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Calculating the pH-dependent isotopic offset between &p,¢c and 6o,

To produce our model and compare it to the measured data, we needed to be able to convert
between values of 8¢ and 6,. We achieved this using the concentration and isotopic relationships
between DIC and CO,.

Concentration Equations

Dissolved inorganic carbon (DIC) describes the total amount of carbon dioxide (CO,),
bicarbonate (HCOs), and carbonate (COs?) in seawater (Eq. 1). (We note that CO; represents the sum of
dissolved CO; and H,COs.)

[DIC] = [CO,] + [HCO5™] + [CO5*7] (1)
The carbonate species comprising DIC are related through a series of equilibrium reactions (Eq. 2).
K, K,
CO,+ H,0 & HCO; + H" & CO%~ +2H* (2)

K; and K, are equilibrium constants and can be defined in terms of concentration (Eq. 3&4).

[H][HCOS]
K =——= 3
1 [c0,] (3)
_ [H*][c037]
Kz = [HCOZ (4)

Equations for K; and K, have been empirically determined as a function of temperature (T Kelvin) and
salinity (S in psu) (Eq. 5&6).2%2'"

367.07

—logK; = —62.008 + ==

+9.79441n(T) — 0.0118S + 0.000116S? (5)%021

1394.7
T

—logK, = 4.777 + —0.0184S + 0.000118S? (6)%*

* The references in the supplementary information are all cited in the main text and use the same numbering as in
the main text.
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At the temperature and salinity of the incubation experiment (7°C and 35 ppt), K; = 9.558 X
107 mol/kg and K, = 5.521 X 1071% mol /kg.

For the purposes of this investigation, we need to solve for the carbonate species in terms of
[DIC], [H™], and the equilibrium constants. This can be achieved using the concentration definitions of
the equilibrium constants. First, Equation 3 can be rearranged to solve for [HCO3] (Eq. 7).

(7)

Similarly, Equation 4 can be rearranged to solve for [C03~], with Equation 7 substituted for [HCO3 ] to
produce Equation 8.

_ [COz]K 1K,

[co3] =22 ®)

Substituting Equations 7 and 8 into Equation 1 and solving for [CO,] produces an equation for [CO;] in
terms of [DIC], [H*], Kyand K, (Eq. 9).

DIC
LT (9)

K1  KiKp
MTNTRIE

[COZ] =

Equation 9 can now be substituted for [CO,] in Equation 7 to produce an equation for [HCO3 ] in terms
of [DIC], [H*], K and K, (Eq. 10).

K4[DIC]
—— 10
[H+]+K1+’;:If]2 (10)

[HCO3] =

Similarly, Equation 9 can be substituted for [CO,] in Equation 8 to produce an equation for [COZ™ ] in
terms of [DIC], [H*], Kyand K, (Eq. 11).
[C03] = —fakelbic] (11)

T [HYP+K[HY]+K. K,

Equations 9-11 are now all in terms of [DIC], the equilibrium constants, and [H"], highlighting how the
concentration of each carbonate species is dependent on the pH of the seawater.

Isotope Equations

Just as [DIC] is the sum of inorganic carbon species (Eq. 1), 6p;¢ is the concentration weighted
average of the isotopes of all inorganic carbon species. A mass balance relationship?’ relates the
isotopes and concentrations of DIC (Eq. 12).

8pic[DIC] = b8¢0,[CO2] + Shco,-[HCO3™] + 6, 2- [CO3%7] (12)

The fractionation of isotopes between the carbonate species is an equilibrium reaction and can be
described using isotope equilibrium equations.?® In an isotope equilibrium reaction, the fractionation
factor, «, is equal to the ratio of the isotope ratios of two compounds, R4 and Rj. (Eq. 13)

Ry _ 84+1000

Rg  8p+1000

Aaop) = (13)

The fractionation effect, €, is a commonly reported form of . The relationship between € and a is
shown in Equation 14.

S2



guon) = (@aop) — 1) * 1000 (14)

The fractionation effects for the isotope equilibrium between carbonate species have been
experimentally determined as a function of temperature (T in Kelvin) (Eq. 15-18).181°

E(co,otC0s) = Eap = ‘9:66 +24.12%0 (15)8
E(corocoy(g) = Eeg = —0.052(T — 273.15) + 7.22% (16)°
E(HCO?,_HCOZ(Q)) = Ebg = _0.1141(T — 273.15) + 10-78%0 (17)19

_ _ _Ecg~%pg 19
€(co2~oHC03) = Ecb = Trepgx10-3 (18)

At the incubation temperature (7°C), &g, = —11.11%0, &4 = 6.853%0, £,,3 = 9.976%o0, and &, =
—3.091%o.

We now relate € to § by solving Equation 14 for @ and equating it to Equation 13, forming
Equation 19.

_ 5,4+1000
Aaop) = (Eaop X 1073 +1 = m (19)
Applying Equation 19 to the fractionation between CO, and HCOs™ produces Equation 20.
8co.,+1000 _
((co,eHC0T) = —5;;25%0 = (eap X 107%) +1 (20)
Equation 20 can be rearranged to solve for 5coz (Eq. 21).
8co, = Snco; (1 + €qp X 1073) + £y, (21)
The same steps can be applied to the fractionation between COs* and HCOs™ (Eq. 22).
8 o3-+1000 s
%(C03~=HCO03) = §uc0=¥1000 (ecp x107°) +1 (22)
Equation 22 can then be solved for 5C0§_ (Eq. 23).
Scoz- = Sncoy (1 + &y X 107%) + &g (23)
Equations 21 and 23 can now be substituted into Equation 12 (Eq. 24).
8p1c[DIC] = (Spco; (1 + eap X 1073) + £45)[CO,] + yco; [HCO3 ]
+ (Buco; (1 + €0y X 1073) + &) [COF ] (24)
Equation 24 can then be rearranged to solve for §y¢o; (Eq. 25).
S = 8pic[DIC]—£4p[CO;]—£cp[CO3] (25)
HCO3 ™ [0,]+(e4px1073)[CO,1+[HCOZ 1+[COZ™ [ +(epx103)[COZ™]

The remaining § value to solve for is §p;c. Here, we assume that the isotopes of all carbonate
species sum to zero, §p;c = 0%o0 .*"*° The goal of this analysis is to calculate the difference between
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8pic and 8¢, and not a true value for 8. The isotopic difference, or offset, is used to convert an
initial, background §3C — C0O, measurement to a background DIC value, Opicg- The offset value is
then used to revert modelled &p;¢ back to 8¢, for comparison with the measured 53¢ — €0, data. As
evident in Equation 12, [DIC] does influence the isotope values if §p;c # 0%o0, however, assuming

8pic = 0%o causes less than a 1% error in the per mill difference between 8¢ and 8¢, -

We can now write an equation for the offset, assuming &p;c = 0%o (Eq. 26).
8pic — 6co, = 0 — 6¢o, (26)
Equation 21 is then substituted for &¢o, (Eq. 27).
Spic — 8co, = 0= 8co, = —(Buco; (1 + €qp X 1073) + £45) (27)

Next, Equation 25 is substituted for 5HC03_ to produce an equation for the offset as a function of the
concentrations of carbonate species (Eq. 28).

_ £ap[COz]+£cp[CO57]
T [€05)+(eqpx10~3)[CO,1+[HCOZ 1+[COZ™ | +(epx1073)[COZ7]

Spic — bco, (1464 x1073) —gg,  (28)

Equations 9-11 can then be substituted for the corresponding concentrations in Equation 28 to produce
an equation for the offset dependent on [DIC] and pH (Eqg. 29).

£4p[DIC] ) ecpK1K2[DIC]
+ K1 K1Kp T[HF24K  [HF)+K K,
s P [H¥] [g+)?
DIC €Oz ™ (1+egpx1073)[DIC],  Kq[DIC]  , (1+epx103)K1Ko[DIC
K1 KiKp T+ KiK' [HYZ+K, [HY]+K1 K
1+ + HY|+K1+ 1 182
[H+] [H+]2 [ ] 1 [H+]

] (1 + Eqp X 10_3) — &dp (29)

[DIC] cancels out of the fraction in Equation 29, resulting in an offset equation that is a function of pH
(Eq. 30).

£db + gcpK1K2
14+ K1 (K1Kp "[HY12+K 4 [HY]+K 1K,
5 P (H*] [a+)?
DIC COz; ™ 1+egqpx1073 N K1 N (1+£.px1073)K1 K>
1+—[51]+E;1:§§ [H+]+K1+—I§;II_:]2 [H¥]2+K1 [H¥[+K 1K

(1 + Edp X 10_3) — &dp (30)

Finally, Equation 30 is solved using the calculated values for K, (Eq. 5), K5 (Eq. 6), €4p (EqQ. 15),
and &.p, (Eq. 18) and the chosen pH values.
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