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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-H,O system as well as during crystal growth reactions in the DIC-CaCO,
system. Existing models account for kinetic isotope effects (KIEs) in these systems separately but the models
have yet to be combined in a general framework. Here, an open-system box model is developed for describing
disequilibrium carbon, oxygen, and clumped (4,,, A5, and A,,) isotope effects in the CaCO,-DIC-H,0 system.
The model is used to simulate calcite precipitation experiments in which the fluxes and isotopic compositions
of CO, and CaCO; were constrained. Using a literature compilation of equilibrium and kinetic fractionation
factors, modeled §'30 and A, values of calcite are in good agreement with the experimental data covering

a wide range in crystal growth rate and solution pH. This relatively straightforward example provides a
foundation for adapting the model to other situations involving CO, absorption (e.g., corals, foraminifera, and
high-pH travertines) or degassing (e.g., speleothems, low-pH travertines, and cryogenic carbonates) and/or
mixing with other dissolved inorganic carbon sources.

Plain Language Summary The clumped isotope composition (A,,) of carbonate minerals is a
measurement that can be used to determine the temperature of mineral formation. Sometimes, the inferred
temperatures show systematic departures from expected temperatures, indicating that A, holds additional
information about the conditions of mineral growth. Our ability to extract this information is limited by an
incomplete knowledge of how different steps in the crystallization process contribute to the net A, value. This
study develops a framework, informed by recent theoretical developments as well as data from carbonates
grown under controlled settings, for interpreting the A, of carbonate minerals when temperature is not the only
controlling factor.

1. Introduction

The carbon, oxygen, and clumped isotope compositions of carbonate minerals are widely used for paleoenvi-
ronment reconstructions. When crystals grow slowly, near equilibrium, oxygen isotope partitioning and bond
ordering (e.g., 3C-'80, '80-'80, and '3C-'*0-'30) are expected to depend solely on temperature (Bigeleisen &
Mayer, 1947; Eiler, 2007; Ghosh et al., 2006; Urey, 1947). Natural mineral growth, however, typically occurs under
nonequilibrium conditions (Coplen, 2007; Daéron et al., 2019; Kluge et al., 2014), as does precipitation of calcite
in laboratory experiments (Affek & Zaarur, 2014; Dietzel et al., 2009; Gabitov et al., 2012; Kim & O’Neil, 1997,
Watkins et al., 2013). The resulting kinetic isotope effects (KIEs) can arise from multiple processes, including but
not limited to: (a) diffusive transport of CO, through membranes (Hansen et al., 2017; Thiagarajan et al., 2011),
(b) crystal growth reactions (DePaolo, 2011; Watkins et al., 2013), and (c) isotope exchange reactions between
dissolved inorganic carbon species (DIC = CO, + HCO; + CO%‘) and water (e.g., Affek, 2013; Bajnai et al., 2018;
Devriendt et al., 2017a; Guo, 2008; Staudigel & Swart, 2018; Uchikawa & Zeebe, 2012; Usdowski et al., 1991;
Zeebe & Wolf-Gladrow, 2001; many others). Reconstructing environments from disequilibrium isotope composi-
tions requires knowledge of the reaction pathways and the KIEs that arise during each step in mineral formation.

Over the past decade, significant progress has been made toward quantifying KIEs in the CaCO,;-DIC-H,0O
system (Figure 1). In the simplest scenario of CaCO, growth from an isotopically equilibrated DIC pool, KIEs
can be attributed to the following crystal growth reactions (Watkins et al., 2013):

kp
Ca’ +CO2™ = CaCOs, (1)

VB,
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Ca** + HCO; 2 CaCO, + H* )
VBZ

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%o
for 6'%0 and ~0.03%o for A,, (Watkins & Hunt, 2015; Watkins et al., 2014), which translate to AT of about
4-16°C and 7-11°C, respectively (Ghosh et al., 2006; McCrea, 1950; Zaarur et al., 2013). Although this is a fairly
large temperature range, the temperature sensitivities of most empirical calibrations are probably not compro-
mised by surface reaction-controlled KIEs because each individual CaCO, archive forms within a relatively
narrow range in mineral growth rate and pH. It is clear, however, that different CaCO, archives are recorded at
different precipitation rates, contributing to archive-specific isotopic offsets from the established inorganic cali-
brations (e.g., Candelier et al., 2013; Dennis & Schrag, 2010; Devriendt et al., 2017b; Ghosh et al., 2006; Kele
et al., 2015; Kelson et al., 2017; Kim & O’Neil, 1997; Kluge et al., 2015; Marchitto et al., 2014; McCrea, 1950;
O’Neil et al., 1969; Parker et al., 2017; Watkins et al., 2013; Zaarur et al., 2013, and many others).

The situation is more complex when CaCOj, precipitates from a DIC pool that is not isotopically equilibrated.
Here, the key reactions are the relatively slow CO, (de-)hydration and (de-)hydroxylation reactions:

ky
CO; + H,0 k:‘ HCO; + H* 3)
-1
and
kg
€O, +OH™ = HCO, @)

—4

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

Two different approaches have been taken to model KIEs in the DIC-H,O system in the absence of crystal
growth. The IsoDIC model of Guo (2020) tracks all of the reactions (n = 155) involving '?C, 13C, !0, 70,
and '80. This amounts to 32 coupled ordinary differential equations (ODEs) describing changes in the concen-
tration of CO, 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). The latter approach has the advantage
of only requiring 8 ODEs for clumped isotopes (i.e., A,;) but it includes approximations that have not been
fully explained or validated against the IsoDIC model. Additionally, the ExClump38 model does not include
130-180 (A ) and 3C-180-180 (A ,) isotopologues.

In this contribution, we build upon existing CaCO,-DIC and DIC-H,O models by deriving the equations
for '80-180 and '3C-'80-'80 clumped isotopes. The two complementary models are merged together in a box
model framework that can describe kinetic clumped isotope effects in the full CaCO;-DIC-H,O system. The
model was applied with oxygen and carbon kinetic and equilibrium fractionation factors (KFFs and EFFs)
compiled from previously published laboratory or field studies and clumped isotope KFFs and EFFs taken from
the theoretical work of Guo (2020). We refer to the combined model using the acronym “COAD,” which stands
for “carbon, oxygen, a, A.” We provide the first application of the COAD box model to §'#0 and '*C-'80 clumped
isotope measurements from calcite precipitation experiments where there is a known CO, influx and CaCO,
outflux. The example provided can be extended to future '30-'80 and '*C-'80-'#0 clumped isotope measure-
ments and modified to describe KIEs attending carbonate precipitation in other settings.

2. Definitions, Notation, and Guides

The CaCO;-DIC and DIC-H,O models track the concentrations of isotopologues. The studies upon which these
models are based use different notation, which can be a source of confusion. In this study, we have made our
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Figure 1. Overview of the chemical species and reactions considered herein. Kinetic isotope fractionation for carbon,
oxygen, and clumped isotopes are recorded in CaCO, where there is one or more reaction(s) involving a dissolved inorganic
carbon species (DIC = CO,,,, + HCOJ + CO ; purple boxes) with backward/forward rate ratio(s) not equal to unity (red
arrows: CO, hydration/hydroxylation and HCO dehydration/dehydroxylation; attachment/detachment of COZ‘ and HCO3
to/from CaCO,). Reactions that are several orders of magnitude faster than the CO, hydration/hydroxylation and CaCoO,
precipitation/dissolution reactions are assumed to reach chemical and isotopic equlllbrlum (green arrows: OH™ protonation
and H,O deprotonation; CO" protonation and HCO; deprotonation). The species COZ‘ and HCOj are always in isotopic
equilibrium with one another and form the equlhbrated inorganic carbon pool (EIC) whlle COz(aq) is not always in isotopic
equilibrium with the EIC. The kinetics of isotope exchange between the EIC and H,O depends on the rate of the CO,
hydration/hydroxylation reactions, which positively covary with the CO,,, /EIC concentration ratio. In most cases, the
isotopic composition of CaCOj is a convolution of equilibrium and Kinetic isotope fractionations in the CaCO,-DIC-H,O
system.

best effort to adopt a notation that is self-consistent while being compatible with previous studies. Since the
CaCO,-DIC and DIC-H,O models rely on conversions between isotope ratios (r) and isotopologue ratios (R),
this section is intended to serve as a stand-alone reference for these conversions and how they are implemented
in clumped isotope calculations.

2.1. Equilibrium and Kinetic Fractionation Factors

Equilibrium and nonequilibrium fractionation factors are written in the following form:

( 180 )
18 Too
18 _ rcacoy 1%0 / caco,
QACaCO3-H,0 = = (&)

s
¥ruy0 (18_0)
160 H,0

where subscripts on « direct the reader to the relevant phases or chemical species. When referring to an equilib-

rium « or r, we append a superscript “eq” (e.g., CaCO o)
312

Kinetic fractionation factors (KFFs) are associated with kinetic limits during unidirectional reactions and are
defined as the ratio of isotope-specific rate constants. For example, the oxygen isotope KFFs attending the
forward (crystal growth) reactions (reactions 1 and 2) are given by

18k
; B
18  kin 1
)l = 6
kBl lékBl ( )
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Table 1 and
List of CO, and HCO; or CO%‘ Isotopologues Tracked in the IsoDIC Model of 18)
Guo (2020) 18 kin _ _ B2 %)
koy 16k,
Mass
Number ID Isotopologue  (ignoring F)  Permutations ~ Abundance = (o0 subscripts on «a direct the reader to the relevant reaction and the “kin”
Part I: CO, superscripts make clear that these are KFFs.
1 2C15Q16Q 44 1 98.40%
2 13C16Q10 45 1 1.11% 2.2. “Cheat Sheet” for Conversions Between Isotope Ratios and
3 120170160 45 ) 748 ppm Isotopologue Ratios
4 2C1BQ1Q 46 2 0.40% In the case where the isotopes are randomly distributed, we have the
5 BC17Q 160 46 P) 8.4 ppm following relationships for oxygen isotopes in CO%‘ (note that C refers
6 120170170 46 1 0.142 to 12C + 13C):
7 “cto’o 47 2 44.4 ppm [C'60'60'90] = P(16, 16, 16) = (0.998) ~ 0.994 ®)
8 12170180 47 2 1.50 ppm
9 1BCITEITQ 47 1 1.60 ppb [C‘“O'ﬁo'SO] = P(16, 16, 18) = 3(0.998)(0.998)(0.002) ~ 0.005998  (9)
10 12C1BOBO 48 1 3.96 ppm R
[C'°0"®0™0] = P(16, 18, 18) = 3(0.998)(0.002)(0.002) ~ 0.000012 (10)
11 13CI70180 48 2 16.8 ppb
12 BCBOBO 49 1 44.5 ppb and
100.0%
[C®0™0'"0] = P(18,18,18) = (0.002)’ ~ 8 x 10, (11)
Part II: HCO; or CO2-
. H2CH00%0 o ] - W/here in this examplf:.lSO cqnstitutes 2%.of oxygen atoms in CO%‘ and the
Bt i6e s P's refer to probabilities. Without rounding, the values sum to exactly 1.
2 EECRURTRD ol 1 Ll The '80/'°0 ratio of CO?~ is related to the isotopologue abundances through
3 H'2C0'°0'%0 61 3 0.11% ’
8
4 H2C18Q16Q16Q 62 3 0.60% lSrcoz_ - (16_0)
5 H"CY0%0%0 62 3 12 ppm ' 0/ cor-
6 H2CI0170160 62 3 405 ppb _[C'°0'°0™0] +2[C'0'0™0] +3 [C'*0*0"*0] 12
7 HB3CB0Q160160 63 3 67 ppm 3 [C'(’O”’O“"O] 42 [C“"O"’O”‘O] + [Cmolxolso] ’
8 H2CY0'0'0 63 6 44
B B Equation 12 is exact in all cases. In the case of a stochastic distribution,
g M HORIOIRE 8 g A B the 130/1%0 ratio can be expressed using any two different isotopologues
10 H>C0"0"0 63 1 50 ppt without losing any information (i.e., each of the following expressions
11 H2C8080160 64 3 12 ppm returns the exact '80/1°0 ratio):
12 HBC7080160 64 6 50 ppb 13 13
180)18()18 ;
1 T o 3 828 ppt by, = < [c'* 01010 ) _ <(0.002)(0.002)(0.002)> a3
14 HECOTON o | i © 7\ [crv01010] (0.998)(0.998)(0.998)
15 HBCB000 65 3 138 ppb or
16 H2C70'80'30 65 3 4.5 ppb
17 HBC700%0 65 3 9 ppt 8, 1 [C160160ISO] _ 3(0.998)(0.998)(0.002) (14)
18 H2C180180 50 66 1 8 ppb 053 [c1e01010]  3(0.998)(0.998)(0.998)°
19 HBC70'8030 66 3 51 ppt
or
20 HBCB080'30 67 1 94 ppt
1/2
100.0% 5, [C'50'80"50) (3(0.998)(0.002)(0.002) \ '/? s
Note. The subset of isotopologues in bold are tracked in the model presented com = 3 [C160160160] ~\3(0.998)(0.998)(0.998) '

herein. Abundances are from Eiler (2007) and Ghosh et al. (2006).

Because the singly substituted isotopologue is the second most abundant, a
sensible choice is to use Equation 14 as done by Watkins et al. (2014) in their
ion-by-ion model for calcite growth from HCO; and CO%’ isotopologues.
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For CO,, we have:

[C'°0™0] = P(16,16) = (0.998)" ~ 0.996 (16)
[C'°0™0] = P(16,18) = 2(0.998)(0.002) ~ 0.003992 a7
[C®0™0] = P(18,18) = (0.002)" ~ 4 x 107 (18)

The '80/'°0 ratio can be written as:

8,00 = (”‘_0) _ [Cm()lso] +2[c180180] o
* 7 \10 /o,  2[C10%0] + [C600]
There are two other ways this can be written:
18()18 1/2 12
s, 1CM0MO]\ T 0.002)0.002) o0
=\ [crorwo] ) T\ 0.998)(0.998)
or
ClGolXO
Srco, = 1 [ | 2(0.002)0.998) o

2 [Cre00] T 2(0.998)(0.998)

In this study, we express carbon and oxygen isotope compositions and equilibrium fractionation factors in a
self-consistent way using the abundance ratios of singly and non-substituted isotopologues (Equations 14 and 21).

2.3. Shorthand Notation

For isotopologues, we hereafter use the following shorthand notation: 2C = 2, 13C = 3, *0 = 6, and %0 = 8.
We also drop the superscript charges on ionic species (e.g., [H*] becomes [H] and [H2666~] becomes [H2666])
unless the species are used in the subscript to a fractionation factor (e.g., ISaHCO;,HZO). We treat permutations
(e.g., 286-268) and isotopomers (e.g., 2886-2868-2688) as indistinguishable such that [2886] refers to the total
concentration of doubly substituted CO%‘; that is, [2886] = [2886] + [2868] + [2688].

2.4. Equilibrium Clumped Isotopes
2.4.1. BC-30 Clumped Isotopes

Clumped isotope thermometry involves the equilibrium of 3C-80 bonding within a single species. For CO,, we
can write the following isotope exchange reaction:

366 + 286 = 386 + 266, (22)
which has an equilibrium constant
386][266]
47K — [— .
€92 = 366][286] (23)

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

47 46 45
Ap = [<4711:* _1>_<%_1>—<45—11;—1>]x1000, 24

where YR, “R, and R are the abundance ratios of masses 47, 46, and 45 relative to mass 44, and the asterisk
denotes the stochastic distribution. The *°R and “*R terms in Equation 24 depend on '7rco,, which cannot be meas-

ured independently due to mass interferences between '"O and *C. '7rco, is commonly estimated from 8rco, and
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assuming a '70/'®0 natural abundance ratio. The result of this should lead to R = *°R* and 'R = ¥*R*, in which
case Equation 24 simplifies to (Eiler & Schauble, 2004; Saenger et al., 2021):

4712
Ay = <W - 1> x 1000, 25)
where
386]
47R — [_
[266] (26)

The stochastic ratio, ¥ R”, can be calculated from the carbon and oxygen isotope composition, and *’ Kco, can be
related to A, values by first multiplying the top and bottom by [266]:

o _ [386] [266] [266] _ 47, 13 T - (YR
Keo, = g1 66 2se] =~ R (reen) (2 Preos) _(47R*>C02' @7

47 ¥ !

Here, the equilibrium constant K is equivalent to R/R*. As shown below, however, this is not the case for '*0-'80
and 3C-'30-"80 clumped isotopes. Combining Equation 25 with Equation 27 leads to

47 eq A%l
Mo, = ( R*) _ [38611266] _ ( Zarco, ) 28)
TR ) o,  [3661[286] 1000

Similar expressions can be written for clumped isotope equilibrium in HCO; and CO%‘:

H3666 + H2866 = H3866 + H2666 29)
and

3666 + 2866 = 3866 + 2666, (30)

which have equilibrium constants

e A
& Ky, = LH38OOIH2666] _ < 53R > v ( 63HCO; 1) 31

_ [H3866][H2666] _ ( “R _Gahcoy
% T [H3666][H2866] \ &R 1000

HCO;

and

eq
3866][2666] R\ Aescor
63K _ = —[ = — = —- 1). 2
€ T [3666112866]  \ ©R" ) o o * (32)
3
2.4.2. 80-130 Clumped Isotopes

The mass 48 and 64 isotopologues involve 80-'80 clumps. For CO,, we can write the following isotope exchange
reaction:

286 + 286 = 288 + 266 (33)
which has an equilibrium constant
288][266]
B Koo, = 125812661 4
€% 7 286][286] 34)
The abundance of 288 is measured as:
48 R
Ay = <_48R* _ 1) x 1000, (35)
where
WATKINS AND DEVRIENDT 6 of 34
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4 [288]
R= 5ol (36)

Unlike the case for *C-'80 clumped isotopes, the *8 Ko, and R/R* are not equivalent:

288] [266] [266] - o1 BR\™
BK =[___=48R. 2. 18 (2.8 == —
% 7 1266] [286] [286] (2 Freo) - (2 Breon) "= 2 (5 ) 7

where we have used the relationship from Section 2.2 (Equation 20) that, for a stochastic distribution,

BRF <%> — 18’%02. (38)

The factor of 1/4 in Equation 37 will be important in the derivation of backward rate constants for dehydration
and dehydroxylation.

Combining Equation 35 with Equation 37 leads to

e cd
288][266] _ 1 ( “R\™ _ 1 [ Asco,
48K = [— = — = — 1 .
€ 7 1286][286] 4 <48R* 2\ TTo00 T G9

Co,

Similar expressions can be written for clumped isotope equilibrium in HCO; and CO%‘:

H2866 + H2866 = H2886 + H2666 (40)
and
2866 + 2866 = 2886 + 2666, 41)
which have equilibrium constants
eq A
64 _ [H2886][H2666] 1 ( %R 1 64.HCO;
Kuco; = o= e =00 = (% =2 =2 41 2)
3 [H2866][H2866] 3 \“R" /- 3 1000
3
and
64 eq A%
5 Koo = [2886][2666] _1 Ii _ 1 escod 1) (43)
3 [2866][2866] 3 \ #R* /- 3 1000
3

2.4.3. 1B3C-130-130 Clumped Isotopes

The mass 49 and 65 isotopologues involve *C-'#0-130 clumps. For CO,, we can write the following isotope
exchange reaction:

386 + 286 = 388 + 266, (44)
which has an equilibrium constant
388][266]
YKeo, = [38811266] .
%2 7 1386][286] “3)
The abundance of 388 is measured as:
49R
A49 = <W - 1) X 1000, (46)
where
388]
49R — [_
[266] @7
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By multiplying the top and bottom by [266] we have:

wo _ [388][266] [266]
Kco. = 12661 [386] 1286]" (48)

This expression involves the [386]/[266] ratio, which cannot be treated as stochastic. To get the non-stochastic
ratio, recall from Section 2.2 that for a stochastic distribution, we have

rco, - 2+ ®reo,, (49)

ope_ (13861 _ [366] [286] _ s
[266] [266] [266]

which is used to express the non-stochastic 4’ R as follows:

[386] [ “'R
TR = 2661 - <47R* +Frooy -2+ Broo,. ©0

This leads to an expression for *’ Kco, that depends on the *C-'80 clumped isotope composition:

| 1(&3)“‘
49 _ [388] [266] [266] _ 4 YR\ 13 -1 18 -1 18 -1 4 YR/ co,
Keo, = 12661 386 (286) ~ ° g )+ (reon) e (2 Freo ) (2 Freon) = == D)
(“7R* )COZ

which is similar to the analogous expression for the mass 48 and 64 isotopologues in that the factor of 1/4 comes
from the oxygen isotope part of the expression. Combining Equation 46 with Equation 51 leads to

1 (49R )eq 1 <Aig.coz + 1)
_ [388][266] _ ¢ YR ) co, 4 1000

“Kco, = = = . 52
7 13861[286] ( R )eq Ao, 2
YR/ co, o0 T !
Similar expressions can be written for clumped isotope equilibrium in HCO; and CO%’:
H3866 + H2866 = H3886 + H2666 (53)
and
3866 + 2866 = 3886 + 2666, 54)
which have equilibrium constants
TEL I < N 1>
g IH38R6IH2666] _ 0\ Juco P\ ™ (55)
"0 T [H3866][H2866] (osR )eq .
K Jco; W +1
and
ISR
(e ()
g, _ 13886][2666] _ A" Jeot - 56)

cor = = e E
3 [3866][2866] (;3;) q i <A6:CO§ N 1>
; cot- 3

1000

3. CaCO,;-DIC Model

Kinetic isotope fractionation arising from reactions (1) and (2) have been investigated by growing calcite from an
isotopically equilibrated DIC pool and developing “ion-by-ion” models of crystal growth to describe the results
(Levitt et al., 2018; Watkins & Hunt, 2015; Watkins et al., 2013, 2014; Wolthers et al., 2012). For clumped
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isotopes, the latest version of the ion-by-ion model is limited to the mass 63 isotopologue of CaCO, (Watkins &
Hunt, 2015), but there are good reasons to extend the model to heavier isotopologues. For example, despite the
low abundance of the mass 64 isotopologue (Table 1), it is now possible to measure A, with sufficient precision
to resolve departures from equilibrium in A,-A,¢ (or Ag-Ag,) space (Bajnai et al., 2020; Fiebig et al., 2019;
Fiebig et al., 2021; Swart et al., 2021). Such measurements could potentially be 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). New A,, measurements will also be useful for distinguishing between
competing models of kinetic effects arising from various inorganic and biological processes (Guo, 2020). In this
section, we present an updated compilation of data and fractionation factors for carbon, oxygen, and '3C-'0
clumped isotopes, and then extend the ion-by-ion model to '80-'80 and '3C-'80-'#0 clumped isotopes in antici-
pation of future applications.

3.1. Carbon and Oxygen Isotopes

In the ion-by-ion model, the nonequilibrium isotopic composition of calcite is a function of growth rate and pH
through the attachment rates (AR) and detachment rates (DR) of the isotopologues of HCO; and CO%‘ during
crystal growth. The equations for calculating the singly substituted carbon and oxygen isotopologue ratios of

calcite are:
eq
5. [Ca3666] _ PReuco, AR
€€0s = [Ca2666] "*Reico, (AR-DR) ’ 7
(=) Bakin R 4 7 3gkn B — + DR
kg, €o3” kB, 3
and
eq
g, 1Ca2866] _ "Reico, " AR
€0 = [Ca2666] "¥Rico, (AR -DR) +DR' (58)

— ). 18 kin 18 . 18okin 18 _
1=y akB] RC0§’+’{ asz RHCO3

where y is the fraction of HCO; in EIC (i.e., [HCO;]/ ([HCO;] + [CO%’])) in solution. The AR and DR terms
depend on solution composition (e.g., [Ca®*], [HCO; 1, [CO%’]) and parameter values (e.g., attachment/detach-
ment frequencies, kink formation energy, edge work, and surface speciation) in accordance with the ion-by-ion
calcite growth model of Wolthers et al. (2012). All parameters used to calculate AR and DR can be found in the
Matlab script that accompanies this article.

The behavior of these equations is shown in Figures 2a and 2b against data that have been adjusted to 5°C
(Supplement S1 in Supporting Information S1). The data are from experiments in which the DIC pool likely
remained in equilibrium with water during calcite growth, and thus, KIEs can be ascribed to attachment/detach-
ment of CO?’ and HCOJ to/from the mineral surface. The observed growth rate- and pH-dependences place
constraints on the carbon and oxygen isotope KFFs attending the crystal growth reactions (Table 2). Note that the
oxygen isotope KFFs used to make these curves differ from those reported in Watkins et al. (2014) because the
new values were calculated using Beck et al. (2005) rather than Wang et al. (2013) for the equilibrium oxygen
isotope compositions of HCO; and CO%’.

3.2. 3C-130 Clumped Isotopes

The ion-by-ion expression for clumped isotopes has the same form as for carbon and oxygen isotopes (i.e., Equa-
tions 57 and 58) but written for the mass 63 isotopologue:

[Ca3866] “Rico, - AR

[Ca2666] 9 Rl o, (AR ~DR) N DR' (59)

63 _
Rcaco, =

1= 5)63gkin (63R 4 ,.634kin 63p
a=-2 kg, cog x kB, HCO3
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Figure 2. Behavior of the CaCO;-DIC model at 5°C showing how the isotopic composition of calcite deviates from the
equilibrated inorganic carbon pool (EIC = HCOZ, CO%‘) as a function of growth rate and pH. The data are from experiments
in which the dissolved inorganic carbon pool likely remained in equilibrium with water during calcite growth, and thus,
kinetic isotope effects can be ascribed to attachment/detachment of CO§‘ and HCO; to/from the mineral surface.
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Table 2

Equilibrium and Kinetic Fractionation Factors Used in the CaCO;-H,0 Model

Symbol

Value

Reference/Note

Part I: Carbon isotope parameters

13,
%co,-Heo;
13,
" _
CO2-~HCO;
13,04
%caco;-HCO;
13in
By
]3al;m
By

—9.866 T,.' + 1.02412
—0.867 T,.' + 1.00252

exp([1874.2 T,.' — 3.3434]/1000)

1.0000
1.0000

Zhang et al. (1995)
Zhang et al. (1995)
Bottinga (1968); Zhang et al. (1995)
Watkins and Hunt (2015)

‘Watkins and Hunt (2015)

Part I1: Oxygen isotope parameters

18, €d
®%c0,-H,0
18, ¢
Hco5 -H,0
18, €
C02--H,0
18, €
%on--H,0
18, eq
X Cac05-H,0
ISaIl:m
By
ISaI;m
By

exp(2520 T2 + 0.01212)
exp(2590 T, .2 + 0.00189)
exp(2390 T,:2 — 0.00270)
5.6676 X 107> T, + 0.9622
exp([17747 T;* — 29.777]/1000)
0.9995

0.9966

Beck et al. (2005)
Beck et al. (2005)
Beck et al. (2005)
based on Zeebe (2020)
Watkins et al. (2014)
This study

This study

Part III: BC-"80 clumped isotope parameters

Al

63.HCO;

eq
63,002~

eq
A()S,CaCOg
63 kin
kg,
63 kin
a
kg,

43655/T — 23.643/T — 0.0088
43187/T? + 34.833/T + 0.0007

43159/T — 25.095/T — 0.0078

13 Jkin 18  kin
a; (4 +€kBl

By kB,
]3a|,:m . 18al,:m L €k, -
By B, 2

Hill et al. (2020)

Hill et al. (2020)

Hill et al. (2020)
Watkins and Hunt (2015)

Watkins and Hunt (2015)

Part IV: 80-'80 clumped isotope parameters

eq
AM,HCO;
eq
64,002~
eq
64,CaC03
64 okin
kg,
64, kin
a
kg,

21842/T¢ — 50.457/Ty + 0.0291
23492/TZ — 52.842/T; + 0.0304

23566/T12 = 52.319/T + 0.0297
18 kin 18 kin ’
akBl akBl + ekBI s
18 kin 18 kin ’
ockB2 otkBZ ar esz.

Hill et al. (2020)

Hill et al. (2020)

Hill et al. (2020)
This study

This study

Part V: BC-80-30 clumped isotope parameters

Ags ncor 112026/T2 — 97.208/T;, + 0.009 Hill et al. (2020)
e 112667/T2 — 123.11/T, + 0.0304 Hill et al. (2020)
AG cuco, 112667/T2 — 102.28/T; + 0.012 Hill et al. (2020)
65(11‘::1 mall:i:l : ]80’1;::1 : ]8"’11:::1 + sl,c,B] > This study
65(1"“;‘7 '3(1}(“3': . 'sa'k‘i[; . '8(1',(“3" + s‘/‘/ﬂf This study
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Here, the values of ® R.-, Rucoy, and R’} depend on the carbon and oxygen isotope composition of the
3

CaC0;3
crystal through the stochastic terms in:

Ags coz-
63 63 s 03
RCO%’ RCO%‘ < 1000 +1),

Ag3 HCor
6 Ryco- = 6 R;co; < s ]> ’

3 1000
and
A%
6 gea _ 63 gea 63,CaC0O5 +1
CaCO3 CaCO3 1000 ’
where
BRE 73,18 13
=23 Teco-* Fep2-
coz co? co»
63 p* —3.18 13 18 13
- =3 reoz- * Feor-  Quco-—cot- ¢ AHCo- —co2-
HCO; co? co? HCO; —CO? HCO;-CO2™»
and

63 ReQ*

_1.18 13 18 eq 13 eq
CaCO; — 37 cor- * Teor-

CaC03-CO2~ " CaCO3-CO3~"
The stochastic ratio for nonequilibrium calcite is given by:
63 R*

_ 2. 13 18 13 18
CaCO3 — 3-7r cor * Tcolm * " ®cacos-cor  ¥cacoz-col

Combining these relationships and simplifying ultimately leads to:

A%
[carbon isotopes] - [oxygen isotopes] - ( 63CaC0O3 1)

%3 Reaco, 1000
63 R* - acd
CaCO. 63.CaCO3
3 A-[—mﬂo +1](AR~DR)
AR|DR + > S
. 63,CO5~ . 63,HCO,
a —}()~63a],:‘l;’1 [ 10003 + l]+}(~63a}:;3“2 -B-( To00 3
where
Bg ,_ (AR —DR)
. CaC0;-CO2~
[carbon isotopes] = a g TI TR + DR
— ) Ba™ + - Ba™ - Bayoo-_cor-
X kp, T A ks, HCO; -CO?
18 ,_ (AR —DR)
. CaC0;-CO3~
[oxygen isotopes] = N @ T TERT + DR
- o+ e P 0yeo-—co-
-2 ke, X k, HCO; -CO3
A =14 L 18 cd .
CaC0;-CO2~ CaC0;-CO2~
_ 13 18
B = %Hco;-co2- * *HCo;-co2s
63 kin _ 13 kin _ 18 kin
=" - Ca €
kg, kg, kg, + kg, >
and

(60)

(61

(62)

(63)

(64)

(65)

(66)

(67)

(68)

(69)

(70)

(71)

(72)
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6'4a/l:;n Ha/l:;n ISall:;n + €kB7 (73)

This set of expressions is identical to Equation 38 of Watkins and Hunt (2015) but with some changes in notation
and without the specification that DIC species are isotopically equilibrated with water. The €kp, and €ky, Parame-
ters are expected to be small, on the order of 10~ (Watkins & Hunt, 2015).

The behavior of these equations is shown in Figure 2c using values of €y, = €k, = 0. For clarity, no data are
shown in Figure 2c because different calibrations of the clumped isotope thermometer span a range of ~0.05%o
at a given temperature, with no resolvable dependence on pH (e.g., Kelson et al., 2017; Levitt et al., 2018). This
range is greater than the range of model values depicted, implying that crystal growth-related kinetic effects are
small for Ag;. As noted by Watkins and Hunt (2015), the A, of calcite is indistinguishable from that of EIC at
fast growth rates, implying that calcite can directly “inherit” the isotopic composition of EIC. Interestingly, this
behavior in the fast growth limit does not hold for '80-130 and 3C-'80-'30 clumped isotopes.

3.3. 80-180 Clumped Isotopes

The derivation for '*0-'80 clumped isotopes in calcite follows the same procedure (Supplement S2 in Supporting
Information S1) and leads to an expression that is very similar to Equation 67 but does not depend on the carbon
isotope composition of the crystal:

A
[oxygen isotopes] - [oxygen isotopes] - < S + 1)

6 Reaco, 1000
64 R* = )
CaCO;3 Al —(’4]C(;C°3 +1|(AR - DR) (74)
AR|DR + -
. 64, CO . 64,HCOS
a —1)-64‘1]2;3" [ o6 + ‘]+X'64“‘/§;‘2'B/ ( oo * ')
where
Al = 18,% .18 cd
CaC03-C0O2~ CaC03-C0O2~’ (75)
/18 18
B = *nco;-coz- * YHco;-col (76)
64 kin _ 18, kin _ 18 kin
Ui, = Fhg, * Uiy, + €kBl (77
and
64 _ kin 18 kin 18 kin
Uhg, = Uiy, "~ Ty, + ekB (78)
The behavior of these equations is shown in Figure 2d using values of e = e = 0. Unlike the case for Ag;,

there is an offset in the A, between calcite and EIC at fast growth rates. ThlS dlfference in behavior is a mani-
festation of differences in the KFFs for carbon and oxygen isotopes. The nonequilibrium A; of calcite is sensi-
tive to the carbon isotope KFFs (see Section 4.3.1 of Uchikawa et al., 2021 for an explanation), which are equal to
unity for the crystal growth reactions (Table 2; Watkins & Hunt, 2015). By contrast, the A, of calcite is sensitive
to the oxygen isotope KFFs, which are less than unity by some 2—4%o (Table 2; Watkins et al., 2014), giving rise
to a A, of calcite that deviates from that of EIC at fast growth rates.

3.4. 13C-130-130 Clumped Isotopes

The derivation for 3C-80-'80 clumped isotopes in calcite follows the same procedure (Supplement S3 in
Supporting Information S1) and leads to the following expression:
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[carbon isot 1-1[ isot 1-1 isot 1- A:sl.cﬂco3+1
65 Rcdcoj caroon 1sotopes 0Xygen 1sotopes 0Xygen 1sotopes 1000
: decm a6, CaCO4 ’
A" —Tgoo— +!1 (AR=DR) (79)
AR’*|DR +

Ao .
[ Pes.co ) 65,HCO}
— ,).65,kin | "3 L,.65.kin pn [ 73
=0 ”kB][ 1000 +']+‘ T, B < 1000 +1)

where
A = 13y L18 eq L18 eq
CaC03-CO3~ CaC03-CO3~ CaC03-C03~’ (30)
13 18 18
B" = OHco;-co2~ * %Hcoj-cor * UHco;-coi (1)
65 kin _ 13 kin 18 kin 18 kin
kg, = %y, Okg, T Tk te kB] (82)
and
65 kin __ 13 kin 18 kin 18 kin
A +ekB (83)
The behavior of these equations is shown in Figure 2e using values of € = € = 0. Since the A, of calcite

is sensitive to both carbon and oxygen isotope KFFs, the A of calcite is offset from that of EIC at fast growth
rates, but the offset is less than that for A, because the product of the carbon and oxygen isotope KFFs

18  kin 18  kin

13  kin 18  kin i
( a L ) is closer to unity than the square of the oxygen isotope KFF( ¥Cac0y-EIC " ACaCOs—EIC )

CaCO3-EIC’  %CaCO3-EIC

3.5. Summary of the CaCO;-DIC Model

The CaCO,-DIC model is a process-based model that can explain/predict the pH- and growth rate-dependence to
the isotopic composition of calcite relative to EIC. The available data suggest that the KIEs for Ag;, A, and A are
too small to be resolved from the equilibrium calcite composition, given the current experimental reproducibility
(Kelson et al., 2017; Levitt et al., 2018). It is nevertheless important to include the effects of CaCO, precipitation in
models of clumped isotope KIEs for at least three reasons: (a) the rate of CaCO, growth affects the reversibility of
hydration/hydroxylation reactions and their net KIEs, (b) small fractionations can lead to large KIEs due to isotopic
distillation (Rayleigh fractionation) of the EIC pool, and (c) the fractionations are large enough to matter for carbon
and oxygen isotopes and it would be inconsistent to treat clumped isotopes differently.

4. DIC-H,0 Model
4.1. Carbon and Oxygen Isotopes (After Chen et al., 2018)

We begin this section by deriving the DIC-H,O model for carbon and oxygen isotopes of Chen et al. (2018).
This is a necessary step for extending the model to '®0-80 and *C-'0-'80 and clarifying some underlying
assumptions. Along the way, we validate the model against analytical expressions available in the literature.
Before we begin, note that the d[C'®00]/dt notation of Chen et al. (2018) refers to the change in concentration
of ([286] + [268]) as opposed to (a) a single permutation or (b) the total 30 of CO,, which would include [288].

4.1.1. Isotope Reactions

For carbon and oxygen isotope calculations, we have the following exchange reactions:

266 + H26 ' H2666 + H (84)
1

266 + 6H = = " H2666 (85)

—4

WATKINS AND DEVRIENDT 14 of 34



A7t |

M\\JI Geochemistry, Geophysics, Geosystems 10.1029/2021GC010200
366+ Hy6 = H3666+H (86)
e
366+ 6H = H3666 ®87)
c—4
ﬂ_+\|
266 + H,8 1,:] H2866 + H (88)
by
286+ H:6 = H2866+H (89)
51
44
266 + 8H %i4 H2866 (90)
by
286+ 6H < H2866 o1
5b-4

For the reactions involving oxygen isotopes, the 1/3 and 2/3 factors are necessary for isotopic mass balance
(Christensen et al., 2021; Uchikawa et al., 2021). Consider, for example, the two dehydration reactions involving
H2866 (reactions 88 and 89). 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 H,8. The transfer is approximate because
a_, and b_, are not exactly equal.

4.1.2. Ordinary Differential Equations (ODEs)

From the reactions in Section 4.1.1, the following ODEs can be written:

d266]
= = ~kal266]+ ki [E26661¢[H] o)

—k44[266][6H] + k_4[E2666] ¥

d[E2666] ~
— = knl266] - k1[E26661¢[H] 03

k+4[266][6H] — k_4[E2666] ¥

d[366] _ 13
& - c+1[366] + c_1[E3666] "~ y[H] o4)

—c.4[366][6H] + c_4[E3666]"

d[E3666] 13
— = cnl366] - c.[E3666]" 1[H] ©5)

44[366][6H] — c_4[E3666]" ¥

di286] - _ —b,1[286] + Zb_l[Ezsﬁs]18 z[H]
dt 3 5 (96)
—b,4[286][6H] + gb_4[E2866]'8 x
% a1[266]ry — %a_l [E2866]'S y[H]
+ a,4[266][8H] — la_4[E2866]'8 x
3 o7

+ b41[286] — %b_l [E2866]"® y[H]

+ b.4[286][6H] — %b_4 [E2866]" y

where [EIC]y = [HCO;]. The first two ODEs (Equations 92 and 93) describe chemical equilibration without contri-
butions from less abundant isotopologues for reasons discussed in Supplement S4 in Supporting Information S1.
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4.1.3. HCO; Fraction of the EIC

As in the ion-by-ion model (Section 3.1), the y terms represent the fraction of EIC that is HCO;:

_ [H2666] 1
¥ = [H2666] + [2666] 1+ ﬁ (98)
H+
5. [H3666] 1
[H3666] + [3666] . P cos ' 99)
(5]
and
s [H2866] 1
[H2866] + [2866] N K2 co; ' (100)

[r*]

where aé‘:),_ HCo- is the equilibrium fractionation factor between CO2~ and HCOj;. These expressions are
3 3 : :

built upon the assumption of instantaneous HCO;—CO%‘ and H,0-OH~ equilibration. This is a valid approxi-
mation because the equilibration time is on the order of 10~7 s, many orders of magnitude faster than the CO,
hydration, hydroxylation, and crystal growth reactions (Zeebe & Wolf-Gladrow, 2001). For most practical
applications, it is also appropriate to treat [H,6] and [H,8] as constant, implying there is an infinite reservoir
of H,O.

4.1.4. Rate Constants and Fractionation Factors

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

C+1 _ 13 _kin
P (101)
a+1 _ 18 kin
sl (102)
and
T
o a, - (103)
For the hydroxylation reactions, we have
S+ 13 kin
= el (104)
a+4 in
Pl (105)
and
bis 18 xin
k_+4 = (Xb+4- (106)
The backward rate constants can be calculated from equilibrium constraints; that is:
k4+1[266] [H26] = k_;[H2666][H], (107)
¢4+1[366] [H26] = c-1[H3666][H], (108)
a;+1[266] [H,8] = %a-l[H2866] [H], (109)
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b.1[286] [H,6] = —b 1[H2866][H],

k+4[266][6H] = k_4[H2666],

c4+4[366][6H] = c_4[H3666],
a44[266][8H] = la 4[H2866],
and

b,4[286][6H] = gb 4[H2866].

Converting isotopologue ratios to isotope ratios (Section 2.2) and rearranging yie
between rate constants and equilibrium constants:

ki _ [H2666][H]
koo [266][Ha6]
13 Cq
-1 3reo, [266] [H6] HCO3 ~CO;’
18 eq
a1 _ G Hco—[H2666][H] K g
a_ (3)[266] [H26] ry HCO; -H,0°
b,y @ 3) hico; (H26661[H] o
b~ @3- 2)187% _1266] [Ha6] =& HCO7-CO,
ke _ [H2666] _ Ki
k_s  [266][6H] Ky~
13 eq
G4 _ M Ki 15,0
e Bre, [266][6H] Ky MO0
a+4 (3)]8 HCO [H2666] Kl lga:{(i:O*—Hzo
a3V _[266][6H] K  1Badl o
and
18 ,.64
bus _ (2 - 3)%ryco; [H2666] _Ki
bua  (3-2)8r%, [266][6H] Ky MO0

(110)

(111)
(112)

(113)

(114)

1ds the following relationships

(115)

(116)

117)

(118)

(119)

(120)

(121)

(122)

In these equations, the equilibrium isotope ratios have been defined using only the singly substituted isotopo-

logue. This is consistent with how we define oxygen isotope ratios and effectively removes the small errors, of
order 107° (Guo & Zhou, 2019b) associated with the difference between Equations 12 and 14; that is, the small

errors on 87 values associated with non-stochasticity.

An up-to-date compilation of rate constants, equilibrium constants, and isotopic fractionation factors is provided

in Table 3. Outputs from numerical integration of the coupled set of ODEs (Equations 92-97) are compared to

analytical expressions in Supplement S5 in Supporting Information S1.

4.2. 3C-130 Clumped Isotopes (After Uchikawa et al., 2021)

The above framework was extended to '3C-'30 clumped isotopes by Uchikawa et al. (2021), and much of what

follows has also been presented previously. Here, an abbreviated re-derivation is

provided that explicitly tracks
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Table 3
Parameters for 3C/">C and '30/'°0 Ratios

Symbol

Expression

Reference/Note

Part I: Chemical parameters

K, (H2666IH] |1y 61 — Millero et al. (2007)
[2661[Hy6]” © 2
K, [2666][H] Millero et al. (2007)
[H2666]
K, [6HI[H] DOE (1994)
k,, log,pk+1 = 329.85 — 110.54110g,,(Tk) — 172654 Uchikawa and Zeebe (2012)
k_y k= ko /K, -
k,, log,gkss = 13.635 — 2895 Uchikawa and Zeebe (2012)
Tk
k_y k,=k 4— -
X + _
Part I1: Carbon isotope parameters
B 0.9872 Yumol et al. (2020)
€41
B3 gfin 0.9814 Christensen et al. (2021)
Cuj e = Baf kg -
1 cy=cu/ (Kl : HCO‘—C02> -
Ciq cpq=" };E ks -
€ ca=cyaf (11:_; : B“lc{qco;fcoz) N
13 13 1 —_
V4 = &
d kp:t3 c‘zﬂ —HCO3
A 52
Part I1I: Oxygen isotope parameters
18 kin 1.0000 Yumol et al. (2020)
el
Bt 0.9812 Yumol et al. (2020)
18 g kin 0.9706* Christensen et al. (2021)*
44
lsam 1.0000 Christensen et al. (2021)
“+17 b+l a. = 18 km -k i) -
by = Ba km ks _
a_y, b_] a_; = a+l/ (Kl . lXaHCO:;fHZO) -
by =bu/ (Kl : lgaHCogfcoz) B
Ay b+4 ayq = 18 km v -
b+4 ]8 km -k i —
a_,b_, Mot o, -
a4 = a+4/ <% ls:C03 H~O>
w OH™-Hy 0
18 _
b_y = bya/ (::—' chog-coz)
18}( 181 = K18 cql -
wz-—Hco;

2Updated value that has been corrected for a conversion error in Christensen et al. (2021) betwen VPDB-CO,, VPDB, and VSMOW scales.
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the 1/3 and 2/3 factors for oxygen isotope bookkeeping and does not fold the acid fractionation factors 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 '*0-'30 and '3C-'80-'80 clumped isotopes.

4.2.1. Isotope Reactions

To add clumped isotopes to the model, we need to include the reactions involving '3C-'30 “clumps” in CO, and
HCO;:
3

P+1
366 + H,8 l:l H3866 + H (123)
30—
S+1
386 + H,6 gS—] H3866 + H (124)
55—
366 S
+ 8H = H3866 (125)
3P4
S+4
386+ 6H < HI86S (126)
55

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.

4.2.2. ODEs

From the preceding reactions we obtain the following ODEs:

dissel - _ —s+1[386]+gs-.[E3866]63,y[H]
dt 3 ) 127)
—544[386][6H] + 3s_4[153»866]63 x
and
d[E3866 1
AEBOL — 13661 — £p-1[E38661° ¢ 1H]
+ peal3661[8H] — < p_i[E38661° 1
3 (128)

+5.1[386] — %s-l [E3866]% y[H]

+ 544[386][6H] — %M [E3866]% 4.
The next task is to derive the %y parameter as well as the rate constants.

4.2.3. HCO; Fraction of the EIC

The %y term is analogous to '3y and '®y and is used to instantaneously redistribute the clumped isotopes between
HCO; 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 HCO; has the
same pH dependence as for standard isotope ratios (Hill et al., 2014):

1
63 —
X = P (129)
[H*]

where 6K, is the equilibrium constant for the deprotonation reaction:

6k, = 13866]IH]

>~ [H3866] (130)
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This can be expressed in terms of the equilibrium Ag; values of HCO; and CO§‘. First, the top and bottom are
multiplied by a common factor:

[H2666] [2666]
B [3866][H]  maessimsesl 3666128661 [2666] [H2666] (131)
[H3866] [H2666] [2666] [2666] [H2666]°

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

which upon rearrangement yields

[3866][26661 [H2666]  [H2666]
63 g, — 136601128661 m3666]  [H2866] [2666][H] 132
2 = [H3866][H2666]  [2666] 126661 [H2666] (132)
[H3666][H2866] [3666] [2866]
Converting isotopologue ratios to isotope ratios leads to
63K _ 63 _¢q 13 eq 18 ¢€q
="a a - a - K
2 CO3~-HCO3 CO3™-HCO3 CO3~-HCO3 » (133)
where
A%
63,002~ 1
oo+
63, eq _
aCO%‘—HCO; T/ ) (134)
7 63,HCO§
1000

4.2.4. Rate Constants and Fractionation Factors

Guo (2020) defined the “intrinsic KFF” for clumped isotopes relative to the product of the carbon and oxygen
KFFs:

13-18 pkin ZL‘
13-18 _ P+l _ +1
KIE”+1 T 18, kin | 13, kin Sl 441 " (135)
®ay, &y, Kyt kg
+1 kg

A B-BKIE,,, = I means the intrinsic KFF does not deviate from the product of the corresponding oxygen and
carbon isotope KFFs. This is analogous to the case where Eky, = Ekp, = 0 in the CaCO,-DIC model (Section 3.2).
Guo's theoretical values for the '3~'8KIEs are provided in Table 4.

Rearranging Equation 135 leads to an expression for p_;:

13-18
KIEP+]C+1a+1

, (136)
ki

p+1 =
where 3-18K1E, ., 18 treated as a known quantity (Guo, 2020). To obtain p_,, we use the equilibrium constraint

from the corresponding reaction:

1
Pt _ 5[H3866][H]‘ (137
p-1 [366] [H28]

By multiplying the top and bottom by a common factor, we can write:

1 [H2666] [H2666] _1
P+ _ §[H3866][H] | IH3666][H2866] ~[266]  Hp6 138
P " [366] [H8] [H2666) [H2666] 1 ° (138)
[H3666](H2866]  [266]  Hy6
which upon rearrangement leads to
1 [H3666]  [H2866]
e _ ;[H3866][H2666] [H2666][H] 26661 26661 (139)
P-1 [H3666][H2866] [266][H26] 1366 [m28)

[266] [H26]

Converting isotopologue ratios to isotope ratios leads to
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Table 4
Parameters for C-80 Clumped Isotopes
Symbol Value Reference/Note
Az‘;.coz 26447/TZ + 285.51/T — 0.3004 Wang et al. (2004)
A;‘;.HCO; [see Table 2] _
eq _
1000 [see Table 2]
(47R/47R*)Z‘102 AZqICOz/IOOO +1 -
(R/% R*):lco; A;‘;.HCO;/IOOO +1 -
+\ €q eq =
(63 R/%R )co§* AGB‘CO?/IOOO + 1
63 ¢4 #\ eq s\ eq _
aCO%’—HCO; (“R/®R )cogf/(“R/ “R )Hco;
63 63,4 EPCY 18, . _
K CO2~-HCOy CO%~—HCO; CO2~-HCO3 K,
63 1 _
“ LS
[1+]
B-18KTEp,, (4613.8393/T]§ —4.0389/Tx — 0.185) /1000 + 1 Guo (2020)
B-18KIEs,, (—5705.688/T1§ —41.5925/Tx — 0.015 ) /1000 + 1 Guo (2020)
3-SR [Ep,, (=902.7635/T2 + 157.1718/Ti — 0.533 ) /1000 + 1 Guo (2020)
B-I8KIEs 4 (-1 1771.2832/T]f — 62.7060/Tx + 0.168 ) /1000 + 1 Guo (2020)
Pyt S+41 par = (PKIEpy - 41 - a4 [k Uchikawa et al. (2021)
Sy = (‘3‘“‘KIES+1 > @ui 'b+|) [k Uchikawa et al. (2021)
Py S1 p-1=ps+1/ [(MR/GBR*):‘CO; Ky ”";efco;-coz ’ lxa:lq(:O;—Hzo] B
S—1 = S41° [(47R/47R*):;)2] / [(MR/“R*);:{CO; Ky ]3a:lqco;—coz : lxa;qco;—coz] N
Disr S+4 Pia = (‘3‘“‘KIEp+4 “Ciq - a+4) Jkys Uchikawa et al. (2021)
Sia = (13‘”‘KIEs+4 > @t b+4) Jky4 Uchikawa et al. (2021)
P_y S-4 P-4 = psa/ [(63R/63 R*):]coz— - Ki/Ky - lsa:ici:o;-coz : lsaiiqco;—orr] -
B = S e [(47R/47R*)Zqoz] / [(63R/63R*):1c0; - Ki/Ky - 13“:1(10;402 : lgalillqco;—coz] N
13,64 18,64
o1 B3R\ "hco; 3 "hcos
_=§. — .Kl.l-;cq"—" (140)
P-1 R HCO; ° rCOZ r'w
The factors of 3 and 1/3 cancel and we get:
eq
P+1 SR 13 eq 18 eq
P <"3R*> “Ki- Yhco7-co, © *HCO; -H,0 (141)

HCO;

Similar expressions can be derived for the remaining clumped isotope rate constants (Supplement S6 in Support-
ing Information S1), ultimately leading to:

e
SR\ K - 13g% L1844
BR . 1 HCOZ -CO, HCO; —CO,
S41 HCO; 3~ 3
—_ = s (142)
- ( i )eq
TR ) co,
63 €
P+4 _ < R > A K] . 13aeq 3 1gaeq (143)
“\ 60" HCO; -CO, HCO;—OH™’
P-4 R HCO; K. 3 3

and
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e
<"3R)q CK s 1348
&R X HCOT-CO, HCOT —CO,
S44 _ HCO3 w 3 3 (144)
- ) eq
= ( 7a )
47 R+ co,

These expressions for the rate constants are nearly identical to those of Uchikawa et al. (2021). The only signif-
icant difference is that they use /K¢y, and K;"CO; instead of (Y7 R/ R*)ecqo2 and (“ R/ 63R*):]CO;, respectively.
This works for 3C-'80 clumped isotopes because the quantities are equivalent, but breaks down for '30-180
and 3C-180-130 clumped isotopes. A compilation of the parameters needed to solve the ODEs (Equations 127

and 128) is provided in Table 4.

4.3. 130-130 Clumped Isotopes
4.3.1. Isotope Reactions

To add the mass 48 and 64 isotopologues to the model, we need to include the reactions involving '30-80
“clumps” in CO, and HCO;:

/

Py
286 + Ha8 2:‘ H2886 + H (145)
?"Ll
288 + Hs6 ]é' H2886 + H (146)
55/71
Py
286+ 8H = H2886 (147
%”’—4
288 +6H — H2886 (148)

Note that the primary reactions have a factor of 2/3 on the back reaction whereas for standard clumped isotope

reactions, the primary reactions had a factor of 1/3.

4.3.2. ODEs

From the preceding reactions we obtain the following ODEs:

88 _ g [288] + 1s’_1[E2886]64 x[H]
a“ , ’ 1 (149)
—5,4[288][6H] + 357, [E2886]* »
d[E2886 2
% = p,,[286]r — §p’_ |[E2886] y[H]
+p',[286][8H] - sz L[E28861% ¢
3 (150)

+5'[288] - %s’_ |[E2886]™ y[H]

+5' ,[288][6H] — %s’_ L[E2886]" ¥

4.3.3. Fraction of HCO; in the EIC

The derivation of ¢y is provided in Supplement S7 in Supporting Information S1 with the resulting expression

provided in Table 5.

4.3.4. Rate Constants

The derivation of p’ and s rate constants is provided in Supplement S7 in Supporting Information S1 with results
compiled in Table 5.
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Table 5
Parameters for '80-150 Clumped Isotopes
Symbol Value Reference/Note
Ao, 29306/T2 + 93.885/T, — 0.2914 Wang et al. (2004)
Agicor [see Table 2] _
eq —
A64,co?- [see Table 2]
(“R/®R") o, AR co,/1000+ 1 =
(64R/64R*)HCO, Agico; /1000 +1 -
(64R/64R*)C02_ 64C02 /1000 + 1 =
64,0 ) . -
acog-—ﬂcog (64 R/*R ) (64R/64R )Hco-
64 64 ¢4 L1804 18,4 . _
K CO3~—HCO3 CO%--HCO3 CO3~-HCO3 K
64 i
X & -
IS_ISKIEI,/H (—13249.5324/7"12 — 37.8964/T + 0.027)/1000 + 1 Guo (2020)
I8-I8KIE, ] (—18411.4121/T]§ — 3.7575/T + 0.074)/1000 + 1 Guo (2020)
+
18_ISKIE,,;A (—5859‘1625/T]§ —3.7964/T — 0.197)/1000 + 1 Guo (2020)
JS_ISKIE_\.IM (—12333.8137/T]§ + 8.6005/T¢ + 0.024)/1000 + 1 Guo (2020)
/ / —_
P Sy p;| = (18_'8KIEI/H < by -a+1)/k+1
S,y = (WK, byr b ) [k -
/ / —_
Py Pl =p/ [(64R/64R*)Hco K- 18O’H(l:o —co, lgquco_;—Hzo]
sty =8 [(48R/48R ] / [ (“R/™R ) HCO - Ki lga:;i:o -0, - :lqco —coz] -
Py Sy P, = ('8*181(115,,;4 by - a+4) [ksa -

s'+4 — (l&HxKIE:,+4 by - b+4> Jkys —
* €q -
PyrS4 P’_4 = 4/ [(64R/64R ) Ky /Ky - HCO‘—COZ lxa;(lcO;—OH‘]

cq o —
S'_4 = 5;4‘ [(48R/48R ]/[ 64R/64R ) HCOy KI/K HCO‘—C07 Ix“}cﬁ:o;—coz]

4.4. 3C-130-130 Clumped Isotopes
4.4.1. Isotope Reactions

To add the mass 49 and 65 isotopologues to the model, we need to include the reactions involving '30-130-130

“clumps” in CO, and HCO;:
7,
386 + H»8 = H3886 + H (151)
37
s
388 + Ha6 = H3886 + H (152)
357
Pl
386 +8H = H3886 (153)
L
sl
388 +6H = H3886 (154)

%

W=
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Table 6
Parameters for >C-'80-180 Clumped Isotopes
Symbol Value Reference/Note
AZ‘;COZ 108776/T; + 477.14/Ty — 0.5954 Wang et al. (2004)
AE?.HCO— [see Table 2] _
eq _
ot [see Table 2]
(49R/49R*)eq 49co /1000 + 1 -
((JSR/65R )Hco- A, HCO_/1000 +1 -
(65 R/%R )C02* 65 C02 /1000 + 1 -
65 ¢4 eq _
acogf—ﬂcog (65 R/65R ) (65R/65R )HCO’
65 65,24 13,64 18 eq 18 eq . _
K, CO3~—HCO3 CO%~—HCOy CO2--HCOy CO%~—HCO3 K,
65 1 _
X 16_51(2
[1*]
13‘““ISKIE,,KI (11896.5529/T — 84.3221/Ty — 0.168)/1000 + 1 Guo (2020)
‘3“8"8KIESL (—29208.4768/T¢ — 83.2994/Ty + 0.035)/1000 + 1 Guo (2020)
13“8“8KIE,,H4 (—6817.6067/TZ + 92.9194/T, — 0.517)/1000 + 1 Guo (2020)
+
13‘”‘”SKIESL (=34709.15/T — 125.3407/T + 0.409)/1000 + 1 Guo (2020)
Plsst Pl = (13—I8—18K1Ep11 ccp1 - byt 'a+1) /K2, _
s = (l}—lx—lSKIES,, cey1 - by -b+1) /kil _
D _ . 47R/47R* eq / “R/(’SR ) LK - Bgt L1845 L1840 =
=Py HCoy ! YHco;-co, © ¥HCo; -0, ¥HCO; -H,0
= 511 [ 49R/MR - ]/[ 65R/65R )HCO* “Ki - ;qco-—coz * :{qco -C0, P ;qco coz] N
Pl s, o= (13-18—13KIEP,+,4 < Cya - bys - a+4> /ki4 _
s, = (IB—IS—ISKIESL Cos - bas - b+4) /ki4 _
/1’ " e e e e -
Py Sy PZ4 = PL'[(“R/MR*)CCL)Z] / [(GSR/GSR )HCO‘ Ki/K,, - o HqCO —co, * 18O‘I-chog—coz : lgquCO;—OH’]
sty = Z4'[(49R/49R ) ] / [(GSR/E'SR )Hco- Ki/Ky - " le-lqco —co, 18(1;&1(:0;_CO2 : lsa;qcog—coz] -
4.4.2. ODEs
From the preceding reactions we obtain the following ODEs:
d[388
% ” [388] + —s ' [E3886]% y[H]
" " 65 (155)
- s5.,,[388][6H] + 33_4[E3886] 4
d[E3886 2
% =p//,[386]rw — 3 P [E3886]% y[H]
2
P,[386118H] - Zp”,[E3886]” 1
156
" [388] - 1s” [E38861° #[H] (156)

4.4.3. Fraction of HCO; in the EIC

The derivation of %y is provided in Supplement S8 in Supporting Information S1 with the resulting expression

provided in Table 6.

" [388][6H] — —s ' [E3886]% y
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Figure 3. Behavior of the DIC-H,0 model at 5°C and high pH using rate
constants compiled in Tables 3—6. In this run, the dissolved inorganic carbon
pool is initially equilibrated; then, the CO, is perturbed and held constant
while the system adjusts to the new equilibrium.

4.4.4. Rate Constants

The derivation of p” and s” rate constants is provided in Supplement S8 in
Supporting Information S1 with results compiled in Table 6.

4.5. DIC-H,0 Model Behavior

To demonstrate the behavior of the DIC-H,0 model, we follow the approach
used by Guo (2020) and show what happens when a high-pH solution
absorbs CO, (Figure 3). We chose this scenario because it is relevant to the
experimental results discussed in Section 5. In the simulation, the DIC pool
(4 mM) is initially equilibrated and then the CO, concentration and its §'*C
are increased and held constant while the system adjusts to a new equilib-
rium. The run conditions differ from those of Guo (2020) in three ways: (a)
our model neglects "0 isotopologues, (b) we use a different set of equilib-
rium and kinetic parameters (Tables 3—6), and (c) we show results at 7= 5°C
and pH = 10.5 whereas Guo (2020) showed results at 7= 25°C and pH = 9.
A direct comparison between our model outputs and those of Guo (2020)
using the same set of parameters is provided in Supplement S9 in Supporting
Information S1.

Figure 3 shows how the isotopic compositions of HCO; and CO%’ quickly
respond to the change in CO, (as emphasized by the insets showing what
happens in the first hour) and then gradually evolve to their respective equilib-
rium compositions on a timescale of about 500 hr. This timescale is consist-
ent with that predicted by the analytical expression for the timescale to reach
99% oxygen isotope equilibration (zyy,, ~ 685 hr; Uchikawa & Zeebe, 2012).

The DIC-H,O model is useful for predicting the magnitude of disequilibrium
effects and how different processes such as CO, absorption and degassing
give rise to distinct signatures in the isotopic composition (5°C, §'%0, A,
A, and A,y) of the aqueous solution (Guo, 2020). The DIC-H,O model has
already been employed to identify and correct for KIEs in corals and other
natural carbonate minerals but with the caveat that “the timing information
in the model has no direct implication on the timescale of coral calcification
process” because the CO, supply rate is treated as infinitely fast and there is no
CaCO; outflux. (Bajnai et al., 2020). To more accurately model open-system
laboratory experiments and natural environments, an open-system treatment
with finite CO, and CaCOj fluxes is warranted. As we show below, such
a treatment affects the range of expected KIEs and gives additional timing
information such as how KIEs vary with crystal growth rate.

5. Combined Model and Application to Inorganic Calcite
Precipitation Experiments

We can now combine the CaCO,-DIC model from Section 3 and the
DIC-H,0O model from Section 4 into an open-system box model for the
complete CaCO,-DIC-H,O system. We refer to the general framework as
“COAD,” which is short for “carbon, oxygen, a, A.” The model is applied
to inorganic calcite precipitation experiments of Tang et al. (2014). This data
set is particularly amenable to a box model because the experimental solu-
tions were well-stirred (homogeneous) and the authors provided information
regarding the magnitude and isotopic composition of DIC fluxes. The goals
of this exercise are: (a) to provide the first example of a clumped isotope
box model with a complete set of reaction kinetics that can be adapted to
other situations and (b) to quantitatively evaluate the hypothesis by Tang
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(a) Experiments

T=5°C
pH = constant
[Ca*] =10mM

Feo ~ constant?

(b) CaCO,-DIC-H,0 box model

T=5°C
pH = constant
[Ca?*] .= 10mM

Feo,= constant

F, Co,
V=5L
Polyethylene
bag
DIC-H,0 model
V=2aL low pH
high [CO,] Fs
F, Co,
CaCO,-DIC model
hlgh pH Inputs Outputs
F, CaCo, F caCo, [g:z.] & (:;O “e‘S/:; "
‘ . ‘ [CO,y) s
well-stirred [HCO,] B0 o mic
Yavyav | c—) [T /[T [CO/] ::me,ac

Figure 4. (a) Experimental setup used by Dietzel et al. (2009) and Tang et al. (2014). (b) Setup for the combined isotopic box
model of the CaCO,-DIC-H,0 system.

et al. (2014) that extreme light isotope enrichments in their experiments are due to some combination of CO,
diffusion through a membrane and the CO, hydroxylation reaction.

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

The experimental setup is shown in Figure 4a. A polyethylene (PE) container houses an inner solution with no
Ca®* but high COyyg-
DIC is delivered to the outer solution by CO, diffusion through the PE membrane. The CO, flux varies between

The PE container is placed in an outer solution with 10 mM CaCl, and no DIC initially. The

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 the use of an autotitrator with NaOH as the titrant.

Tang et al. (2014) describe their experiments as consisting of two stages. During Stage I, CO, diffuses from the
inner to outer solution and the concentration of DIC in the outer solution increases monotonically until a critical
saturation is reached for spontaneous calcite precipitation. During Stage II, the outer solution experiences both a
CO, influx and CaCOj, outflux. Stage II is characterized by a short period of rapid CaCO, nucleation and growth
followed by a prolonged period of slower growth under nearly steady state conditions.

A modified version of the experimental parameters and results of Tang et al. (2014) is given in Table 7. The flux
of CO, into solution during Stage I was calculated from [DIC] at the end of Stage I and the duration of Stage I (z,).
The flux of CaCO, was calculated from the moles of CaCO, precipitated (M) and duration of Stage II (¢,). The
surface area (SA) normalized growth rate of CaCO, (moles m~ s~!) was calculated by Tang et al. (2014) using
a specific SA for calcite based on particle size distributions. From the reported growth rates, the total reactive
SA of crystals at the end of the experiments span the range of 0.056-0.209 m?. These represent maximum values
since the starting surface area is 0 m>.

5.2. Combined Model Setup

The open-system model deals only with Stage II and involves two fluxes: Fco, and Fcyco, (both in mol s
(Figure 4b). For simplicity, we consider the reactive SA as constant but adjustable within the range of 0 to 0.209
m?. We find that a value of 0.01 m? yields generally good agreement between the steady state Fco, (or Fcaco,) and
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Table 7

Experimental Data From Dietzel et al. (2009) and Tang et al. (2014) Used to Constrain the Input Parameters (T, pH, [Ca**]) and Adjustable Parameters ( Fco, and

SA) Used in the Model

T t t, bt M [Ca**],,  [DIC]® Fco,® Feaco, @ SA log, R A,
Exp® (°C) pH,,, (h) (h) (h) (mmoles) (mM) (mM) (mmol/h) (mmol/h) m? moles/m?/s 1000lnee  ARF
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 52 9.9 0.24 0.006 0.013 0.073 =731 28.23 0.735
3 5 9 162 223 385 9.6 10.5 0.33 0.010 0.043 0.188 =720 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 85 438 336 774 3.7 10.2 0.53 0.006 0.011 0.056 =721 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 10.0 2.15 0.149 0.254 0.164 —6.37 31.22 0.765
9 5 83 127 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

“Experiment numbers from Dietzel et al. (2009). °[DIC] at the end of Stage L. ¢Fco, during Stage I. dFeaco, during Stage I1.

the measured surface area normalized growth rates across the experimental data set as a whole. Additional details
regarding the treatments of Fco, and Fcaco, are described individually below.

5.2.1. CO, Flux

It is important to consider the isotopic composition of CO, as it enters solution during Stage I and throughout
Stage II. We assume that the CO,,,
experimental conditions (5°C and pH of inner solution between 7.3 and 8.1), the equilibration time for oxygen
and clumped isotopes (fy,,) ranges from 6 to 35 hr (Affek, 2013; Clog et al., 2015; Staudigel & Swart, 2018;
Uchikawa & Zeebe, 2012). Tang et al. (2014) did not report the pre-experiment dwell time and whether or not it
was sufficient to ensure isotopic equilibration. Additional fractionation may occur during CO,,, transport through
the PE membrane. This could potentially lead to lower 8!#0 and higher A, values (Eiler and Schauble, 2004).

5.2.2. CaCO, Flux

in the inner solution is isotopically equilibrated with water. Under the

The precipitation of CaCO, constitutes a sink of EIC isotopologues (recall that EIC refers to “equilibrated
inorganic carbon,” or HCO; + CO%’) that affects the isotopic composition of residual EIC. Chen et al. (2018)
provided the CaCO; flux terms for carbon and oxygen isotopes. Here, we derive the CaCO, sink term for E3866.
To begin, we have the following definition:

( [3866]
63 R [2666]
— )| = . (157)
“R 136661 (' (28661
[2666] [2666]
Next, we define a kinetic clumped isotope fractionation factor:
[Ca3866]
( 63p ) [ ( [C:2666] ) ]
63 ot [Ca3666] [Ca2866]
63 O3R C3C03 ( [C:2666] )( [C:2666] )
ACaCO;—EIC = = s (158)

() [
) EIC ( [E3666] )( [E2866] )

[E2666] [E2666]
which upon rearrangement leads to
[Ca3866] [E3666] [E2866] [Ca3866]
[Ca2666] [E2666] [E2666] [Ca2666] ) 13

63 18
QACaCO5-EIC = : . = * C@EIC-CaCO; *  OEIC—CaCO5 - (159)
[E3866] [Ca3666] [Ca2866] [E3866]
( [E2666] ) ( [Ca2666] ) ( [Ca2666] ) < [E2666] )
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Solving for [Ca3866] leads to

[E3866] ¢ 13 18
[E2666] QCaCO3-EIC * ~ ®CaCO3~EIC *  XCaCO3—EIC- (160)

[Ca3866] = [Ca2666] -

Considering this expression in terms of the flux of CaCO,, we can write:

d[Ca3866] _ Fcuco, [E3866] ; " ;
dt 7 [E2666] QACaCO3—EIC * ~ XCaCO3—EIC *  (CaCO5—EIC- (161)

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

d[Ca3866] _  d[E3860]

162
dt dt (162)
The clumped isotope composition of calcite relative to EIC is calculated from the CaCO,-DIC model.
Similar expressions can be derived for '*0-'30 and '3C-'80-'80 clumped isotopes:
d[E2886 Fea E2886
L m ! =- CVCO3 . {E266 6} - acacos-sic + Bacacos-ric - Pacacos-ric (163)
and
d[E3886] Fcaco;  [E3886] s 53 18 18
- . O rcacon e+ Bacaco. e - Bacaco. e - Bacaco. _ic. 164
m Vv [E2666] ((CaCO3—EIC * ~ (XCaCO3—EIC *  ®CaCO3—EIC *  (CaCO3~EIC (164)
5.3. Governing Equations
The Tang et al. (2014) experiments are modeled by solving the following system of equations:
d[266] Fco,
—_— = t ,Eq.92} + — 165
a {rxnterms, Eq.92} v (165)
Fca
d[E2666] = {rxnterms, Eq.93} — €eC05 (166)
dt |4
Feo, - PR
dise6l _ {rxnterms, Eq.94} + 0 T (167)
dt |4
d[E3666] Feaco;  [E3666] 5
—— = {rxnterms, Eq.95} — —— - = . Bac,co,- 168
m {rxnterms, Eq.95} Vv [E2660] ACaCO5—-EIC (163)
Fco, - ®R
di286] _ {rxnterms, Eq.96} + R (169)
dt |4
d[E2866] Feaco;  [E2866] 4
——— = {rxnterms, Eq.97} - —— - ——— . Bac,c0,- 170
m {rxnterms, Eq.97} Vv [E2660] ACaCO5—-EIC (170)
Fco, - ¥R
di386] _ {rxnterms, Eq.127} + 2 T 71
dt |4
d[E3866] Feaco;  [E3866]
—a {rxnterms, Eq.128} — TS : m -8 acacos-sic + Pacacos-sic + Bacacosmc  (172)
2
d [Ca +] __ FCuCO3 (173)

dt |4

Since we treat the experiments as “seeded” we initialize the model with [Ca*] = 10 mM and enough DIC so that
Q =7, which is representative of the Q at the start of Stage II of the experiments (Dietzel et al., 2009). The CO,
that enters into solution gets converted to HCO; according to the CO, hydration and hydroxylation reactions,
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leading to light isotope enrichment of HCO;, and calcite grows at a rate that depends on [Ca?*] and [CO?‘]‘ The
Matlab script that accompanies this article is subdivided into the following sequence of operations (pseudocode):

1. Specify T, pH, salinity, V, [Ca?*], the initial Q, the crystal reactive SA, and Fco,. Calculate [CO%‘] from [Ca®*]
and Q.

Calculate K, K,, K, and Ksp as functions of T and salinity.

Calculate [DIC] and DIC speciation from [CO%‘] and pH (Zeebe & Wolf-Gladrow, 2001).

Calculate the equilibrium carbon, oxygen, and clumped isotope fractionation factors as functions of T.
Calculate the forward k values for all reactions.

Calculate the backward k values using the forward k's and equilibrium constraints.

Calculate the equilibrium isotopologue concentrations.

Specify the isotopic composition of Fc,. In the default model, the incoming CO, is equilibrated with water.

e e Al ol

Solve the system of coupled ODEs (Equations 165-173). At each time step, the HCO; and CO%’ isotopologue
concentrations are calculated from the EIC isotopologue concentrations using the y values. These are then
used as inputs into the CaCO,-DIC model, which returns the SA normalized growth rate as well as the pH-
and growth rate-dependent 13aCaCO3—Ele lxaCaC03—EICa 63a’CaCO3—EIC, 64aCaCO3—EIC7 and 65aCaCO3—EIC values. The
growth rate is multiplied by the reactive SA (0.01 m? for this simulation) to get Fcaco,, Which feeds back into
the ODEs, and the calculation is repeated until steady state is reached.

5.4. Model Behavior

An example showing the behavior of the model run to steady state is shown in Figure 5. The CO, flux is held
constant at 0.01 mmol/hr (Figure 5a), which is in the middle of the range of the Tang et al. (2014) experiments.
The flux of CaCO, is initially high and decreases monotonically until it exactly balances with the specified flux
of CO, (Figure 5b). The time required to reach a steady state Fcaco, depends on Fco,, with low values requiring
longer simulation times. The oxygen isotope composition of DIC is initially equilibrated and then 1000In'¥a
steadily decreases due to the CO, hydration and hydroxylation reactions (Figure 5c). After several hours, the
system reaches a steady state composition that is far from equilibrium. For clumped isotopes, the CO, becomes
more ordered (higher A,,; Figure 5d) and the DIC species also become more ordered (higher A;; Figure Se)
during CO, hydration and hydroxylation.

5.5. Model Application

Outputs from the model are compared to the Tang et al. (2014) data in Figures 6a and 6b. Each point on a model
curve represents the steady state isotopic composition for the specified pH and Fco,. Overall, the model fits the
data well, which is noteworthy given that we treat the EFFs and KFFs as “known’ and the only adjustable param-
eter is the reactive surface area of crystals. For both oxygen and clumped isotopes, there is an indication that the
model may be underestimating the oxygen and perhaps also the clumped isotope KIEs at the highest pH values.
However, given the ~3%, spread in §'30 in the replicate experiments at pH = 9.0, and the 0.05%o variability in
A, among inorganic calibrations at a given T (see Figure 5 of Kelson et al., 2017), it is unclear how much empha-
sis to place on the data-model disagreement at high pH.

The range in solution pH (8.3-10.5) and crystal growth rate (log,,R = —6.37 to —7.38 mol m~2 s') resulted in
an 18.7%o range in 1000In'8a and 0.33 range in A, (Tang et al., 2014). Although most of this variability can be
explained by CO, exchange with water in the DIC-H,O system, it is also clear that the CO, and CaCO;, fluxes
have a strong influence on the KIEs by modulating the reversibility of the CO, hydration and hydroxylation
reactions. For a given Fco,, higher pH yields larger KIEs, and for a given pH, a higher Fco, or Fcaco, promotes
unidirectional reaction and larger KIEs. It is thus important to account for these fluxes even though the KIEs
attending the crystal growth reactions may be relatively minor.
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Figure 5. CaCO;-DIC-H,0 box model run showing the time evolution of the system. (a) Fco, is held constant throughout. (b)
Feqco, at each time step is calculated from the CaCO;-DIC model based on the degree of supersaturation. Initially, Q = 7 and
it decreases monotonically until Feyco, = Fco,- In this example, the steady state Fe,co, translates to log (R = —6.6 mol/m?/s.

(c) The oxygen isotope composition of HCO; and CO%‘ decrease due to kinetic effects attending CO, hydration and

hydroxylation. CaCOj inherits the light composition of HCO; and CO%‘ plus an additional fractionation attending the crystal

growth reaction. (d) The A, of CO

2(aq

, increases due to the Hydration and hydroxylation reactions. (¢) The Ag; of HCO3

and CO%‘ increase due to KIEs attending the CO, hydration and hydroxylation reactions (gray horizontal bar) as well as
Calcite growth is fast enough for it to (nearly) inherit the clumped isotope composition of the
weighted sum of HCO; and CO?".

the increase in A,; of CO

2(aq)"
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Figure 6. Model outputs compared to (a) oxygen isotope results and (b) clumped isotope results. The model is in good
overall agreement with the data and shows the strong influence of growth rate on the KIEs. Note that the data from Tang
et al. (2014) have been converted from A, (absolute reference frame) to A; using the acid fractionation factor of 0.28%o
(Tripati et al., 2015).

6. Summary and Future Directions

KIEs are ubiquitous in inorganic and biogenic carbonates. Open-system, reactive-transport models, and box
models have been useful for understanding the cause(s) of kinetic §'*C and §'®0 effects in corals (Adkins
et al., 2003; Chen et al., 2018), foraminifers (Zeebe et al., 1999), speleothems (Guo & Zhou, 2019a; Hansen
etal., 2017; Sade et al., 2022), 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 suffi-
cient information regarding clumped isotope KFFs to extend the models to A, A¢,, and A,

The recent experimental and analytical developments motivated us to update and expand an ion-by-ion model
that describes KIEs in the CaCO,-DIC system (Watkins & Hunt, 2015) to include "*O-'80 (A,) and '*C-'80-"*0
(A4s) clumped isotopes. We similarly expanded an existing model of the DIC-H,O system (Uchikawa et al., 2021)
to include 8O-'80 and '3C-130-'80 clumped isotopes. The two models are built on a common framework that
tracks the abundances of isotopologues and we showed how the two models can be coupled in order to describe
KIEs in the full CaCO,-DIC-H,0 system.

We applied the combined model (“COAD”) to the inorganic calcite precipitation experiments of Tang et al. (2014).
With only one adjustable parameter (the reactive surface area of calcite), the model is successful at explaining
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their 1000In'8a and A, trends versus growth rate and pH. The model reveals that kinetic isotope effects from
DIC-H,0 exchange are strongly modulated by crystal growth rate and that including such growth rate effects will
be important to future applications.

The COAD model enables one to calculate the 53C, §'80, Ay, A, and Ay of calcite under nonequilibrium
conditions and is readily adaptable to other situations involving CO, absorption (e.g., corals, foraminifera, and
high-pH travertines) or CO, degassing (e.g., speleothems, low-pH travertines, and cryogenic carbonates) and/or
mixing with other DIC sources. We anticipate this model framework being useful for guiding future experiments,
informing carbonate sample collection strategies, and interpreting paleoclimate records.

Data Availability Statement

Matlab scripts used to produce some of the figures herein are available on GitHub (https://github.com/jwat-
kins529/COAD_Box_Model) and Zenodo (https://doi.org/10.5281/zenodo.6131547).
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