = H3777
378 + 7TH = H3778
388 + 7TH = 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. H'CIOK0'O™ + "OH- = 'CI0*0'0? + H,"O
wherei=12,13,16<j<k<I<18,m=16,17, 18

153 - 155. H,"O = ™OH" + 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 CO; hydration and hydroxylation and their
reverse reactions.

S.2 COAD Model Equations

S.2.1 Hydration and hydroxylation reactions

1. 266 +H,6 = H2666 + H (forward = k1) (reverse = k.1)

2. 266+ 6H < H2666 (forward = K4) (reverse = K.4)

3. 366 + H,6 < H3666 + H (forward = c+1) (reverse = c.1)

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

5. 266 + H,8 < H2866 + H (forward = a+1) (reverse = 1/3a.1)

6. 286 + H,6 < 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+ H,8 < H3866+H (forward = ps1) (reverse = 1/3p.1)
10. 386 + H,6 = H3866 + H (forward = s.1) (reverse = 2/3s.1)
11. 366 + 8H = H3866 (forward = p+4) (reverse = 1/3p.s)
12. 386 + 6H = H3866 (forward = s.4) (reverse = 2/3s.1)
13. 286 + H,8 < H2886 + H (forward = p’+1) (reverse = 2/3p’.1)
14. 288 + H,6 = H2886 + H (forward = §’+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

2
17. 2 = piy, « 20—k [266] + k_y [E26661x[H] — k14[266][6H] +
k_,[E2666]x
d[366] d?[366]

18. 222 = D, * =52 — €41[366] + c_1[E3666] 3x[H] — c,.4[366][6H] +

c_4[E3666]13x
d[286]

19 dat = DCOZ *

%b_4[E2866]18X

2
20. B = poy, « LB [386] + 1 p_, [E3866]53X[H] — 5,4[386][6H] +

2 5_4[E3866]53X

d?[286]
dz?

— b,,[286] + gb_l [E2866]'8X[H] — b,,[286][6H] +




21.

22.

23.

24,

25.

26.

217.
28.

2
] = Deo, » T — 57,1 [288] + 2574 [E2886]°*X[H] — 5" ,,[288][6H] +

%s’_4[E2886] 64x

2
d[E(Zif66] — DCOZ " da [E2666] + k+1[266] k_l[E2666]X[H]k+4[266] [6H] —
k_4[E2666]X — Sp *]CaCO3
d[E3666 d?[E3666
: dt 1= Dco, * —[ L+ ¢,1[366] — c_, [E3666]3X[H]c,.4[366][6H] —
E3666
c_4[E3666]13X _Sp*]Ca603 Eeeq) *'2 @caco,sic
d[E2866 d?[E2866
% - DCOz [ ] + +1[266]Tw - —a 1[E2866]18X[ ] + a+4[266] [8H] -

2 a_4[E2866]1°X + b+1 [286] —Zb_, [E2866]18X[H] + b,,[286][6H] —

2 [E2866] 18

5b-4[E2866]'°X — Sp * Jcaco, * [Fz666) © %Caco;—EIC

B0 _ ., + LI oy (3661, — 2p_1[E386615X[H] + p.4[266][8H] -
§p_4[E3866]63X +5,,[386] — Es_l[E3866]63X[ 1 + s5,4[386][6H] —

Z5—4 [E3866]%°X — Sp * Jcaco, * 52222 x63 Xcacos-EIC #13 Xcacos-EIC +18 QAcacos-EIC

d[E2886 d?[E2886 , 2, '
2806 = Do, + T 4 pr 12861, — 2p'_, [E2886]°X[H] + p', ,[286][8H] —

2p'_,[E2886]°X + 57,1 [288] — 2 5'_, [E2886]5*X[H] + s',4[288][6H] —

1. 64 [52886] 64 18 18
35 _4[E2886]°*X — Sp * Jcaco, * [Ez660] © QcCacos—EICc ¥~ Acacos-Eic ¥ Acacos-EIC

d[Alk] d? [Alk]

o = Dy * —2xSp * Jcaco,
d[ca®*] d2[6a2+]

= Deazr *— 7 = SP *Jcaco,

S.2.3 Governing equations for the box model

29.
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34.

dD6ﬂ

= —k,1[266] + k_1[E2666]X[H] — k,4[266][6H] + k_,[E2666]X +
fs’” ([266] 5y — [266]) + %([266]” — [266])

el — c,,[366] + c_; [E3666] X [H] — c,4[366][6H] + c_, [E3666]12X +
_FS r Fer

L ([366] spr- — [366]) + o= ([366] c — [266])

pool pool

d[Zfﬂ = —b,1[286] + = b_, [E2866]'8X[H] — b,,[286][6H] + = b_4[E2866]'°X +

Fspr Fer
2= ([286] 5 — [286]) + 5= ([286] . — [266])
pool pool
d[386]

= —p.1[386] + > p_1[E3866]%*X[H] — 5,4[386][6H] + = 5_,[E3866]°°X +

dt
Fspr Fer
72 ([386]spr — [386]) + = ([386] - — [266])
pool pool
] — —5,1[288] +15'_, [E2886]*X[H] — 5'1.4[288][6H] + - 5'_,[E2886]%*X +

Fspr cr
P ([288] 5 — [288]) + — ([288] . — [266])
Vpo Vpool

d[Ezf%] k.1[266] — k_1[E2666]X[H]k,4[266][6H] — k_,[E2666]X +

Jam3poot | v ([£2666] 5y, — [E2666]) + VLTZ([E2666] o — [E2666]) — Sp *
poo

Vpool Vpool

Jeaco,
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EE00] = €141366] — c_1 [E3666] 3 X[H]c,4[366][6H] — c_[E3666]13X lemtreot

pool

([E3666] . —

FCT‘

E3666 Fspr
([ ]) 4 Zspr (13RE1C(spT) [EIC]spr — [E3666]) +

[E2666] hydrox Vpool pool

[E3666]
[E3666]) — SP * Jcaco, 260 1% @caco,-sic

AE56)  ,1[266]r;, — 2 a_y [E2866]19X[H] + a4 [266][8H] —  a_,[E2866]"°X +
b2 266] — b [E2866]15X[H] + byo[286][6H] — b_,[£2866]13% + el

Vpool

[E2866] Fspr
(52see) hvarox + - ([E2866] 5, — [E2866]) +

J [E2866] 15
€acos [gze66] €ac03;—EIC

Al +1[366]rw——p 1[F3866]XIH] + p.4[266](8] — 5P-4lE3866]X +

FCT

- ([E2866]., — [E2866]) — Sp *

dat
s41[386] — —s_1 [E3866]%3X[H] + 5,4[386][6H] — —s L[E3866]63X + %
pool
E3866 Fspr
({E%éé})hymx + 5 2 ([E3866] 5y — [E3866]) + < ([E3866]cr — [E3866]) - Sp »
[E3866] 63

Jeaco, [£2666] © aCaCO3 eic **° @caco,—eic ¥ Acaco,-kic

d[E2886 2 ,
E2556) = p',,[286]r, — 2p'_, [E2886]*X[H] + p' ,,[286][8H] —

=p'_,[E2886]%4X + 5", [288] — gs'_l[E2886]64X[H] +s',,[288][6H] —

1, Jatm*SApoo E2886 Fspr
>s'_4[E2886]%4X + fvpoolp Ly ({E%%})hydmx + 52 ([E2886]r — [£2886]) +
Fr_([E2886]., — [E2886]) — Sp *

pool

] [E2886] 64- a * a *18 a
€acos [zze66] CaCo;—EIC CacCo;—EIC Caco;—EIC

d[Alk Fopr Fer
e Voot ([Alk]spr — [AlK]) + 7o (ALKl er = [ALKD) = 2 % Sp * Jeaco,

d[C Fspr Fer
[ . = V_p([Ca2+]Spr - [Ca2+]) + V_([Ca2+]cr - [Ca2+]) - Sp *]Ca603

pool pool

S.2.4 Post-processing: Isotopologue concentrations to isotope ratios
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13
813C(%0)= (00118 1) *1000,
3R [3666]
[2666]
18 _ 3x18R 3
670 (%) = (0.0020052 1) * 1000,
18p _ [2866]
[2666]
Ayr= (47 — 1) %1000,

YR _ [386][266]

YR* "~ [366][286]

Be3= (5 — 1) * 1000,
R _ [3866][2666]

SR* T [3666][2866]

Bsg= (mm — 1) * 1000,
48_R_ . [288][266]

t8pe [286][286]



51 8g4= (e — 1) * 1000,
“R _ ., [2886][2666]
52. G [2866][2866]

S.2.5 Adding Ass to the model

Homogeneous reactions and clumped isotope definitions:

1. 286 + 286 = 288 + 266
5 s lzsslizec]
' €Oz ™ [286][286]
3. Ayg= (e — 1) 1000,
4. 48p — [288]
' [266]
48 _ [288][266] [266] _ 48 18 -1 _1."R.eq
5. €Oz ™ [266][286] [286] R* (2" 1c0,)™" = 4 (43R* €O,
[288] _ 48+ _ 18..2
6. 266] = = "1¢0,
s _ [2881[266] _ 1/ *R\®1 _ 1 Aldco,
£ CO2 ™ [286][286] 4 (48R*)C02 - 4( 1000 T D
8. H2866 + H2866 = H2886 + H2666
9. 2866 + 2866 = 2886 + 2666,
eq
64 _ [H2886][H2666] _ 1 %R\ eq  _ 1 AesHcos
10. *"Khico,” = [H2866][H2866] 3 (64R* HCO3™ ™ 3( 1000 T 1
NS
64 _ [2886][2666] _ 1 . “*R.eq _ 1 6ac03”
11. KCOsz_ " [2866][2866] 3( 6‘*R*)Cog?‘ ~ 3\ 1000 +1).

Heterogeneous reactions involving Asg isotopologues:

pl
12. 286 + H,8 = H2886™ + H*
2/3p"_,
S’
13. 288 + H6 2" H2886™ + HY
sr_y
14. 286 + 8H- ' H2886~
2/3pr_,
S
15. 288 + 6H~ = H2886~
1/3sr_,
d[288] _ ' 1, 64 ' 1, 64
16. o2 = —s',1[288] + 55'_1 [E2886]°*X[H]—s' 4[288] [6H] + 7 5'_, [E2886]°4X
d[E2886] 2, , 2,
— =P +11286]7, — 3P _,[E2886]°*X[H] + p'_,[286][8H] — 3P [E2886]°*X

1 1
+541(288] — 35’1 [E2886]%X[H] +5'1.,[288][6H] — 5 '_4 [E2886]°*X

S.3 Model Parameters

Symbol Expression or value at 25°C Reference
K, [H][H2666] -
[266]




K, [H][H2666] -
[H2666]
Kw [6H][H] -
ket Ink,; = 1246.98 — 220 _ 183.0InT;, Uchikawa and
Tk Zeebe (2012)
k.1 k.1 = k+1/K1 -
Kis Ink,, =17.67 - 2224 Uchikawa and
K Zeebe (2012)
k. — 1 Ew _
4 Ka= k+4K1
X X = 11( )
1+[H—Er]
Carbon isotope
parameters
13 _eq _ -1
Ayco;-co, 9.866T— + 1.02412 thilrgg%t) al.
13 _eq _ -1
Aycos—co, 0.867 T+ + 1.00252 Zh?fgggt)al.
13a§+F1F 0.9872 Yumol et al.
(2020)
13a§+11F 0.9814 Christensen et
al. (2021)
C+1 Ci1= 13a§+F1F ' k+1 =
C1 C1=Cy1/ (Kl : 13“2%0;—C02) )
C+s Crp= 13a§QF . k+4 -
K -
C-4 C4= Cys/ (ﬁ 13“2%0;—602)
13 1 -
X 13)( = Ky 13a%0__
14 HCO3-C03
[HH]
Oxygen isotope
parameters
184e4 exp(2520 T2 + 0.01212 Beck et al.
€0, —H,0 (2005)
a0 —m,0 exp(2590 Tz + 0.00189 B?% (()eé)al.
18ged,_ exp(2390 T2 — 0.00270 Beck et al.
CO3 —H,0 (2005)
Yagh- 0 5.6676x 1075 Ty + 0.9622 Zeebe (2020)
18, KFF 1.0000 Yumol et al.
+1
(2020)
18al1)(FF 0.9812 Yumol et al.
1 (2020)
18, KFF 0.971at5°C Watkins and
e 0.978 at 25 °C Devriendt
(2021)
18 KFF 1.0000 Christensen et
= al. (2021)
a+1 _ 18 _KFF -

a1 = gy, ki




_ 18 KFF -
b+1 - ab+1 k+1
_ .18 -
a1 a—y =a41/(K1" " @ycor—n,0)
— . 18 -
b_, b_1=by1/(K; al—lcog—coz)
a _ 18 _KFF . -
+4 A4 = Qq,, ks
b _ 18 _KFF -
+4 b+4_ = ab+4 - k+4,
18 -
a_y B K QHCco;-H,0
O-g = 0ra/\ " Toeq
w  Qop-—n,0
b_, b .=b K1 .18 B
—4 =Dbys/ X QHco;-co,
w
18
X 18, _ ! )
X K. - 13,5
14+ 2 €03 _HCOF
[H*]

A7 parameters

47p eq
47R*
co,

(452 00, /1000) +1

Hill et al. (2020)

63p \°d (Azg,Hcog/looo) +1 Hill et al.
W (2020); Tripati
HCO3 etal. (2015)
63p \° (Azg coz-/1000) +1 Hill et al.
G e (2020); Tripati
€02~ et al. (2015)
" ec0z-—nco, 63R \* 53R \* ]
63R* / 63R*
coz~ HCOZ
63 63 KFF 13 _eq .18, eq . B
ke Acoz-—nco;  YHCo5-co; ' %cor—ncoy Kz
63, 1 - -
63 63
14 Kz ™o, _ncos
[H*]
B8 E L 1-0.146/1000 Guo (2020)
B8 1E 1-0.219/1000 Guo (2020)
13—18K1Ep+4 1-0.016/1000 Guo (2020)
B3-18K g 1-0.175/1000 Guo (2020)
Dot ciiva Uchikawa et al.
% (2021)
ki1 "'KIE,
Sy1 Cii b Uchikawa et al.
% (2021)
kyi - YKIE,
P -
S_1 -
Dea Cyg " Qyy Uchikawa et al.

k+4 . 13—18K1Ep4

(2021)




St4 _ Cya by Uchikawa et al.
k+4 . 4-7KIES4 (2021)
eq -
P-4 *°R K1 13 eq .18 _eq
Pia/ |\ G35 K Aycoz-co, ' XHCO;-0H
R Hcoy %
3
() I(om) & |
S+a "\ 27 5% 63 p* T
R co, R HCOZ Ky
18
'13a13%05—602 ' “2%03‘—602‘
Ass parameters
<64R )eq (458 c0,/1000) +1 Hill et al. (2020)
64 p*
R
o, -
<64’R )eq (44 neos/1000) +1 Hill et al. (2020)
64 p*
R
HCOZ -
< 64p )eq (AZchog_/looo) +1 Hill et al. (2020)
64 p*
R CO%_ e e
64“2%§‘—Hco3 R\ R\ )
64R* ) / 64R*
co3- HCOZ
64 64 KFF .18 _eq 18 _eq ) -
ke ®Xcoz--Hco; Acoz-_pco; %coz-—-ncor " Kz
64 1 -
X
Gay . 64,4
1422 Xco, _HCO;
[H*]
18-18p 1 1+0.049/1000 Guo (2020)
Diq
18-18 1 | 1-0.146/1000 Guo (2020)
S41
18-18 1-0.144/1000 Guo (2020)
Dig
18—18KIES-,+4 1'0086/1000 Guo (2020)
Pi1 ay1biq -
YKIE, - kyq
St bi1byq -
48KIES4 kg
Py -
Sl_l -
Dia Aya byy -
YOKIE, “kyy
Sha big by -
48K1Esi '
! eq -
P-4 / 'R ﬁ 18 _eq .18 eq
Pia/ \gaor K Aycoz-co, Aycoy-oH~
R - Ry
HCO3




S_4

48R

i

' *
Sta 4.3R

eq

eq

Ky
64p
w
/ *'R* HCOF
eq B
K ' 180‘11603 -co,
eq B
: 18aHCO3 -co,




