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Abstract

Most Earth surface carbonates precipitate out of isotopic equilibrium with their host solution, complicating the use of stable
isotopes in paleoenvironment reconstructions. Disequilibrium can arise from exchange reactions in the DIC-H20 system as
well as during crystal growth reactions in the DIC-CaCO3 system. Existing models account for kinetic isotope effects in these
systems separately but the models have yet to be combined in a general framework. Here, a box model is developed for
describing disequilibrium carbon, oxygen, and clumped isotope effects in the CaCO3-DIC-H20 system. The model is applied
to inorganic calcite precipitation experiments where there is a known CO2 influx and CaCO3 outflux. The example provided
can be adapted to other situations involving CO2 absorption (e.g., corals, foraminifera, high-pH travertines) or degassing (e.g.,

speleothems, low-pH travertines, cryogenic carbonates) and/or mixing with other DIC sources.
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Key Points:
e We derive a box model for kinetic clumped isotope effects in the CaCO3-DIC-H50 system.

e The model is used to fit and explain extreme §'30 and A47 KIEs in high-pH inorganic calcite precipi-
tation experiments.

e The model can be used to better understand KIEs in biogenic calcifiers if the DIC fluxes are known or
constrained.
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Abstract

Most Earth surface carbonates precipitate out of isotopic equilibrium with their host solution, complicat-
ing the use of stable isotopes in paleoenvironment reconstructions. Disequilibrium can arise from exchange
reactions in the DIC-H5O system as well as during crystal growth reactions in the DIC-CaCOj3 system.
Existing models account for kinetic isotope effects in these systems separately but the models have yet to be
combined in a general framework. Here, a box model is developed for describing disequilibrium carbon, oxy-
gen, and clumped isotope effects in the CaCO3-DIC-H50 system. The model is applied to inorganic calcite
precipitation experiments where there is a known COs influx and CaCOg3 outflux. The example provided
can be adapted to other situations involving COs absorption (e.g., corals, foraminifera, high-pH travertines)
or degassing (e.g., speleothems, low-pH travertines, cryogenic carbonates) and/or mixing with other DIC
sources.

1 Introduction

The oxygen and clumped isotope compositions of carbonate minerals are widely used for paleoenvironment
reconstructions. When crystals grow slowly, near equilibrium, oxygen isotope partitioning and *C-'30 bond
ordering (or ‘clumping’) are expected to depend solely on temperature, providing a theoretical foundation for
both oxygen isotope and clumped isotope thermometry (Bigeleisen and Mayer, 1947; Urey, 1947; Ghosh et al.,
2006; Eiler, 2007). Natural mineral growth, however, typically occurs under non-equilibrium conditions, as
does precipitation of calcite in laboratory experiments (Kim and O’Neil, 1997; Dietzel et al., 2009; Gabitov
et al., 2012; Watkins et al., 2013; Affek and Zaarur, 2014). The resulting kinetic isotope effects (KIEs)
can arise from multiple processes, including but not limited to: (1) diffusive transport of COs through
membranes (Thiagarajan et al., 2011; Hansen et al., 2017), (2) crystal growth reactions (DePaolo, 2011;
Watkins et al., 2013), and (3) incomplete isotope exchange reactions between dissolved inorganic carbon
species (DIC = CO, + HCO; + CO?)_) and water (e.g., Zeebe and Wolf-Gladrow, 2001; Guo, 2008; Uchikawa
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and Zeebe, 2012; Affek, 2013; Devriendt et al., 2017; Staudigel and Swart, 2018; Bajnai et al., 2018; many
others). Reconstructing environments from disequilibrium isotope compositions first requires knowledge of
the calcification pathways and the KIEs that arise during each step in mineral formation.

Over the past decade, significant progress has been made towards quantifying the sign and magnitude
of KIEs in the CaCO3-DIC-H50 system. In the simplest scenario of CaCOs growth from an isotopically
equilibrated DIC pool, KIEs can be attributed to the following crystal growth reactions (Watkins et al.,
2013):

kB
Ca?t + HCO; = CaCOs+H* (1)
VBZ
and
ks
Ca?t + CO2~ = (CaCOs, (2)

where the k’s and v’s are mass-dependent rate constants following the notation of Wolthers et al. (2012).
For calcite, the KIEs attending these reactions can be significant across the full range of growth rate and
pH: ~1-4%0 for §180 and ~0.3%0 for Ay; (Watkins et al., 2014; Watkins and Hunt, 2015), which translate
to AT of about 4-16 °C and 7-11 °C, respectively (McCrea, 1950; Ghosh et al., 2006; Zaarur et al., 2013).
Although this is a fairly large temperature range, the temperature sensitivities of most empirical calibrations
are probably not compromised by surface reaction-controlled KIEs because they are based on carbonates
precipitated over a narrow range in growth rate and pH (e.g., McCrea, 1950; O'Neil et al., 1969; Kim and
O’Neil, 1997; Ghosh et al., 2006; Dennis and Schrag, 2010; Zaarur et al., 2013; Watkins et al., 2013; Candelier
et al., 2013; Marchitto et al., 2014; Kluge et al., 2015; Kele et al., 2015; Parker et al., 2017; Kelson et al.,
2017, and many others).

The picture gets more complicated when CaCQO3 precipitates from a DIC pool that is not isotopically
equilibrated. Here, the key reactions are the relatively slow (de-)hydration and (de-)hydroxylation reactions:

k}+1
CO, + HyO k;\ HCO; + HT (3)
and i
COy + OH™ ké HCO3 (4)

where the k’s are isotopologue-specific rate constants. If the reactions are unidirectional (either forward or
backward), the KIEs can be an order of magnitude larger than the KIEs attending crystal growth (O’Neil
and Barnes, 1971; Clark and Fontes, 1990; Clark et al., 1992; Guo, 2008; Guo et al., 2009; Mervine et al.,
2014; Falk et al., 2016; Leleu et al., 2016; Devriendt et al., 2017; Guo, 2020; Yumol et al., 2020; Christensen
et al., 2021). More often than not, however, these reactions are bi-directional, and an important challenge
is to be able to estimate the degree of reaction reversibility, which controls the magnitude of the KIEs.

Two different approaches have been taken recently to model KIEs in the DIC-H5O system in the absence
of crystal growth. The IsoDIC model of Guo (2020) tracks all of the reactions (n = 155) involving '2C, 13C,
160, 170, and '#0. This amounts to 32 coupled ordinary differential equations (ODEs) describing changes in
concentration of COy and HCOj isotopologues (Table 1). By contrast, the ExClump38 model of Uchikawa
et al. (2021) only tracks the major isotopologue at each mass, up to mass 63 (Table 1). This has the
advantage of only requiring 8 ODEs for single clumped isotopes (i.e., A47) but it includes approximations
that have not been fully explained or validated against the IsoDIC model. Additionally, the ExClump38
model has not been extended to double clumped isotopes (Ayg) or triple clumped isotopes (Ayg).

In this contribution, we add important details and explanations to the derivation of the ExClump38
framework first developed by Chen et al. (2018) for 6*3C and §'%0 and subsequently expanded to Ay; by
Uchikawa et al. (2021). The exposition is necessary for: (1) clarifying some ambiguities so that ExClump38
is on a stronger foundation, (2) expanding the model to Ayg and Ayg, and (3) deriving new expressions
that describe the influence of CaCOj3 precipitation. After validating the ExClump38 framework against the
IsoDIC model, we provide an example box model with a CO5 influx and CaCOj3 outflux for comparison to
recent calcite precipitation experiments. The box model can be adjusted judiciously to describe carbonate
precipitation in other settings.
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2 Existing framework for carbon and oxygen isotopes

The ExClump38 framework was first used by Chen et al. (2018) to describe §'3C-§'80 co-variations in
corals. The ODEs were then adopted and modified by Christensen et al. (2021) to describe §3C-§20 co-
variations in alkaline travertines. Differences in the equations used between these two studies were reconciled
by Uchikawa et al. (2021). In this section, we provide a step-by-step derivation that builds upon the latest
version of ExClump38 (Uchikawa et al., 2021). This leads to slightly different expressions than used by
Uchikawa et al. (2021), but importantly, the differences are not significant for single clumped isotopes
(13C-180). However, the differences are important for double (1¥0-20) and triple (}*C-120-80) clumped
isotopes. Additionally, we justify certain approximations that were made and validate the model against
analytical expressions available in the literature.

2.1 Isotope versus isotopologue ratios

An essential part of the ExClump38 framework is the built-in conversions between isotope ratios (r) and
isotopologue ratios (R). In the case where the isotopes are randomly distributed, we have the following
relationships for oxygen isotopes in CO3~ (ignoring '70):

[C10010] = P(16,16,16) = (0.998)3 ~ 0.994 (5)
[CP00180] = P(16, 16, 18) = 3(0.998)(0.998)(0.002) = 0.005998 (6)
[CCO™0180] = P(16, 18, 18) = 3(0.998)(0.002)(0.002) ~ 0.000012 (7)
and
[C¥0™0'0] = P(18,18,18) = (0.002)* ~ 8 x 1077, (8)

where the P’s refer to probabilities. Without rounding, these sum to exactly 1. The 80 /160 ratio is related
to the isotopologue abundances through

w6 ) L~ ©)

. B 180 [0160160180] + 2[0160180180] _;’_3[0180180180]
co;~ coi- ~ 3[C160160160] + 2[C16060E0] + [CT6OE080]

The 80/160 ratio can alternatively be expressed using any two different isotopologues without losing any
information. For example:

/#0001 * | /(0.002)(0.002)(0.002) \ /?
"coy” ([016016016O}> - ((0.998)(0.998)(0.998)) ’ (10)
o _ 1[C18000]  3(0.998)(0.998)(0.002) "
fcoim T3 [C160160160]  3(0.998)(0.998)(0.998)’ (11)

. [ [C%00180] \* £3(0.998)(0.002)(0.002) \ /2
"'coi” (3[0160160160]> B <3(0.998)(0.998)(0.998)> (12)

Because the singly-substituted isotopologue is the second most abundant, a sensible choice is to use Eq.

11 as done by Watkins et al. (2014) in their ion-by-ion model for calcite growth from HCO; and CO3~

isotopologues. To reiterate, Eqgs. 10-12 are equivalent to Eq. 9 when the isotopes are randomly distributed.
For CO4, we have:

[C00] = P(16,16) = (0.998)? ~ 0.996 (13)
[C'0™0] = P(16,18) = 2(0.998)(0.002) ~ 0.003992 (14)
[C80'80] = P(18,18) = (0.002)? ~ 4 x 107° (15)
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The 180/160 ratio can be written as:

180 [0160180] + 2[0180180]
€02 = \160 ), ~ 2[CT60160] + [C160180]” (16)
CO2
There are two other ways this can be written:
. _(lcroro) Y2 7(0.002)(0.002) ) /2 an
€0: = \[c160160] )~ \ (0.998)(0.998)

or
1[C160™0]  2(0.002)(0.998)

rco, =5 [C160160)] - 2(0.998)(0.998) " .

Note that these definitions have not taken into account carbon isotopes. If we were to add 12C and 3C, there
would instead be 8 CO?{ isotopologues and 6 CO, isotopologues (again, ignoring 17O). The expressions in Eq.
9 and 16 would thus have more terms but the other expressions involving any two of the isotopologues would
remain the same. Although it is not immediately obvious, these relationships are applicable to problems
involving non-random distributions, or clumping, as will be shown.

2.2 Shorthand notation

We use the following shorthand notation after Zeebe (2014): 2C = 2, 13C = 3, 10 = 6, and 80 = 8.
Additionally, we drop the superscript charges on ionic species. We treat isotopomers as indistinguishable
such that [286] will hereafter refer to the total concentration of singly-substituted COg: [286]+[268]. In what
follows it will be made unambiguous that d[C*®00]/dt (notation of Chen et al., 2018) refers to the change
in concentration of the sum of isotopomers ([286]4-[268]) as opposed to (a) a single isotopomer or (b) the
total 180 of CO,, which includes C'*0O'80.

2.3 The Chen et al. (2018) subset of reactions

For carbon and oxygen isotope calculations, ExClump38 includes the following exchange reactions:

ki1
266 + Hy6 k:* H2666 + H (19)

-1

k+4
266 + 6H — H2666 (20)

k_4

366 + Ha6 —— H3666 + H (21)

c_1

366 + 6H — H3666 (22)

c_y4

266 + Ho8 — 2866 + H (23)

1/3(1._1

b
286 + H,6 /é 12866 + H (24)
2

3b_1

a44
266+ 8H~ = H2866 (25)
1/3(174

b+4
286 + 6H — H2866 (26)

3b_4
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For the reactions involving oxygen isotopes, the 1/3 and 2/3 factors have been added to the rate constants
for isotopic mass balance (Christensen et al., 2021; Uchikawa et al., 2021). To understand these factors
qualitatively, consider, e.g., the two dehydration reactions involving H2866 (reactions 23 and 24). The right-
hand sides of these two reactions are identical, but for every mole of H2866 that undergoes dehydration,
~2/3 goes to 286 and ~1/3 goes to Hy8. The factors are approximate because the isotopes are not exactly
randomly distributed among the isotopologues and also because there is isotopic fractionation attending
these reactions. A more quantitative justification is given in section 2.5.

2.4 From reactions to ordinary differential equations (ODEs)

The above reactions involve six isotopically-distinct DIC species that need to be tracked. We write HCOg3
and CO%‘ together as EIC (equilibrated inorganic carbon, Chen et al., 2018) and apply the notation to
isotopologues (e.g. H2666 + 2666 = E2666). The ODEs become:

d[jfﬁ] —  k41[266] + k_1[E2666]y[H]
— k44[266][6H ] + k_4[E2666]y
1 18 @7)
— a41[266]ry, + §a71[E2866] x[H]
— a44[266][8H] + %a74[E2866]18x
% = 41[266] — k_1 [E2666] x[H] (28)
k. 4[266][6H] — k_4[E2666]x
d[zf6] = — ¢41[366] + c_1[E3666]"*x[H] (29)
— ¢44[366][6H] + c_4[E3666]'x
% = ¢41[366] — c_1[E3666]" x[H] (30)
¢.4+4[366][6H] — c_4[E3666]"x
d[zfﬁ] = — b.1[286] + gb_l[E2866]18x[H] (31)
— b..4[286][6H] + gb_4[E2866]18x
% — 41[266]ry — %a,l[E2866}18x[H]
+ a,.4[266][8H] — %a,4[E2866]18x )

2
+ b4 [286] — b1 [E2866]"*x[H]

2
+ b44[286][6H] — gb_4[E2866]18X

The last four terms in Eq. 27 were not included in previous iterations of ExClump38, presumably because
they were deemed negligible. While this is generally true, there is an additional more nuanced reason for
not retaining these terms (Supplement S.1).

The x terms represent the fraction of EIC that is HCOg:

[H2666] 1
X = = ; (33)
[H2666] + [2666] 1 + %
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s [H3666] 1

= fg P 5 34
X~ TH3666] + [3666] Koo woor (3
1 S|
and [H2866] 1
18
= = °q 5 35
X [H2866] + [2866] . K2‘18aCO§7—HCO§ (35)
[HF]

where ! is the equilibrium fractionation factor between Cng and HCOj3 . In many situations,

CO2™—HCOy
it is appropriate to treat [Hs6], [6H], [H28], and [8H] as constant, implying there is an infinite reservoir of
H>0O, and by extension, OH™.

2.5 Rate constants and EFF's

The forward rate constants are directly related to kinetic fractionation factors. For the hydration reactions,
we have

C+1 _ 13 _KFF
T—H = Olc+1 5 (36)
441 _ 18 KFF
T_H O[a+1 y (37)
and b
+1
T—H 18a£(+F;F. (38)
For the hydroxylation reactions, we have
Cyq ,
s Bagfr, (39)
a+4 18 KFF
m ()[a+4 y (40)
and b
+4 KFF
m = 18041,“ . (41)
The backward rate constants must satisfy equilibrium, which leads to:
k1+1[266][H26] = k_1[H2666] [H], (42)
¢4+1[366][H26] = c_1[H3666][H], (43)
1
a+1[266][Hz8] = 3 a_,[H2866][H], (44)
2
b2 [286][F6] = = b4 [112866][11), (45)
k4+4[266][6H] = k_4[H2666], (46)
c14[366][6H] = c_4[H3666], (47)
1
a44[266][8H] = ga_4[H2866], (48)
and 0
b1 4[286][6H] = gb_4[H2866]. (49)

Converting isotopologue ratios to isotope ratios (§2.1) and rearranging yields the following relationships

between rate constants and equilibrium constants:
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ki1 [H2666][H]

T Reolme X 50
hii [(266]H.6] (50)
13
S+1 _ "HCO; [H2666][H] R (51)
c-1 100, [266][Ha6] HCO3 —CO,?
a1 (3)187"Hco; [H2666][H*] _ k18,0 52)
a1 (3)[266][H6][H,8] ' THCOs MO0
by (2 3)" 1100, [H2666] [H] . 5
b_1 (3-2)®7rc0,[266][H26] HCO; —COy’
Ky _ JH2666] _ Ky "
k_4  [266][6H] K,
ﬂ:w:ﬁ_maeq - (55)
c_a Preo,[266]6H] Ky HCO; —COy”
ans _ ' rmcop 12666 gy Pouco; mo 0
) (3)ron- [266][6H] Ky Bagh w0
and y
ba _ (2:3) o, [H2666] g, 15,0 -
b_s (3 2)8rco,[266][6H] K,  HCO; —CO2’

It is here that the need for 1/3 and 2/3 factors on the rate constants becomes apparent: They cancel with
the factors of 2 and 3 that accompany the conversion from isotopologue ratios to isotope ratios and are
fundamentally related to the statement that isotopomers are indistinguishable; i.e., that [286] and [2866]
refer to the total concentration of singly-substituted CO2 ([286]+[268]) and HCO3 ([2866]4-[2686]+[2668]).
An up-to-date compilation of rate constants, equilibrium constants, and isotopic fractionation factors is
provided in Table 2.

2.6 Model validation

The system of ODEs (Eqgs. 27-32) has been used to describe the chemical and isotopic evolution of DIC
species in the DIC-H5O system (Chen et al., 2018; Christensen et al., 2021; Uchikawa et al., 2021) but without
having been validated against experiments and analytical expressions that are available in the literature.

Uchikawa and Zeebe (2012) performed time-series experiments where an unequilibrated DIC pool was
precipitated quantitatively as witherite (BaCO3) and then analyzed for 6'80. Their data at pH = 8.3 and
8.9 are compared to theoretical and numerical predictions in Fig. la. The analytical and numerical curves
are nearly indistinguishable and in excellent agreement with the time series data. The numerical-analytical
comparison is expanded to a broad range of pH for the time required to reach 99% oxygen isotope equilibration
(T99%) as well as the time to reach 69.3% equilibration for carbon isotopes (7 e-fold) in Figs. 1b and lc.

An interesting result is a large discrepancy between analytical and numerical results when it comes to
chemical equilibration, as shown in Fig. 1d. Numerical experimentation revealed that this discrepancy
is due to the assumption of instantaneous pH adjustment - an assumption that is also employed in the
IsoDIC model (Guo, 2020). Upon adding ODEs that explicitly track d[H*]/dt, d[OH™]/dt, d[HCOZ]/dt,
and d[CO3"]/dt (referred to as the ‘Full model’ in the right panels of Fig. 1), the disagreement in chemical
equilibration times is resolved (Fig. 1h). This is an interesting curiosity, but since it has little to no bearing
on isotope-related problems, it will not be discussed further.

3 Adding clumped isotopes to the model

The above framework was extended to single clumped isotopes by Uchikawa et al. (2021) to describe oxygen
and clumped isotope equilibration in the DIC-HyO system. Much of what follows has been presented
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previously (Uchikawa et al., 2021). Here, a re-derivation is provided that explicitly tracks the 1/3 and 2/3
factors for oxygen isotope bookkeeping and does not fold the acid fractionation factors (AFFs) into the
expressions for EIC. Additionally, we clarify a difference in the final expressions for the rate constants that
would otherwise lead to issues when extending the model to double and triple clumped isotopes.

3.1 Homogeneous reactions and clumped isotope definitions

Clumped isotope systems involve the equilibrium of '3C-80 bonding within a single species. For COs, we
can write the following isotope exchange reaction:

366 + 286 =— 386 + 266, (58)
which has an equilibrium constant
o7 [386][266]
K = 59
€02 ™ [366][236] (59)

The abundance of 386 is measured as (Eiler, 2007):

7R 46 p 45 p
2= (e 1) - (o 1) = (e 1) < 0 o

where "R, R, and “°R are the abundance ratios of masses 47, 46, and 45 relative to mass 44, and the
asterisk denotes the stochastic distribution. In the absence of 17O (as prescribed in the ExClump38 model),
this reduces to:

47R
Agr = (47R* - 1) x 1000, (61)
where 386]
47
R=_—. 62
[266] (62)

The stochastic ratio, 7 R*, can be calculated from the standard carbon and oxygen isotope ratios following
Eq. 30 in Watkins and Hunt (2015). The 4" Kco, can be related to Ay; values by first multiplying the top
and bottom by [266]:

47 eq

47R*_1

Here, the equilibrium constant K is equivalent to R/R*. As shown in Supplement S.3 and S.4, this is not
the case for double and triple clumped isotopes. Combining Eq. 61 with Eq. 63 leads to

47 eq ASd
47KCOQ_( R) _[386][266]_( 47,002“). (64)

TR ) o,  [366][286] 1000

Similar expressions can be written for clumped isotope equilibrium in HCOj3 and COg_:

H3666 + H2866 — H3866 + H2666 (65)

and
3666 + 2866 — 3866 + 2666, (66)

which have equilibrium constants

sy [H3860)[H2666] (RN (Aainco; . ©7)
HCO; ™ [H3666][H2866] \BR*)y00- 1000
3




and

. €q
s . [3860)[2606) (SR Ags,coz . (68)
C0Os [3666][2866] SR ) coz- 1000 '

w 3.2 Heterogeneous reactions involving clumped isotopologues

12 To add clumped isotopes to the model, we need to include the reactions involving 3C-'80 ‘clumps’ in CO4
163 and HCO;:

P+1

366 + Ho8 — H3866~ + HT (69)
1/3}771
386 + H,6 23& H3866~ + H* (70)
s_1
366 + SH™ —— 3866~ (71)
1/3p_4
S44
386+ 6H~ — H3866~ (72)
2/3s_4

Rate constants for the clumped isotope reactions are denoted p for ‘primary’ and s for ‘secondary’ following
Guo (2020). In the primary reactions, a clumped isotopologue is created from reactants that are singly-
substituted. From these reactions we obtain the following ODEs

d[386 1
R0 pi13%6] 1 p_ (3866 1]
9 (73)
— 5.44[386][6H] + 35_4[E3866}63X

d[E3866]

1
a0t = p41[366]ry — gpfl[E3866]63X[H]

1

+ p4.4[266][SH] — 2p_4[E3866]%x
2

+ 5.1[386] — 5 51 [E3866] x[H]

2
+ 5,4[386][6H] — g5,4[E3866]63><

1o The next task is to determine the rate constants and %3y.

w 3.3 Derivation of %y

The %3y term is analogous to ®y and '®y and will be used to instantaneously redistribute the clumped
isotopes between HCO3 and CO? so that these two species are in clumped isotopic equilibrium with each
other. The expression takes the same form as the other y terms because the fraction of clumped EIC that
is in the form of HCO3 has the same pH dependence as for standard isotope ratios (Hill et al., 2014):

1
63, _
X = HTKQ7 (75)

[H]
where 93 K5 is the equilibrium constant for the deprotonation reaction:

63 - _ [3866][H]
K2 = rased] (76)
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This can be expressed in terms of the equilibrium Ags values of HCO3 and CO?f. First, multiply the top
and bottom by a common factor:

[H2666] [2666]
635 _ [3866][H]  (seec]meses]  [Be6o2ses]  [2666] [H2666] (77)
>~ "[H3866] [H2666] [2666] " [2666] [H2666]’

[H3666][H2866]  [3666][2866]

which upon rearrangement yields

[3866][2666] [H2666] [H2666]
63 _ _[3066][2860] (3666 ~ [A2866] |2666][H] 73
2 — [13866][H2666]  [2666] [2666] [H2666] (78)
[F13666) [[12866] [3666] = [2866]
Converting isotopologue ratios to isotope ratios leads to
637- _ 63 _ed 13 ed 18 _eq
K2 ="agoz- nco; * %o —mco; = “co?—uco; ' K2 (79)
where
Aa.cog
1+ —500°
63 €d (80)

®co; —HCO; ~ Aed :
63.HCO;
(1 + —o00 >

3.4 Rate constants

Watkins and Hunt (2015) suggested that the kinetic fractionation factor for clumped isotopes could be
expressed as the deviation from the product of the carbon and oxygen KFF's:

13-18 KFF __ 18 KFF 13  KFF
P+1 a41 Oéchl +€‘1+17 (81)

where €, , is expected to be small, on the order of 1075, Guo (2020) also expressed the KFF for clumped
isotopes relative to the product of the carbon and oxygen KFFs, but in a different way; i.e.,

1318 KFF Dt
13-18 _ D+1 o +1
KIE,,, = I8, KFF . 18(KFF  CiL a+i° (82)
at1 C4+1 ki1 kg1
A B718KIE, | =1 in the Guo (2020) formulation is equivalent to €,,, = 0 in the Watkins and Hunt (2015)

formulation of clumped isotope KFFs. Here, we adopt the Guo (2020) formulation and use his theoretical
values for the *~18KIEs (Table 3). Rearranging Eq. 82 leads to an expression for py:
13718KIEP+1C+1CL+1

: 83
Fr (83)

D1 =

where B3718KIE, ., is treated as a known quantity Guo (2020). To obtain p_;, we use the equilibrium
constraint from the corresponding reaction:

pr1 S[H3866][H]

=, 84
P-1 [366] [H28] ( )
By multiplying the top and bottom by a common factor, we can write:
[H2666] [H2666]
P+1 _ % [H3866][H] _ [H3666][H2866] ~ [266] H%ﬁ (85)
- [H2666] [H2666] _1 °~
p-1 [366][H8] [H3666][H2866] [266] H26
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which upon rearrangement leads to

1[H3866][H2666] [H2666][H] [H3666] [H2866]

D41 "[H3666][H2866] ~ [266][H26] [H2666] [H2666] 36
E - [366] [H28] : (86)
- [266] * [H26]
Converting isotopologue ratios to isotope ratios leads to
pr1 1 [ BRN\™ 13THco; 318 THco;
== Ky . ) (87)
p-1 3 B Juco; 'O, Tw

The factors of 3 and 1/3 cancel and we get:

P+1 SR\ 13 ed 18 €4
P (63R*> o K1 Tagco; —co, T YHCO; —H,0 (83)
_ HCO;

Similar expressions can be derived for the remaining clumped isotope rate constants (Supplement S.2),
ultimately leading to:

( 63 )eq ) K1 ) 13aeq . 18aeq
63 R* - -
S41 R HCO; HCOZ; —CO» HCO; —H0 2
s - 47 R \ €d ) ( )
-1 (47R* )002
eq
Pre _ ( 63R> K 1340 18471 (90)
— \ 63 o= ’ HCO; —CO, ~ HCO; —OH—>
P-4 R* Jyco; Kw s s
and .
( "‘3R) K 18,0 . 13,0d
63 R* - -
Spa R HCO; Ky HCOj3 —CO» HCOj3 —CO» (1)
s - 47 R \ €4
—4 (47R* )002

These expressions for the rate constants are nearly identical to those of Uchikawa et al. (2021). The only
significant difference is that they use 47K g, and 63K;qcog instead of (*"R/4"R*)¢,, and (63R/63R*);qco;7
respectively. This works for single clumped isotopes because the quantities are equivalent, but breaks down
for double and triple clumped isotopes. A compilation of the parameters needed to solve Eqs. 73-74 is

provided in Table 3.

4 Adding double and triple clumped isotopes to the model

The theoretical study of kinetic clumped isotope fractionation by Guo (2020) showed how paired Ay7-Ays
measurements might provide additional constraints on the sources of KIEs and mechanisms of carbonate
formation. Despite the low abundance of the mass 64 isotopologue (Table 1), it is now possible to measure
Ays with sufficient precision to resolve departures from equilibrium in Ag7-Ayg space (Fiebig et al., 2019;
Bajnai et al., 2020; Fiebig et al., 2021). Such measurements are being used to correct for kinetic effects and
infer temperatures of carbonate formation from samples that were previously thought to be compromised
(Bajnai et al., 2020; Fiebig et al., 2021). Anticipating that the ExClump38 model will ultimately be useful for
refining these corrections, the derivations of rate constants for double and triple clumped isotope reactions
are provided in Supplement S.3 and S.4, with the results summarized in Tables 4 and 5.

4.1 Model validation

The ExClump38 framework ignores 17O and only tracks the major isotopologue at each mass (i.e., masses
47, 48 and 49 for COg2, and masses 63, 64, and 65 for HCO3 and CO?,)_). To instill confidence that these
simplifications do not introduce significant errors, we performed numerical experiments for comparison to the
IsoDIC simulations of the time evolution of HCO3 during CO2 degassing and COz absorption (Fig. 2). In
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these simulations, the DIC is initially equilibrated and then the CO4 concentration and isotopic composition
are perturbed from the equilibrium value and held constant. The reassuring outcome is that the curves are
indistinguishable from those of Fig. 3 in Guo (2020).

4.2 Model uses and next steps

Guo (2008) provided the first estimates of the effects of hydration and hydroxylation on the A7 of DIC
using ab initio transition state theory calculations. For more than a decade, these first-order estimates
served as a valuable guide for interpreting kinetic clumped isotope effects, particularly when paired with
5180 measurements (Fig. 3a). The vectors for (de-)hydration and (de-)hydroxylation, however, do not
consider many details such as (non-linear) mixing or isotope exchange in the solution.

The work by Guo (2020) constitutes a major step forward in characterizing the patterns and controls
of clumped isotope KIEs more generally, as summarized in his ‘loop diagrams’ (e.g., Fig. 3b). The loops
show how A7 and §'%0 co-vary following a perturbation of an initial chemical and isotopic equilibrium by
a forced input/output of CO5 to/from the solution. Each of the loops begins and ends on the equilibrium
composition denoted by the black circle and each point on a loop corresponds to a specific time in Fig. 2.
In these simulations, CO5 absorption (hydroxylation) can produce Agz-6'80 co-variations with a negative
slope (initial perturbation), just like in the vectors in Fig. 3a, or a slope pointing in any of the other
three quadrants depending on the extent of equilibration (cf. Fiebig et al., 2021). The same can be said
for a scenario involving CO, degassing. The Ag3-0'30 patterns that ultimately get recorded in carbonate
minerals depend on the degree of reaction reversibility, which in turn depend on the nature of DIC influxes
and outfluxes. In other words, determining where on each of these loops a system will land requires a more
complicated model in which the CO5 flux is specified and there is also a CaCOj3 sink.

5 Box model and application to inorganic calcite precipitation
experiments

In this section we build a box model to explain large (>0.3%0) kinetic clumped isotope effects from inorganic
calcite precipitation experiments at high-pH (Tang et al., 2014). This data set is particularly amenable to
a box model because the experimental solutions were well-stirred (homogeneous) and the authors provided
information regarding the magnitude and isotopic composition of DIC fluxes. The goals of this exercise are:
(1) to provide the first example of a clumped isotope box model with a complete set of reaction kinetics
that can be easily adapted to other situations, and (2) to quantitatively evaluate the hypothesis by Tang
et al. (2014) that extreme light isotope enrichments in their experiments are due to some combination of
CO4, diffusion through a membrane and the hydroxylation reaction.

5.1 Summary of the Tang et al. (2014) experiments

The experimental setup is shown in Fig. 4a. A polyethylene (PE) container houses an inner solution with
no Ca?* but high CO3(aq)- The PE container is placed in an outer solution with 10 mM CaCly and no DIC
initially. The DIC is delivered to the outer solution by COs diffusion through the PE membrane. The CO4
flux varies between experiments because of differences in membrane thickness and in the pH of inner and
outer solutions. The pH of the outer solution is held constant through use of an autotitrator with NaOH as
the titrant.

Tang et al. (2014) describe their experiments as consisting of two stages. During Stage I, there is a COq
influx and the concentration of DIC in the outer solution increases monotonically until a critical saturation
is reached for spontaneous calcite precipitation. During Stage II, there is a CO2 influx and CaCOj3 outflux.
Stage II is characterized by a short period of rapid CaCOgs nucleation and growth followed by a prolonged
period of slower growth under steady state conditions.

A modified version of the experimental parameters and results of Tang et al. (2014) is given in Table
6. The flux of CO3 into solution during Stage I was calculated from [DIC] at the end of Stage I and the
duration of Stage I (¢1). The flux of CaCOj3 was calculated from the moles of CaCOs precipitated (M) and
duration of Stage II (¢2). The surface area normalized growth rate of CaCOj3 (moles m~2 s~1) was calculated
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by Tang et al. (2014) using a specific surface area for calcite based on particle size distributions. From the
reported growth rates, we report the total reactive surface area (SA) of crystals, which falls in the range of
0.1 £ 0.05 m? between experiments.

5.2 Box model setup

The experiments can be described using a box model with two fluxes: Fco, and Feaco, (both in moles L1
s~1) (Fig. 4b). For simplicity, we treat the problem as a seeded experiment such that the reactive surface
area is constant and equal to a representative value of 0.1 m?. This is justified on the basis that at the
onset of Stage II, there is a short period of rapid nucleation and growth that generates “seed” crystals whose
reactive surface area could plausibly be approximated as constant thereafter. Additional details regarding
the treatments of Fro, and Fraco, are described individually below.

5.2.1 CO; flux

A key source of uncertainty is the isotopic composition of CO5 as it enters solution. In the default case, we
assume that the COg(,q) in the inner solution is isotopically equilibrated with water. Under the experimental
conditions (5 °C and pH of inner solution between 7.3-8.1), the equilibration time for oxygen and clumped
isotopes (tggy) ranges from 6 to 35 hours (Uchikawa and Zeebe, 2012; Staudigel and Swart, 2018). Tang
et al. (2014) did not report the pre-experiment dwell time and whether or not it was sufficient to ensure
isotopic equilibration. Even if the COgy(,q) in the inner solution were equilibrated, it is possible for it to get
isotopically fractionated by diffusion through the PE membrane. To the best of our knowledge, there is no
available data on isotope fractionation by diffusion of COjy(,) through a PE membrane. However, an upper
bound on these effects is given by the mass dependence on diffusion through a porous medium where the
pore size is smaller than the mean free path of CO2 molecules (Knudsen diffusion):

0.5
Raiffused = Fresidue (]]\\2) ) (92)
where R is the ratio of the concentration of isotopologue j to that of 4, and M; and M; are the masses of
isotopologues i and j, respectively. Previous work suggests that this fractionation law with exponent of 0.5
yields a diffused population of COs that is 22.2%0 lower in 680 and 0.5%o higher in A47 (Eiler and Schauble,
2004). If the pore size were larger than the mean free path and/or the power law exponent were less than 0.5,
the isotopic effects would be reduced. In any case, there is potential for the COy flux to have significantly
lower 6'80 and higher A7 than presumed in the default scenario.

5.2.2 CaCOj3 flux

The precipitation of CaCOj3 constitutes a sink of EIC isotopologues that can affect the isotopic composition
of residual EIC. Chen et al. (2018) provided the CaCOg3 flux terms for carbon and oxygen isotopes. Here,
we build upon this framework by deriving the CaCOj3 sink term for the E3866 isotopologue. To begin, from
Eq. 29 in Watkins and Hunt (2015) we have:

(ony. (B8 -
SR () (Bed)

Next, we can define a kinetic clumped isotope fractionation factor:

) (259) o
(6315* ) ( [3666] ) ( [2866] )
63, B CaCO5 [2666] ) cacOg \ [2666] / cacOg 94
CaCO3—EIC — 63 R - ( [3866] ) ’ ( )
(77 rc [ SRR }
( [2666] )EIC( [2666] )EIC

which upon rearrangement leads to
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( [3866] ) ( [3666] ) ( [2866] ) ( [3866] )
63 [2666] CaCOs (2666] EIC [2666] EIC [2666] CaCOs3 13

— . — .18
aCaCOg—EIC - ( [3866] ) ( [3666] ) ( [2866] ) ( [3866] ) aEIC—CaCOg aEIC—CaCO3 .
[2666] ) g1 26661 ) caco, \ (126661 ) 00, [2666] ) g1
(95)
Solving for ([3866])caco, leads to
E3866 .
([3866])caco, = ([2666])caco, - M - B 00ac0s—BIC - P 0Caco,~EIC - P acaco,-EIC (96)
Considering this expression in terms of the flux of CaCOs, we can write:
d([3866])ca E3866
% = Fcaco, - M B 0caco,-rI1C - Pacaco;-—EIC - Pacaco,—EIC- (97)

Finally, the effect of calcite precipitation on the clumped isotope composition of residual EIC is given by

d([3866])caco, _ _ d([3866])mic:

dt dt (98)

The clumped isotope composition of calcite relative to EIC can be calculated from the ion-by-ion model of
Watkins and Hunt (2015), which describes the attachment and detachment of HCO3 and CO3~ isotopologues
to and from the calcite crystal (Egs. 1 and 2). Specifically, Eq. 38 of Watkins and Hunt (2015) gives the
63R/53R* of the crystal for a given pH and growth rate, which can then be normalized by the 3R /53 R* of
EIC to get 63aCaCOg—EIC (Eq 94)

5.3 Governing equations

The Tang et al. (2014) experiments are modeled by solving the following system of equations:

d|2 F
[df6] = {rxn terms, Eq. 27} + i/og (99)
d[E2666] Fcacos,

= - 100
o {rxn terms, Eq. 28} v (100)

F .13
d[366] _ {rxn terms, Eq. 29} + Feo, - "Rco, (101)

dt Vv

d[E3666] Foaco, [E3666]
% - {rxn terms, Eq. 30} — ?/ 2. [F2660] - Bacaco,_rIC (102)

d|2 F .18
1286] _ {rxn terms, Eq. 31} + Feo, Roo, (103)

dt Vv

d[E2866] Feaco, [B2866] g

—_— = t Eq. 32} — 2. . aCO5— 104
Tt {rxn terms, Eq. 32} v [E2660] QlCaCO5—EIC (104)

F, .47
d[386] _ {rXH terms, Eq. 73} + M—RCO? (105)

dt Vv

d[E3866 Foaco, |E3866
% = {rxn terms, Eq. 74} — C‘fo“" : {E2666} '63aCa003—EIC : 13040&003—1310 : 18040&003—EIC
(106)
2+

d[cdi I _ _Fcifoz (107)

Since the ion-by-ion model describes calcite growth and not dissolution, we initialize the model with enough
DIC so that Q = 1. Hence, the model effectively begins just prior to Stage II of the experiments. The
CO; that is fluxed into solution gets converted to HCO3 and CO?{ according to the (de-)hydration and
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(de-)hydroxylation reactions and calcite grows at a rate that depends on [Ca®*] and ][CO37]. At each
timestep, the H2666 and 2666 species concentrations are calculated from E2666 and are used as inputs into
the ion-by-ion model, which returns the surface area normalized growth rate as well as the pH- and growth
rate-dependent 130[(33003_}310, 180&03003_]5310, and 63aCa003—EIC values. The growth rate is multiplied by
the reactive surface area (0.1 m?) to get Fcaco, and the calculation is repeated.

5.4 Model behavior

An example showing the behavior of the model run to steady state is shown in Fig. 5. The CO5 flux
is held constant at 0.01 mmol/h (Fig. 5a), which is in the middle of the range of the Tang et al. (2014)
experiments. The flux of CaCQOg3 is initially 0 but it increases monotonically until it exactly balances with
the specified flux of COy (Fig. 5b). The specified Fco, determines the time required to reach steady state
as well as the steady state growth rate. The oxygen isotope composition of DIC is initially equilibrated
but 1000Ina decreases due to the kinetic fractionations attending the hydration and hydroxylation reactions
(Fig. bc). After about 70 hours, the system reaches steady state composition that is far from equilibrium.
The emergent behavior of clumped isotopes is that the DIC species become more ordered due to hydration
and hydroxylation, and CaCO3 growth is fast enough to inherit the weighted sum of HCO3 and CO%‘, in
accordance with the ion-by-ion model (Watkins and Hunt, 2015).

5.5 Model application

Outputs from the default version of the model are compared to the Tang et al. (2014) data in Fig. 6a-b.
Each point on a model curve represents the steady state isotopic composition for the specified pH and Fco,.
For oxygen isotopes (Fig. 6a), the model curves bracket the data below pH = 9.5, but lie well above the
data at higher pH. For clumped isotopes (Fig. 6a), the model correctly predicts an increase in A4y with
increasing pH and the curves bracket most of the data. The model predicts a kinetic limit of Ay7 ~ 1.00,
which is somewhat lower than the experimental Ay7 = 1.06 at pH = 10.5.

There are two adjustments to the default model that can better fit the data at high pH. The first is to
increase the kinetic fractionation factors for the hydroxylation reaction, as shown in Figs. 6¢c-d. However,
fitting the oxygen isotope data requires changing the KFF assigned to OH™ by almost 30%0 (a44/k14 =
0.9988 — 0.9700) to generate a KIE that is 10%o greater because OH™ contributes only 1/3 of the oxygen
atoms to the hydroxylation reaction. Note that changing the KFF assigned to COq (by4/k44) has little
effect on the results because the COz is nearly quantitatively converted to HCOj3, and consequently, the
corresponding KIE isn’t expressed. Fitting the clumped isotope data requires changing the direction of the
primary clumped isotope KIE (**~18KIE, , = 1-0.016/1000 — 14-0.180/1000), which is also unsatisfying.
Changing the secondary KIE (**~!®KIE, ) has little effect on the results.

The alternative option is to relax the assumption that the CO5 flux is in oxygen and clumped isotope
equilibrium with water at 5 °C (Fig. 6e-f). If the KFF's in the default model are correct, then fitting the
oxygen isotope data requires the 680 of COs to be 13.7%o¢ lower whereas the clumped isotope data requires
the Ay7 of CO4 to be 0.11%0 higher. As discussed in §5.2.1, both the sign and magnitude of these changes
could plausibly be produced by COg, diffusion through a PE membrane. Such diffusive isotope effects
should also fractionate carbon isotopes but this cannot be evaluated because Tang et al. (2014) did not
report the §'3C of DIC in the inner solution.

In summary, this modeling exercise supports Tang et al. (2014)’s interpretation that low §'%0 and
high A47 values at high pH are due to a combination of diffusion and reaction KIEs. Reaction KIEs alone
cannot explain the data unless previously-published KFF's for hydroxylation are significantly underestimated.
Modeling results indicate that diffusion of COy(g) through a PE membrane can efficiently separate the
isotopes of oxygen, and presumably also carbon, which may have implications for KIEs arising from CO4
diffusion through other types of membranes in biomineralization models (Zeebe et al., 1999a; Adkins et al.,
2003; Erez, 2003). In principle, the model can be used to inform the design and run conditions of future
experiments, particularly if the goal is to avoid KIEs attending a particular step during mineral formation.
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6 Summary

Kinetic isotope effects are ubiquitous in inorganic and biogenic carbonates. Open-system, reactive-transport
models and/or box models have been useful for understanding the cause(s) of kinetic 6'3C and §'80 effects in
corals (Adkins et al., 2003; Chen et al., 2018), foraminifers (Zeebe et al., 1999a), speleothems (Hansen et al.,
2017; Guo and Zhou, 2019a) and alkaline travertines (Christensen et al., 2021). Kinetic clumped isotope
effects hold additional information about the conditions of carbonate formation, but only recently has there
been sufficient information regarding clumped isotope KFFs to extend the models to A7, Asg and Ayg.

Two approaches have been taken for describing clumped isotope KIEs in the DIC-H5O system. The
IsoDIC model (Guo, 2020) is the most complete and accurate model because it tracks most of the iso-
topologues (2H and 3H are excluded) in the DIC-H50 system. The ExClump38 model (Chen et al., 2018;
Uchikawa et al., 2021) tracks the most abundant isotopologue at each mass, giving it the advantage of fewer
equations that need to be adapted for biomineralization and inorganic calcification models.

We expanded the ExClump38 model to double and triple clumped isotopes and validated it against the
IsoDIC model. We then showed how to couple the model to a separate model that describes KIEs in the
CaCO3-DIC system (Watkins and Hunt, 2015). An example box model describing KIEs in the full CaCOs3-
DIC-H,O system was applied to the inorganic calcite precipitation experiments of Tang et al. (2014). The
overall approach should be useful for adding a quantitative element to interpretations of §3C-6'80-Ay7-
Ays-Ayg kinetic effects in many inorganic and biogenic carbonate systems.

Remark For this work, we developed codes in MATLAB for the ExClump38-IsoDIC comparison (Figure 2)
as well as the box model (Fig. 6) that we intend to make freely accessible on GitHub and/or EarthChem
Library.
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Number 1D Isotopologue Mass (ignoring H)  Permutations Abundance

Part I: COs
1 12C160160 44 1 98.40%
2 13C10160 45 1 1.11%
3 12¢70160 45 2 748 ppm
4 12C18Ql60 46 2 0.40%
5 BCITO10 46 2 8.4 ppm
6 12¢170170 46 1 0.142 ppm
7 1BCO60 47 2 44.4 ppm
8 2C17Q180 47 2 1.50 ppm
9 BC7O"0 47 1 1.60 ppb
10 2c080 48 1 3.96 ppm
11 BCITO180 48 2 16.8 ppb
12 BCBOB0 49 1 44.5 ppb
100.0%
Part II: HCO3
1 H2C*016010 60 1 98.20%
2 H13C6010160 61 1 1.10%
3 H2CY70160160 61 3 0.11%
4 H2C060'0 62 3 0.60%
5 H3C7016010 62 3 12 ppm
6 H2C70700 62 3 405 ppb
7 HB3C®0010 63 3 67 ppm
8 H2C70B00 63 6 4.4 ppm
9 H3C70M700 63 3 4.54 ppb
10 H2CY70"070 63 1 50 ppt
11 H2C1801010 64 3 12 ppm
12 H13C70B0O0 64 6 50 ppb
13 H2C70M70180 64 3 828 ppt
14 H3C70M7070 64 1 0.5 ppt
15 HI3CBOB00 65 3 138 ppb
16 H2CY70180180 65 3 4.5 ppb
17 H3C7070%0 65 3 9 ppt
18 H2C1800%0 66 1 8 ppb
19 H3CI70B0%0 66 3 51 ppt
20 H13CBOBOB0 67 1 94 ppt
100.0%

Table 1: List of CO5 and COg_ isotopologues tracked in the IsoDIC model (Guo, 2020). The subset of
isotopologues in bold are tracked in the ExClump38 model (Uchikawa et al., 2021). Abundances are from
Ghosh et al. (2006).
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Table 2: Parameters for conventional isotope ratios.

Symbol Expression (or value at 25 °C) Reference/Note
Part I: Chemical parameters
H2666][H
K [[266][1-1]2[[6]]7 EEI?G] =1 f(T,5)
2666
K2 [H2666] f(T7 S)
Ky [6H][H] f(T,9)
ki1 In k11=1246.98 - 91290 —183.0InTk  Uchikawa and Zeebe (2012)
k_1 k_1=ki1/Kq -
kiq In ki4=17.67 —szTi?(”” Uchikawa and Zeebe (2012)
k,4 k74:k+%ﬁ -
X X = 1+ [Ii(i] -

Part II: Carbon isotope parameters

13, €qd —1
@00, -HCO; -9.866 T—* + 1.02412 Zhang et al. (1995)
B, _ -0.867 T—! + 1.00252 Zhang et al. (1995)
o5 —HCO;
Baglh 0.9872 Yumol et al. (2020)
BalEF 0.9814 Christensen et al. (2021)
13 KFF
C+1 1= "o, ki -
€-1 co1 = e /(K1 - Pajico,—co,) -
c =13 L k -
+4 C+4 Qe y +4
C—4 C-4=cCta/ (% : 130‘?0037002) -
13 13, _ 1 )
X X 1+4K2’13ai<13]—ﬂc303

Part I1I: Oxygen isotope parameters

B agt, _H,0 exp(2520 Ty + 0.01212) Beck et al. (2005)
18afd exp(2590 Tic? + 0.00189) Beck et al. (2005)
HCO; —H>0 ,
180460‘102, o exp(2390 Tj ~ - 0.00270) Beck et al. (2005)
3 —Ha
Bt 5.6676x107°% Tk + 0.9622 based on Zeebe (2020
OH~ —H,0
IBafEF 1.0000 Yumol et al. (2020
a%l
Bt 0.9812 Yumol et al. (2020)
IBalFE 0.9988 Christensen et al. (2021)
18aK%F 1.0000 Christensen et al. (2021)
b 18 KFF
ay1,b41 a1 ="a,,, ki -
KFF
b+1 = 18ab+1 . k+1 -
a-1,b—1 a—1 = ay1/(K1 - "®anco,-u,0) -
b1 =b1/(Kyi - Panco,-co,) -
G4q,b14 apq = 180(5F4F A -
KFF
b+1 = 1804b+4 . k+4 -
180( _
aca b o =ag/ (Fogieeame)
18
b_y=big/ (}% QHCO3-CO, -
18 18, _ 1 3
X X = 1+K2'18a%q037HCO3
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1 2 ttot ™M [Calini [DIC] FCO2 FCaCO3 SA log10R
Exp T pHout (hrs) (hrs) (hrs) (mmol) (mMm) (mM) (mmol/h) (mmol/hr) (m2)  (mol/m2/s) 10001na ba7
1 5 9 194 647 841 5.8 10.1 0.24 0.006 0.009 0.059 -7.38 26.75 0.733
2 5 9 186 402 588 5.2 9.9 0.24 0.006 0.013 0.073 -7.31 28.23 0.735
3 5 9 162 223 385 9.6 10.5 0.33 0.010 0.043 0.188 -7.20 29.49 0.748
4 5 10 119 309 428 6.9 9.9 0.05 0.002 0.022 0.112 -7.26 14.09 0.962
5 5 8.5 438 336 774 3.7 10.2 0.53 0.006 0.011 0.056 -7.27 31.51 0.787
6 5 10.5 48 187 235 12.4 92.5 0.04 0.004 0.066 0.230 -7.10 13.07 1.065
7 5 8.3 72 26 98 6.6 10 2.15 0.149 0.254 0.164 -6.37 31.22 0.765
9 5 8.3 127 65 192 4.8 10.3 1.6 0.063 0.074 0.107 -6.72 31.78 0.753
10 5 8.3 61 51 112 9.3 9.9 1.95 0.160 0.182 0.209 -6.62 30.99 0.752

Table 6: Experimental data from Dietzel et al. (2009) and Tang et al. (2014) used to constrain the input

parameters (T, pH, [Ca?*], and SA) and adjustable parameters (Fco,) used in the model.
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Figure 1: Validation of the ExClump38 model for carbon and oxygen isotopes. In these simulations, the DIC
pool is initially equilibrated and then the COy or HCOj3 is perturbed and the system is allowed to adjust
back to equilibrium. The analytical solutions come from Uchikawa and Zeebe (2012) for §'*0 equilibration,
Zeebe and Wolf-Gladrow (2001) for §'3C equilibration, and Zeebe et al. (1999b) for chemical equilibration.
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Figure 2: Validation of the ExClump38 model for clumped isotopes. In these simulations, the DIC pool is
initially equilibrated and then the COs is perturbed and held constant and the system is allowed to adjust to
the new equilibrium. The curves are indistinguishable from those in Fig. 3 of Guo (2020) and were produced
using the same rate constants and isotopic fractionation factors for carbon and oxygen isotopes as Guo and
Zhou (2019b) and Guo (2020), which differ from those compiled in Table 2.

28



A,, enrichment 0.7 _ ‘
(a) A (b) CO, degassing (pH = 8)
T
0.6 \ L
o PH
0% 2 0.5 L
%;%J, e *
S Y% | o
%, % S
y S 04 L
880 depletion <« > 880 enrichment T
(3]
C ©
> 0 < 03 / L
Q\)\é{\ SZ’Q\@ 09 eoé’/)
oS % o, CO, absorption (pH = 9)
S %o %, 0.2 -
+pH &L g Ry
[ % o,
o7 0.1 T ‘
A 7 10 20 30 40
18 -
A,, depletion 8'°0 HCOj3 (%0)

Figure 3: The effects on (de-)hydration and (de-)hydroxylation on Ay and §'80. (a) Vectors based on
calculations by Guo (2008) showing the expected direction of departure from equilibrium (modified from
Tripati et al., 2015). (b) Results from the simulations in Fig. 2 showing the direction and magnitude of
departure from equilibrium. The initial kinetic effects (i.e., early times in the simulation) are shown by the
black arrows. These agree with those depicted qualitatively in (a), but a central question is to what extent
the arrows in (a) are generalizable.
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(a) Tang et al. (2014) experiments

T=5°C
pH = constant
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(b) Isotopic box model
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F co,
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CcaCo,

Figure 4: (a) Experimental setup used by Dietzel et al. (2009) and Tang et al. (2014). (b) Setup for the
isotopic box model.
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Figure 5: A box model simulation run to steady state. (a) Fco, is held constant throughout. The COg(,q)
gets converted to HCO3; and CO%‘, which increases the degree of supersaturation with respect to calcite.
(b) Fcacos at each timestep is calculated from the ion-by-ion model based on the degree of supersaturation.
Initially, Q@ = 1 and it increases monotonically until Fcaco, = Fro,. (¢) The oxygen isotope composition of
HCOj3 and CO?{ are initially equilibrated but become isotopically lighter due to hydration and hydroxyla-
tion reactions. CaCOj inherits the light composition of HCO; and CO? plus an additional fractionation
attending the crystal growth reaction in accordance with the ion-by-ion model. (d) The clumped isotope
composition of HCO3; and COg_ increases with time and is also inherited by CaCO3; plus a small additional
effect attending the crystal growth reaction in accordance with the ion-by-ion model.
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Figure 6: Steady state solutions to the box model for different pH and Fro,. The data points and curves
are color-coded according to the steady state growth rate. In the default model (a-b), the KFFs are treated
as “known” (Table 2) and the COy flux is assumed to be in oxygen and clumped isotope equilibrium with
water at 5 °C. (c-d) Same as the default model but with larger oxygen isotope KFFs on the hydroxylation
reaction. (e-f) Same as the default model but with the COs flux having lower 680 (by 13.7%0) and higher
Ay7 (by 0.11%0). In the latter scenario, the non-equilibrium COs could be due to insufficient dwell time
prior to the onset of an experiment, or more likely by diffusion through the PE membrane.
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Supplemental Material

S.1 Justification for omitting certain terms

Chen et al. (2018) compartmentalized the chemical reactions from the isotopic reactions. That is, their
equation for d[266]/dt did not include contributions from the isotopic reactions (i.e., the terms in red):
d[266]
dt

= — k11[266] + k_1 [EIC]x[H]

— k44[266][6H] + k_4[EIC]y

1 (S.1)
— a41[266]r,, + ga_l[EQSGG]lsx[H]

1
— a.4.4[266][8H] + Za_4[E2866]

Although these terms are small, they may not be negligible in all cases. Consider the forward CO2 hydration
reaction and the special case where there is no kinetic isotope fractionation (i.e., at1/k+1 = 1). In this
scenario, the isotopic composition of the flux should exactly match the isotopic composition of reactant
COs. That is, d([286]/]266])/dt should equal 0. We can check this by using the pure forward (hydration-
only) expressions:

d(Bo) 4200 266) - 4209 a5g) g, [286][266] + koo [266][286] . (5.2
dat [266][266] B [266][266] - '

which is true. If we were to include the additional contributions from E2866 in d[266]/dt we would have the
following:

extra flux

a(B) _ —41[286)[266] + Fi41[266][286] + a.1[266]r [256] , .
at [266][266] #0, (S:3)

which is problematic. Deleting the terms in red is one way to resolve this problem, but that justification
is unsatisfying. As recognized by Sade and Halevy (2018), when one considers the subset of isotopologues
266, 286, Ho8, and Hs6, failure to include the reaction involving both 286 and Hs8 can lead to errors that
show up in cases of unidirectional reaction. In other words, an argument could be made for including the
following reaction involving heavy COy and heavy HoO:

P/ 1
286 + Ha8 2:* H2886 + H, (S.4)

/3p"4

where p’ is one of the rate constants for double clumped isotopes. By including this reaction, the expression
would read

d ( %) —0.41[286][266] — ', | [286][H28][266] + k-1 [266][286] + a..1[266] [H,8][286]

= =0, 8.5
dt [266][266] (5:5)
which is true when the forward rate constants are all equal (i.e., no kinetic fractionation).
This presents two options. The first is to include two additional reactions:
p’+1
286+ Hy8 — H2886 +H (S.6)
2/3p"4
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286 + 8H 2 H2886. (S.7)
2/3p_,

and explicitly track the double clumped isotopologue and include their contributions to chemical and oxygen
isotope equilibration. The second option is to do as was done previously (Chen et al., 2018; Christensen
et al., 2021) and treat chemical equilibration independent of isotopic equilibration. Both options recover
the correct behavior in the kinetic limit of purely unidirectional reactions. However, the latter option is
attractive when it comes to including kinetic effects from CaCQOj3 precipitation because the ion-by-ion model
or a suitable alternative has yet to be developed for double and triple clumped isotopes.

S.2 Derivation of rate constants for single clumped isotopes

For the primary hydration reaction we have

13718aKFF erl
13—18 _ D+1 _ +1
KIEZDH - 18 o KFF . 13 o KFF T C41 G410 (8‘8)
a1 C+1 ki1 ki

from which we get an expression for pii:

13718KIEP+1 C41041

_ S.9
P+1 ko (5.9)
To obtain p_; we use the equilibrium constraint from the corresponding hydration reaction:
P+1 _ +[H3866] [H] (5.10)
p-1 [366][H28] - .
By multiplying the top and bottom by a common factor, we can write
[H2666] [H2666) 1
pe1 3[H3866]H]  [A3660][H2866] [266] .6 (S.11)
- [H2666] [H2666] _1 ~ ’
p-1 [366][H8] [H3666][H2866] [266] H6
which upon rearrangement yields
$[H3866][H2666] [H2666][H]
D+1 _ "[H3666][H2866] ~ [266][H26] $12
pil T [366] [H2666] [H2666] [H28] " (S.12)
- [266] * [H3666] ~ [H2866] = [H26]
Rearranging again yields
[H3866][H2666] [H2666][H] [H3666] [H2866]
D+1 _ [H3666][H2866]  [266][H26] = [H2666] [H2666] S13
p_1 [366]  [H28] ) (8.13)
[266] * [H26]
Converting isotopologue ratios to isotope ratios leads to
pr1 1 [ BRN\™ 137'Hco; 3.18 THCO;
—_— = = 637* . Kl . 13 N . (814)
p-1 3 R ) uco; TCO, Tw

The factors of 3 cancel and we end up with

P+1 SR\ 13 _ed eq
_ . 13 18
p1 (63R*)HCO Ki-aycor —co, T YHco; —H0" (S.15)

3
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For the secondary clumped isotope hydration reaction, we have

13-18 \ KFF Z+1
13—18 _ S+1 _ +1
KIE5+1 - 18 KFF | 13, KFF T ocq1 by <S16)
bis C+1 ki1 ki
from which we get an expression for s;i:
13-18KTE, . cy1b
Sp1 = TP (S.17)
ki1
To obtain s_; we use the equilibrium constraint:
2
2/H3866|[H
st1 _ [H386G]H] (S.18)
S_1 [386] [Hg 6}
By multiplying the top and bottom by a common factor, we can write
[H2666) [H2666] [266]
sy1 3[H3866][H]  [maccoimzses]  [266] | [B06I280) (5.19)
- ’ [H2666] " TH2666] < [266] ° :
5-1 [386][H-6] [I3666][12866]  [266]  [366][280)]
which upon rearrangement yields
2[H3866][H2666] [H2666][H] [266]
S4+1 _ "[H3666][H2866] ~ [266][H26]  [366][286] .90
; T [386][266] [H2666]  [H2666] (S.20)
- (366][286] ~ [H3666][H2866] ~ [266]
Rearranging again yields
2[H3866][H2666] [H2666][H] [H3666][H2866]
S4+1 _ "[H3666][H2866] ~ [266][H26] [H2666][H2666] §91
; - [386][266]  [366][286] : (S.21)
- [366][286] ~ [266][266]
Converting isotopologue ratios to isotope ratios leads to
2 (R \™ 13 18
Si1 3" (63R*)HCO; K THCO; "3 THCO; (5.22)
-1 (725 co, - ¥rco, -2+ Breo,
The factors of 2 and 3 cancel and we end up with
63 |4 K. 13,5 18, €d
CEy BT 800 —co, T YHCO; —H,0
S4+1 HCO; 3 3 §.923
o s (523
R*)CO,
For the primary clumped isotope hydroxylation reaction, we have
1318 \ KFF zﬁ
13-18 _ D+4 o +4
KIE,,, = 18 KFF . 13, KFF _ Cid a4’ (S.24)
atq Cta kia kya
from which we get an expression for p4:
ot 13718K1Ep+4c+4a+4 (S.25)

ko
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To obtain p_4 we use the equilibrium constraint:

pis  [H3866]

_ S.26
pos [366IH]) (520
By multiplying the top and bottom by a common factor, we can write
H2666 H2666 H
pya _ 5[H3866] [H36[66] [H2]866] : 1266] ] % S o7
p_s  [366][8H] [H2666] " TH2666]  [H] ° (5.27)
- [H3666][H2866] [266] T6H]
which upon rearrangement yields
1[H3866][H2666] [H2666][H] 1
D44 _ T[H3666][H2866] = [266]  [H][6H] §.98
1,74 - [366] [8H] _ [H2666] [H2666] (S.28)
- 1266] * [6H] * [H3666] ~ [H2866]
Rearranging again yields
5 [H3866][H2666] [H2666][H] 1 [H3666] [H2866]
D4 [H3666][H2866] [266] [H][6H] ~ [H2666] = [H2666) 529
Py (366]  [8H] ' (8.29)
- [266]  [6H]
Converting isotopologue ratios to isotope ratios leads to
1 (o |\ 1
Pia B (63R*)Hco; Kews 1STHCOQ 3.1 "HCOg (5.30)
p-s Brco, - ron- .
The factors of 3 cancel and we end up with
P+4=<63R) e el o (S-31)
P4 SR ) hoo- Ku ®Hco; -co, © *HCO; —OH-* :
For the secondary clumped isotope hydroxylation reaction, we have
13—18  KFF zj
13—18 _ 544 _ k44
KIEs,, = 33 oKFF 13+aKFF - chrbj? (S.32)
S+4 Ct4q k‘+4 k+4
from which we get an expression for s,4:
BB=18KIE, ,cy4b
4= k; AT (S.33)
To obtain s_4 we use the equilibrium constraint:
sya  3[H3866] (5.34)
s—a [386][6H] '
By multiplying the top and bottom by a common factor, we can write
[H2666] [H2666]  [266][266]
St4  5|H3866] (m3cooimoses]  [266]  [366][286] 335
54 [386][6H] ’ [H2666] " TH2666] ~ [266][266] ’ (S.35)
B [F13666] [[12866] [266] [366][286]
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which upon rearrangement yields

2[H3866][H2666]  [266] [266]  [H2666]
S+4 [[I3666][H2866] ~ [366] ~ [286]

] " [286] ~ [266][6H]

S 4 = [386][266] [H2666] [H2666] (5.36)
- [366][286] ~ [H3666] = [H2866]
Rearranging again yields
2[H3866][H2666]  [H2666] [H3666] [H2866]
S44  "[HI3666][H2866] ~ [266][6H] ~ [H2666] ~[H2666] .37
i - [386][266] [366] [286] : (S.37)
- [366][286] ~ [266] = [266]
Converting isotopologue ratios to isotope ratios leads to
2 (%R )eq K, .13 18
=, 55 . . r . 3 . r .
Spa 3 <63R Heo;  Ku HCOj HCO; (5.38)
S_4 (7725 ) ey, 13700, - 2+ 187 '
47R* 002 COQ CO2
The factors of 2 and 3 cancel and we end up with
( 63 p )eq LKy lsaeq ~ . 13aeq B
Spa IR~ Hoos | K HCO3 —CO» HCOj3 —CO» S 30
; - ( 4aTR )eq . ( . )
- 47R* 002

These expressions for the rate constants are nearly identical to those of Uchikawa et al. (2021). The
only difference is that they wrote 47K, and 63K;qcog instead of (*"R/*"R*)(,, and (63R/63R*)‘;chog,
respectively. This works for single clumped isotopes because the quantities are equivalent, but breaks down
for double and triple clumped isotopes. A compilation of the parameters needed to solve Eqgs. 73-74 is

provided in Table 3.

S.3 Adding double-clumped isotopes to the model

S.3.1 Homogeneous reactions and clumped isotope definitions

Double-clumped isotope systems involve the internal equilibrium of 1#0-'80 bonding within a single species.
For CO4, we can write the following isotope exchange reaction:

286 + 286 — 288 + 266 (S.40)
which has an equilibrium constant
288][266)
BKoo, = [7. S.41
€02 ™ 1286][236] (S41)
The abundance of 288 is measured as:
48R
where
s 1288 (S.43)
[266] ’

The asterisk in Eq. S.42 indicates the stochastic distribution, which can be calculated from the standard
carbon and oxygen isotope ratios. Unlike the case for single clumped isotopes, the 8 Kco, and Ayg are not
equivalent:

48 _[288] [266] [266] 45 o 18 J1 o 18 o1 48\ ©d
CO; — [266} [286] [286] - R (2 TCOz) (2 TCOQ) - 4 48R* CO2, (844)
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where we have used the relationship from §2.1 (Eq. 17) that, for a stochastic distribution,

288 " 2

s The factor of 1/4 will ultimately get cancelled in the derivation of the backward rate constants.
Combining Eq. S.42 with Eq. S.44 leads to

288)[266] 1/ BR\* 1 [Afco
8y _ [7 N . = —====2 41 4
€02 T 286][286] 4 \BR* ), 4\ 1000 + (546)

Similar expressions can be written for clumped isotope equilibrium in HCO3 and CO%T

H2866 + H2866 — H2886 + H2666 (5.47)

and
2866 + 2866 —— 2886 + 2666, (S5.48)

which have equilibrium constants

eq

64 eq A _
o _ [H2886)[H2666] _ 1 ( R> _ % ( 64,HCO; +1> (5.49)

M5 [H2866][H2866] 3 \*1R" ) oo 1000
and Ac
2886][2666] 1 [/ %*R \*? 1 2-
B e = (2O80I2666] 1 (R — o[ 2% ). (S.50)
s [2866][2866] 3 \®'R" )2~ 3\ 1000

s« 5.3.2 Heterogeneous reactions involving double-clumped isotopologues

s To add double-clumped isotopes to the model, we need to include the reactions involving #O-180 ‘clumps’
s in CO2 and HCOj':

Py

286 + Ho8 — H2886~ + H* (S.51)
2/3p’_,
288 + H,6 /é H2886~ + H* (8.52)
1/3s"
P;_4
286+ 8H~ — H2886~ (S.53)
2/3p”_,
sy
288 +6H~ — H2886~ (S.54)
1/3s"_,

Note that for double-clumped reactions, the primary reactions have a factor of 2/3 on the back reaction
whereas for singly-clumped reactions, the primary reactions had a factor of 1/3. From these reactions we
obtain the following ODEs:

d[2 1
dizss] _ s'1[288] + gs’_l[E2886}64X[H]

- 1 (S.55)
— &, 4[288][6H] + gs’, 4[E2886]%x
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546

547

d[E2886]

2
T P11 [286]7y — gp’_ 1 [E£2886]%4[H]

2
1y 4[286][SH] — ~pl_,[E2886]°x
! (S.56)
+ 3;1[288] — gsl_l[E2886]64x[H]

1
+ s/, 4[288][6H] — gsl_ 4[E2886]%x

S.3.3 Derivation of %y

The %4y term takes the same form as the other y terms because the fraction of clumped EIC that is in the
form of HCOj3 has the same pH dependence as for standard isotope ratios (Hill et al., 2014):

1
X = —gy (5.57)

where 54K is the equilibrium constant for the deprotonation reaction:

GlR, = [[2;22]8[;]. (S.58)

This can be expressed in terms of the equilibrium Ags values of HCO3 and COg_. First, multiply the top
and bottom by a common factor:

[H2666] [2666]
64y, _ [2880][H] ~Tscolmases] [soolesco] | [2666] [H2666] (8.59)
27 [H2886] [F2666] 2666] " [2666] [H2666]’ '
[[12866][H2866]  [2866][2866]

which upon rearrangement yields

[2886][2666] [H2666] [H2666]
64, _ _[280][2866]  [F2866] " [H2860] [2666] [H] (S.60)
2~ TH2886][H2666] [2666] [2666] [H2666] :
[F12866) [F12366] [2866] ~ 2866
Converting isotopologue ratios to isotope ratios leads to
64 __ 64 €4 18 €4 18 €q
Ko ="ac02- _noo; * %oz~ -nco; - Yco?—uco; K2 (5.61)
where
Acd
64,CO,
<1 + —To00 )
64 €4 _
Qco; —HCO; — < : (S.62)
64,HCO,
(1 + 1000 )
S.3.4 Rate constants
For the primary double-clumped isotope hydration reaction, we have
18—18 , KFF Pl
I8-18KTR., — Py _ Ey 363
Pi1r T I8 KFF . 18 KFF  bijag; (5.63)
a+1 by ki1 kg1
Rearranging leads to
18_18KIE/ b+1a+1
Py = (S.64)

k1
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To obtain p’_; we use the equilibrium constraint from the corresponding hydration reaction:

Py 2[H2886][H]

= ——. S.65
P4 [286][H28] ( )
By multiplying the top and bottom by a common factor, we can write
[H2666] [H2666]
i1 3[H2886][H] [moseoymoses]  [eel s (5.66)
ro [H2666] [H2666] _1 ° ’
P [286][H8] [F2866][H2866]  [266]  H20
which upon rearrangement yields
, 2 [H2886][H2666]  [H2666][H]
Dy1  T[H2866][H2866] ~ [266][H26] (S.67)
p',  [286] [H2666] ~[H2666] [H28] " :
-1 [266] ~ [H2866] ~ [H2866] = [H26]
Rearranging again yields
, 2[H2886][H2666] [H2666][H] [H2866] = [H2866]
Py1  T[H2866][H2866] ~ [266][H26] ~ [H2666] [H2666] (S.68)
P’ - [286] [H28] : :
-1 [266] " [H26]
Converting isotopologue ratios to isotope ratios leads to
64 eq
- (%64;;) K13 P ryeos 3 rheos
P HCO, ’ ’ (S.69)
j 2-Breo, ’
The factors of 2 and 3 cancel and we end up with
p/+1 G4R \ 18 ed 18 €4
v = (643* - K1 Pagcor —co, T YHco; —H,00 (S.70)
- 3
For the secondary double-clumped isotope hydration reaction, we have
18—18  KFF s’y
18718KIE _ Si{—1 o ki1 S.71
sh1 T 18, KFF 18, KFF — bii byi’ (S.71)
by by ki1 ki1
from which we get an expression for s,1:
18=18KIE,, by1bya
sy = k;l (5.72)
To obtain s’ ; we use the equilibrium constraint:
S A[H2886)[H] -
s’ [288][H26] ’
By multiplying the top and bottom by a common factor, we can write
[H2666] [H2666] [266)
s, 3[H2886][H]  [F2866][H2866]  [266]  [286][280] (8.74)
s',  [288][H.6] [H2666] [H2666] [266] ° :
[F12866] [F12866] [266] [286][286]
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which upon rearrangement yields

+[H2886][H2666] [H2666][H] [266][266]

S'+1 _ [H2866][H2866] ~ [266][H26]  [286][286] §.75
s [288][266]  [H2666][H2666] (5.75)
-1 [286][286] ~ [H2866][H2366]
Rearranging again yields
, 1 [H2886][H2666] [H2666][H] [H2866][H2866]
511 _ T[H2866][H2866] [266][H26] ~[H2666][H2666] 76
s [288][266]  [286][286] : (5.76)
-1 [286][236] = [266][266)
Converting isotopologue ratios to isotope ratios leads to
64 eq
s % ’ (%6415'*)1{00, Ky-3- 18THCO; 3 187"Hco;
/+1 _ s 22 (S.77)
51 (177) 0o, 2+ *¥roo, 2 ¥reo,
The factors of 2 and 3 cancel and we end up with
oip |4 18, €d 18, ed
s (64R*)HCO— K1 Pageos _co, T YHeo; —co,
tl 3 . (S.78)
s/—l (ﬁssR ) by
R*)CO,
For the primary double-clumped isotope hydroxylation reaction, we have
18—18 , KFF Pla
18—18 _ Py __kta
KIE,,, = 18 KFF 18 KFF — bisais’ (5.79)
a4 bia Fra kya
from which we get an expression for p/, ;:
B-18KIE,, bi4a
’ g +4U+4
= S.80
Diya ks (S.80)
To obtain p’_, we use the equilibrium constraint:
! 2[H2886
Py _ 5[H2856] (S.81)
ply  [286][8H]
By multiplying the top and bottom by a common factor, we can write
[H2666] [H2666]  [H]
p/j o %[H%SG] _ [H2866][H2866] ~ [266]  [6H] (S 82)
r [H2666] [H2666] [H] ’ :
Pl [286][8H] [[12866][12566] [266]  [6H]
which upon rearrangement yields
, 2[H2886][H2666] [H2666][H] 1
Py4  T[H2866][H2866] ~ [266]  [H][6H] $.83
o - [286]  [8H] = [H2666] [H2666] (5.83)
- [266] * [6H] ~ [H2866] ~ [H2866]
Rearranging again yields
, 2[H2886][H2666] [H2666][H] 1 [H2866] [H2866]
Pyq _ [H2866][H2366] [266] [H][6H] ~ [A2666]  [H2666] (S.84)
v [286] [8H] : :
-4 [266] * [6H]
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Converting isotopologue ratios to isotope ratios leads to

2 (15p\™ 1 18 18
Py B <§G4R*>HCO; K- g3 Prhco; 3 THeO; 555
Py 2-Breo, - ron- .
The factors of 3 cancel and we end up with
Pra _ ( "R )eq B s A8 : (S.86)
. 64 Heos Ky HCO; —CO» HCO; —OH
For the secondary double-clumped isotope hydroxylation reaction, we have
18—18  KFF sy
18—18 _ ha _ kya
KIES’H T 18, KFF 18 KFF — bi4 bia’ (S.87)
by bia Kyakya
from which we get an expression for s, ;:
KB, byabia
sy = 3 +e (S.88)
+4
To obtain s’ , we use the equilibrium constraint:
1
sy 3[H2886]
=3 (S5.89)
s_,  [288][6H]
By multiplying the top and bottom by a common factor, we can write
[H2666] [H2666]  [266][266]
s' 4  3[H2886] (moscom2see] [266]  [286]1286] 5 00
s, [288][6H] ’ [H2666] " TH2666]  [266][266] ’ (5.90)
—4 [H2866][H2866] [266] [286][236]
which upon rearrangement yields
, 1[H2886][H2666] [266] [266] = [H2666]
844 _ T[H2866][H2866] [286] ~ [286] " [266][6H] (S.91)
s [288][266]  [H2666] [H2666] ’
—4 [286][286] ~ [H2866] = [H2866]
Rearranging again yields
, L[H2886][H2666]  [H2666] [H2866] [H2866]
Sy4 _ "[H2866][H2866] ~ [266][6H] = [H2666] [H2666] S99
s [288][266] [286] [286] : (5.92)
- [286](286]  266] * [266]
Converting isotopologue ratios to isotope ratios leads to
1 (1%r\™ K
o 3" (5@) IR ik 18THCO; "3 18THCO;
+4 _ HOOs (S.93)
48 eq .
> (i) o, -2+ 10, 2 ¥rco,
The factors of 2 and 3 cancel and we end up with
( 61 )eq C K1 18,04 18,54
Sy R ) ycor K HCO; —CO» HCO; —CO» S04
8/7 - 48R \ €d . ( . )
—4 (48 R* )C02
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S.4 Adding triple-clumped isotopes to the model

This derivation will involve the [386]/[266] and [3866]/[2666] ratios and an important subtlety is that these
cannot be treated as stochastic. Recall that for a stochastic distribution we have the following relationships:

e ((1386]\7 _ [366] [286] _ 4 5 18
R = <[266] = [266] [206]  'CO: 2 Teos (5.95)
. (3866]\ " _ [3666] [2866]
3866 3666] [2866
63 pr _ — ) —13 _.3.18 -, .
i = ([2666]) 2666) [2666] _ coi 3 Teos (5:96)
which we can use to express the non-stochastic R’s as follows:
386 TR
ATp {266} — (47R*) o, -2 Broo, (5.97)
and 3866] [ R
Th = 2666] (633*> ooz -3 Preor (8.98)

S.4.1 Homogeneous reactions and clumped isotope definitions

Triple-clumped isotope systems involve the internal equilibrium of 3C-80-'80 bonding within a single
species. For CO9, we can write the following isotope exchange reaction:

386 + 286 — 388 + 266 (5.99)
which has an equilibrium constant
49 [388][266]
K = S.100
€02 7 1336][286] (5.100)
The abundance of 388 is measured as:
49R
where
s 338 (S.102)
[266] '

By multiplying the top and bottom by [266] we have:

i1 —1 1 (‘*LR)O‘
YKo, = [388] [266] [266] _ 49, < R > (Breo,) - (22 Breo,) - (2 Breo,) ! = A \"E ) co,
2 17 p* 2 2 2 TR \€d )
[266] [386] [286] R (77 ) co,
(S.103)

which is similar to the analogous expression for double-clumped isotopes in that the factor of 1/4 comes
from the oxygen isotope part of the expression. Combining Eq. S.101 with Eq. S.103 leads to

1 4971%)6‘* 1 (Aig,c02 )
s _ [388][266] _ 7 (49R* co, _ 11000 +1 S 104
COz 47R eq Aeq * ( * )
BRS  (Foe,  (Smeee +1)

Similar expressions can be written for clumped isotope equilibrium in HCOj3 and CO?:

H3866 + H2866 — H3886 + H2666 (S.105)
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and

3866 4 2866 —— 3886 + 2666, (S.106)
which have equilibrium constants
1 65R eq 1 65‘HCOBT +1
o, _ [H3886][H2666] (7% )uco; ( (8.107)
HCOs ™ [H3866][H2866] (o)™t /A -
R* JHCO 63,HCO
? tooo ~ T 1

and

NG
1 65 eq 1 65,003 +1
5 g 3886][2666] 3 (65R*)co§— ° ( 1000 (5.108)
9 = = S = S . .
CO3 [3866][2866] (;;%)quk A% o
3 00— T 1

S.4.2 Heterogeneous reactions involving triple-clumped isotopologues

To add triple-clumped isotopes to the model, we need to include the reactions involving '30Q-1#0-180 ‘clumps’
in COy and HCO3 :

P/,l
386 + Ho8 = H3886~ + HT (S.109)
2/3p”,
388 + H,6 /3& H3886~ + H*t (S.110)
1/3s",
Pl4
386+ 8H™ —— H3886~ (S.111)
2/3p”,
sty
388+ 6H™ — H3886~ (S.112)
1/3s",

From these reactions we obtain the following ODEs:

d[388 1 5
388 _ _ s'1[388] + = s” | [E3886]%°x[H]
dt 3 1 (S.113)
— 51, [388][6H] + gs’i 4[E3886]%°x

d[E3886 2
% = P11 [386]rw — 27 [E3886] 7 [H]

2
+ /4 [386][8H] — Zp” ,[E3886] x

. 3 (S.114)
+ s, [388] — gs’i 1 [E3886)%°x[H]

1
+ s/, [388][6H] — gs’i 4[E3886]%°x
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S.4.3 Derivation of %y

The %y term takes the same form as the other y terms because the fraction of clumped EIC that is in the
form of HCO3 has the same pH dependence as for standard isotope ratios (Hill et al., 2014):

1
65
X= (S.115)
I+ =

where %° K5 is the equilibrium constant for the deprotonation reaction:

GSR, = m. (S.116)

This can be expressed in terms of the equilibrium Ags values of HCOg andCOfg*. First, multiply the top
and bottom by a common factor:

[H2666] [2666]
65,  [3386](H] Trsscollizses] [sscolse]  [2666] [H2666] (S.117)
>~ "[H3886] [H2666] [2666] " [2666] [H2666]’ '

[13866][H2866]  [3866][2866]

which upon rearrangement yields

(3886][2666) [H2666] [H2666]
65 . _ _[3866][2860] (H3866] ~ [H2866] |2666][H] 9118
2 7 TH3886][H2666] ~ [2666] [2666] [H2666] (S.118)
[F13866) [[12866) [3866] ~ [2866)
Converting isotopologue ratios to isotope ratios leads to
657 _ 65 _¢€d 13 _ed 18 ed 18 ed
K2 ="aco2_poo; * Qo2 —neo; T Qcoi-—Hco; T “co2-—uco; K2 (5.119)
where
Al
65,CO5
<1 + 000 )
65 €4
aCngHCO; ASd . (S.120)
65,HCO
(1 + 1000 >
S.4.4 Rate constants
For the primary triple-clumped isotope hydration reaction, we have
13-18—18 [ KFF Py
13-18-18K TR, — P = ki1 S.121
Py T I3, KFF . 18 KFF 18 KIF — i1 a1 bys (S-121)
C+1 a+1 b+1 k}+1 k/‘+1 E
Rearranging leads to
13718718KIE s Ca1Ganh
7 Pl “H1E0+1041
Py = S.122
i ky1kia ( )
To obtain p”; we use the equilibrium constraint from the corresponding hydration reaction:
2
Py 5[H3886][H] (5.123)

P’ [386][Ha8]
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By multiplying the top and bottom by a common factor, we can write

[H2666] [H2666] 1

p/frl - %[H3886] [H] _ [H3866][H2866]  [266]  H,6 (S 124)
7 [H2666] [H2666] _1 ’
P [386][H8] [[3866][H2866]  [266]  H26
which upon rearrangement yields
g 2[H3886][H2666] [H2666][H]
DPy1 _ "[H3866][H2866] ~ [266][H26] 125
p’,  [386] [H26G6] ~[H2666] [H28] (5.125)
-1 1266] * [A3%66] = [A2%66]  [H26]
Rearranging again yields
9 2[H3886][H2666] [H2666][H] [H3866] [H2866]
Dy1  T[H3866][H2866] ~ [266][H26] [H2666] [H2666] $.126
P - [386] [H28§] : ( : )
-1 [266] * H26]
Converting isotopologue ratios to isotope ratios leads to
() :
SR* - 63 e
3 T - K - (6315&) ~Pryco; 3 Praco; 3 Pryco;
p” <63R*)Hco— HCO; 3 3 3
+1
== TR ET - (S.127)
P-1 (%) o, 1*rc0s -2 1 rco, 1w
The factors of 2 and 3 cancel and we end up with
()
28 1 Jncoy 13 _eq 18 _e€d 18 _ed
0 (R = K- YHco; —co, © YHCO; —CcO, T YHCO; ~H,0° (8.128)
—1 (47R* ) CO,
For the secondary triple-clumped isotope hydration reaction, we have
13-18—18 \ KFF sha
13-18—18 _ sy _ Fia
KBy, = I3 KFF . 18 KFF 18 KIF ~ iy by by’ (5.129)
C+1 b+1 b+1 ]C+1 k}+1 k+1
from which we get an expression for s1:
B8 I8KIE,y byicqibys
s, = - S.130
A ki1kiq ( )
To obtain s”; we use the equilibrium constraint:
s _ %[H3886][H]. (5.131)
s [388][H206]
By multiplying the top and bottom by a common factor, we can write
[H2666] [H2666] [266]
sy 3[H3886][H]  [F38G][H2866]  [266]  [386][280] (5.132)
Ty B0 ol Mee ke |
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which upon rearrangement yields

+[H3886][H2666] [H2666][H] [266][266]

S41 _ "[HI3866][H2866] ~ [266][H26]  [386]286] $.133
2 [388][266]  [H2666][H2666] : (S-133)
-1 [386][286] ~ [H3866][H2866]
Rearranging again yields
9 1[H3886][H2666] [H2666][H] [H3866][H2866]
571 _ T[H3866][H2866] [266][H26] [H2666][H2666] S.134
S [388][266]  [386][286] : (S-134)
-1 [336][286] ~ [266][266]
Converting isotopologue ratios to isotope ratios leads to
3 (o ) o ca
1 ¢ R* JHCO; 63 p
. 3 7( P )eq - K- (7633*)}[00, '137"Hcog "3 18rHco; 3 18rHco;
i R /wcog ’ S.135
s//l - ;(4‘;91% )cq . ( : )
— 4 R* e
WQSOQ . (447715)302 . 1374002 .9 187"002 .92, 187,002
(47R* )COZ
The factors of 2 and 3 cancel and we end up with
65 \ %1 13, €d 18 . ed 18 €d
s (653*)}100* K1 Payco- —co, T YHcos—co, T YHCOF —CO,
+1 _ 3 S.136)
s 49R \€d ' ( '
—1 (49 R* )C02
For the primary triple-clumped isotope hydroxylation reaction, we have
13-18-18 [ KIF Py
13-18—18 _ Py _ kg
KIE,,, = 13 KFF | 18 [ KFF 18 KFF ~ ci4 ata bya’ (5.137)
Cta a4 +4 kia kya kya
from which we get an expression for p’/:
13—18—18KIE , c+4a+4b+4
Pla= (8.138)
kiakya
To obtain p”, we use the equilibrium constraint:
i 2[H3886
Piy _ 5H3880] (S.139)
P’y [386][8H]
By multiplying the top and bottom by a common factor, we can write
[H2666] [H2666]  [H]
Py 2[H38836]  TH3866][H2866]  [266]  [6H] (S.140)
p",  [386][8H] [H2666] [H2666]  [H] '
[F13866] [F12866] [266] [6H]
which upon rearrangement yields
" 2[H3886][H2666] [H2666][H] 1
Pya _ [F3866][H2866] [266] [F][GH] (S.141)

', [386] [SH] [H2666] [H2666]

1266] ~ [6H] ~ [H3866] [H2866]
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Rearranging again yields

" 2[H3886][H2666]  [H2666][H] 1 [H3866] [H2866]
Dy4 _ "[H3866][H2866] ~ [266]  [H][6H]  [F2666] [H2666] (S.142)
. [386] [8H] : :
-4 [266] * [6H]
Converting isotopologue ratios to isotope ratios leads to
1 [ 65 \ed
2 E(W)HCOE K (%R \% 13 18 18
*WK(W) _ THCO;'3' THCO;'3' THCO;
p:,/-4 (633* )Hcog HCOg4 g S143
Py (47R)Cq A3 -2 18p R (5-143)
- 47R* 002 COQ COQ OH
The factors of 3 cancel and we end up with
sp\* K 13,0 18,54 L 18,%d
P! SR ) yco-  Kw HCO; —CO» HCO; —CO» HCO; —OH-
e _ 3 (S.144)
/" 4a7TR \€4 :
P-4 (775) CO»
For the secondary triple-clumped isotope hydroxylation reaction, we have
13-18-18 [ KFF sy
13-18—18 _ sy o Fra
KIE;, = 18 KFF 18 KFF 18 KIF — ci4 bys bia (5.145)
Ct+a by bia kya ks kyg
from which we get an expression for s} ;:
13—18—18KIE o C+4b+4b+4
sy = - bkf“ (S.146)
+4R44
To obtain s”, we use the equilibrium constraint:
sy _ %[H3886] (S.147)
s”, [388][6H]" '
By multiplying the top and bottom by a common factor, we can write
[H2666] [H2666]  [266][266]
sy  3[H3886] (r3scomeses]  [266]  [386]1250] S.148
o [388][6H] ’ [H2666] " TH2666]  [266][266] ’ (S-148)
—4 [H3866][H2866] [266] [386][286]
which upon rearrangement yields
" +[H3886])[H2666] [266] [266] [H2666]
S14 _ "[H3866][H2866] ~ [386] ~[286]  [266][6H] §.149
. [388][266] [H2666] [H2666] (5.149)
—4 [386][286] ~ [H3866] = [H2866]
Rearranging again yields
g 4 [H3886][F2666]  [H2666]  [H3866] [H2866]
814 _ T[H3866][H2866] [266][6H] [H2666] [H2666] S.150
E - [388][266] [386] [286] : (S.150)

[386][286] ~ [266] ~ [266]
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Converting isotopologue ratios to isotope ratios leads to

1( 65 p )eq
1, 2\ wcoy Ky (RN a3, .3 18, .3. 18,
3 63 |0 Ko \ R~ - HCOjZ HCO; HCO;
" B3 pr HCO 3 3 3
ta _ Ay - S.151
8”4 - ;(491%)6‘1 ( ' )
— 4\ 49 px* co 47R eq
IENN 2 (w755 co, - Prco, -2 Breo, -2 - ¥reo,
ITR* ) co,
The factors of 2 and 3 cancel and we end up with
R\ K 13,0 . 18,0d 18,04
s S5 R+ - K. HCOj; —CO, HCO; —CO» HCOj3 —CO»
4 HCO; : 2 i S.152
s - 49 R \€q ( : )
—4 (49R* )002
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