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Abstract

The abundance of %0 isotopes and '*C-'*0 isotopic “clumps” (measured as 8'%0 and A4, respectively) in carbonate min-
erals have been used to infer mineral formation temperatures. An inherent requirement or assumption for these paleother-
mometers is mineral formation in isotopic equilibrium. Yet, apparent disequilibrium is not uncommon in biogenic and
abiogenic carbonates formed in nature and in synthetic carbonates prepared under laboratory settings, as the dissolved car-
bonate pool (DCP) from which minerals precipitate is often out of 8'30 and A4; equilibrium. For this, a complete understand-
ing of both equilibrium and kinetics of isotopic partitioning and '*C-'80 clumping in DCP is crucial. To this end, we analyzed
Ay47 of inorganic BaCO; samples from Uchikawa and Zeebe (2012) (denoted as UZ12), which were quantitatively precipitated
from NaHCOj; solutions at various times over the course of isotopic equilibration at 25 °C and pHygs of 8.9. Our data show
that, although the timescales for '*0 and A4; equilibrium in DCP are relatively similar, their equilibration trajectories are
markedly different. As opposed to a simple unidirectional and asymptotic approach toward 8'*0 equilibrium (first-order
kinetics), A47 equilibration initially moves away from equilibrium and then changes its course towards equilibrium. This
excess Ay; disequilibrium is manifested as a characteristic “dip” in the A4; equilibration trajectory, a feature consistent with
an earlier study by Staudigel and Swart (2018) (denoted as SS18). From the numerical model of SS18, the non-first-order
kinetics for A47 equilibration can be understood as a result of the difference in the exchange rate for oxygen isotopes bound
to '2C versus '*C, or an isotope effect of ~25%0. We also developed an independent model for the Exchange and Clumping of
13C and '%0 in DCP (ExClump38 model) to trace the evolution of singly- and doubly-substituted isotopic species (i.e., 8°C,
5'%0 and A4;). The model suggests that the dip in the A4 equilibration trajectory is due largely to kinetic carbon isotope frac-
tionation for hydration and hydroxylation of CO,. We additionally examined the BaCOj; samples prepared from NaHCO;3
solutions supplemented with carbonic anhydrase (CA), an enzyme known to facilitate 5'0 equilibration in DCP by catalyz-
ing CO, hydration (UZ12). These samples revealed that, while CA effectively shortens the time required for A4 equilibrium in
DCP, the overall pattern and magnitude of the dip in the A4; equilibration trajectory remain unchanged. This suggests no
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additional isotope effects due to the CA enzyme within the tested CA concentrations. With the ExClump38 model, we test
various physicochemical scenarios for the timescales and trajectories of isotopic equilibration in DCP and discuss their impli-

cations for the A4; paleothermometry.
© 2021 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Urey (1947) and McCrea (1950) argued that stable oxy-
gen isotope ratios (8'%0) of carbonate minerals (e.g.,
CaCO3) can be used to infer mineral formation tempera-
tures. Theoretical basis of this classic technique, known as
the 8'%0 paleothermometry, is rooted in the temperature-
dependence of equilibrium for oxygen isotope exchange
between CaCO; and H,O:

CaC'%0'°0'0 + H,™0 « CaC®0'°0'%0 + H,"0
()

Since their pioneering work, this technique still stands as
a powerful tool for paleo-temperature reconstructions in
many environmental settings and over various spatiotem-
poral scales. Yet, there are two major drawbacks with this
technique. First, as Eq. (1) implies, §'%0 values of CaCO;
depend not only temperature but also on 8'%0 of H,O in
which mineral precipitation occurs. Second, §'%0 values
of natural biogenic (e.g., coral skeletons and foraminiferal
shells) and abiogenic CaCO; (e.g., speleothems) are typi-
cally, and often strongly, out of isotopic equilibrium
(McConnaughey, 1989; Adkins et al., 2003; Spero et al.,
1997; Daéron et al., 2011; Riechelmann et al., 2013; Falk
et al., 2016). Even more fundamentally, Watkins et al.
(2013; 2014) experimentally demonstrated that much of
laboratory-grown inorganic CaCQO; prepared in previous
calibration studies (e.g., Kim and O’Neil, 1997; Zhou and
Zheng, 2003; Kim et al., 2007; Dietzel et al., 2009) unlikely
reflect the true isotopic equilibrium between CaCO; and
H,O. The problem is that timescales of CaCO; precipita-
tion in laboratory settings (also in nature) typically exceeds
the regime of very slow precipitation under which the true
isotopic equilibrium can only be achieved. Most synthetic
and natural CaCO; are hence out of 8'80 equilibrium,
except for very rare cases (e.g., Coplen, 2007; Daéron
et al., 2019).

Mineral formation temperatures can be also inferred
from the abundance of '*C-'80 bonds in CaCOs, as the
degree of 3C-180 “clumping” is correlated with tempera-
ture (Schauble et al., 2006; Eiler, 2007). This approach
known as the clumped isotope (A47) paleothermometry is
independent of 5180 of H->O, because it is rooted in the
equilibrium of internal *C-'®0 bond distribution within
CaCOs itself (Ghosh et al., 2006; Eiler, 2011):

CalSc160160160 + C312C180160160
PN Ca]3c]80160160 + Cal2c16o|60|60 (2)

For over a decade, extensive efforts have been put forth
to establish a universal calibration of the A4; paleother-

mometry based on laboratory experiments (Ghosh et al.,
2006; Dennis and Schrag, 2010; Zaarur et al., 2013; Tang
et al.,, 2014; Kluge et al., 2015; Kelson et al., 2017,
Bonifacie et al., 2017; Levitt et al., 2018). However, several
incidents of apparent A4; disequilibrium with respect to
those inorganic calibrations have been reported for natural
CaCOj; (Daéron et al., 2011; Saenger et al., 2012; Eagle
et al., 2013; Henkes et al., 2013; Kluge et al., 2014;
Spooner et al., 2016; Falk et al., 2016). Daéron et al.
(2019) recently warned that, as is the case for 5'80, most
natural CaCO; are presumably out of A4; equilibrium,
and this may extend to synthetic CaCOj; prepared in previ-
ous laboratory-based calibration studies.

It has been argued that both 5'*0 and A4, disequilib-
rium in CaCOj; are, at least in part, due to precipitation
in the dissolved carbonate system that is not in full §'%0
and A4; equilibrium (Watkins et al., 2013; Watkins et al.,
2014; Tang et al.,, 2014; Watkins and Hunt, 2015;
Devriendt et al., 2017; Daéron et al., 2019). From the latest
studies it appears that additional consideration of yet
another doubly-substituted species in CaCOs;, that is
Ca'?C'80"%0'°0 quantified as A,g, could be a powerful
tool to shed a new light on and possibly even correct for
such kinetically-driven isotopic disequilibrium (Guo and
Zhou, 2019; Guo, 2020; Bajnai et al., 2020). However, a
critical prerequisite for the community at this stage is to
fully understand the equilibrium 30 partitioning and the
degree of *C-"®0 clumping in the dissolved carbonate sys-
tem as well as the kinetics of the respective isotopic
equilibrations.

Equilibrium oxygen isotope fractionations between indi-
vidual dissolved inorganic carbon (DIC) species and H,O
are well constrained. For instance, 5'%0 of HCO3 is ~6%o
higher than CO3™ in a fully equilibrated system at 25 °C
(Beck et al., 2005; Uchikawa and Zeebe, 2013). Given the
pH-dependent DIC speciation (Fig. 1a), isotope mass bal-
ance imposes 8'30 of the sum of DIC species to change sys-
tematically with pH (Zeebe and Wolf-Gladrow, 2001; Beck
et al., 2005; Zeebe, 2007; Uchikawa and Zeebe, 2013,
Fig. 1b). Also note that the system essentially becomes a
two-component mass balance at pH > ~8, where COx,q)
and H,COj; contributions to the total DIC are negligible
(i.e., [DIC] ~ [HCO3] + [CO37)). For such conditions, we
will specifically use the term ‘‘dissolved carbonate pool
(DCP)”, where DCP is the sum of [HCO3] and [CO3™].
Direct exchange of oxygen isotopes between DCP and
H,O occurs via CO, hydration or hydroxylation and their
reverse reactions (Zeebe and Wolf-Gladrow, 2001):

ky
COyaq) + H,0 kz‘ HCO; + H* (3)
-1
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And

COsaq) + OH™ :5' HCO; (4)
—4

where k., and k.4 represent the forward and backward

kinetic rate constants. At higher pH, 3'*0 equilibrium takes

longer due to a corresponding decrease in [COy,q)]. The

time required for 99% completion of oxygen isotope equi-

librium (T'g) is given by:
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where the rate constant t can be calculated as a function of
pH (as it dictates DIC speciation, see Fig. lac) using a set of
equilibrium and kinetic rate constants (Usdowski et al.,
1991; Uchikawa and Zeebe, 2012) (we abbreviate
Uchikawa and Zeebe (2012) as “UZI12” hereafter). With
7, the time-course of 8'%0 equilibration can be modeled as:

8" Opcp(t) = 6" Op2p + (™00, — 6°052p) - exp(—t/1)
(6)

where 6"*05 0, and 6'°05g, are 5'%0 of DCP at the initial
and equilibrium condition. This first-order decay function
draws a simple unidirectional and asymptotic trajectory
towards the full 880 equilibrium. Note that it is also pos-
sible to express Eq. (6) in terms of oxygen isotope fraction-
ation between DCP and H,0, when §'20 of H,O is known
(see UZ12).

Tripati et al. (2015) reported a measurable Ay; offset of
0.063%0 between HCO3 and CO3~ (0.713%0 and 0.650%o,
respectively) at 25 °C, which can be applied to a similar
mass balance to model the pH-induced shift in the equilib-
rium Ay, signature of DCP (Fig. 1d). For their study,
Tripati et al. (2015) used BaCO; samples quantitatively pre-
cipitated from NaHCOj; solutions, whose 3'%0 of DCP was
in full equilibrium with H,O (Uchikawa and Zeebe, 2013).
But, at that time, it was still untested whether A4, equilib-
rium in DCP can be achieved on a similar timescale as
3'%0 equilibrium. Staudigel and Swart (2018) (denoted as
SS18 hereafter) represents the first study that characterized
and compared the kinetics of 8'80 and A4; equilibration in
DCP. Their data show that DCP comes to equilibrium on a
similar timescale for both 8'%0 and A,,. This is consistent
with Affek (2013) and Clog et al. (2015), who studied the
same subject, but between COxg,s) and H,O. SSI18 also
found a distinctive non-first-order kinetics in the attainment
of A47 equilibrium in DCP, such that the system initially
heads to even stronger disequilibrium before a subsequent

<

Fig. 1. (a) DIC speciation as a function of pH for freshwater at
[DIC] = 15 mM and T = 25 °C, using the algorithm of Zeebe and
Wolf-Gladrow (2001). DIC is almost exclusively contributed by
HCO5 (solid line) and CO3~ (dashed line) at the pH range shown
here. (b) The overall equilibrium oxygen isotope fractionation
between DCP (Dissolved Carbonate Pool = [HCO3] + [CO37))
and H,O as a function of pH, adapted from Zeebe (2007). The
fractionation is expressed as € in %o (where € = (o — 1) x 10%). The
projection shown here is based on ‘SaESZ(aq),Hzo as a function of T’
by Beck et al. (2005) and 18552 03 1m0 and PuE3; o established at
25 °C by Uchikawa and Zeebe (2013). (¢) pH-dependence of 3'%0
equilibration kinetics based on UZI12 (also see Usdowski et al.,
1991). The equilibration rate constant t~' (solid black curve)
decreases with pH due to a decline in [COy(,q)], invoking longer
5180 equilibration in DCP as shown by “Tgo” (dashed red curve).
(d) Expected equilibrium A4; of DCP as a function of pH, based on
mass-balance calculations using the end-member A4; of
0.713 + 0.001%0 and 0.650 + 0.006%0 for HCO3 and CO3~ by
Tripati et al. (2015). The gray shading represents the propagated
uncertainties in the end-member Ay4; values. The vertical bandings
in blue and orange color indicate the experimental pHyps of UZ12
(~8.9) and SS18 (9.2-9.4), respectively.
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turn-around and eventual continuous approach towards
equilibrium. This creates a characteristic “dip” in the A4y
equilibration trajectory (see Fig. S1 in the Supplementary
Materials). More recently, however, Weise and Kluge
(2020) reported contrasting experimental data showing no
clear non-first-order pattern.

This prompted us to launch an independent investiga-
tion on A4, equilibration kinetics, specifically by analyzing
Ay47 of the BaCOj3 samples by UZ12, which were quantita-
tively precipitated from NaHCOj; solutions at various times
over the course of 8'%0 equilibration. UZ12 also examined
3'%0 equilibration kinetics in the presence of carbonic
anhydrase (CA), an enzyme highly effective in catalyzing
CO, hydration (Eq. (3)). Since CO, hydration is a major
bottleneck for oxygen isotope exchange between DCP and
H,O0 and since various marine calcareous organisms possess
this enzyme (Tambutté et al., 2007; Moya et al., 2008;
Bertucci et al., 2011; de Goeyse et al., 2021; Zhang et al.,
2021), potential implications of CA on both isotopic pale-
othermometers have drawn significant interests (UZ12;
Saenger et al., 2012; Watkins et al., 2013; 2014; Tripati
et al., 2015; Kelson et al., 2017; Chen et al., 2018; Thaler
et al., 2020). For this reason, we additionally analyzed the
BaCO; samples precipitated from the NaHCO; solutions
with CA in order to characterize and compare A4; equili-
bration kinetics under normal (uncatalyzed, without CA)
and enzymatically catalyzed conditions.

2. MATERIALS AND METHODS
2.1. Sample descriptions

The BaCO; samples analyzed here were quantitatively
precipitated from NaHCOj; solutions at various times over
the course of 8'%0 equilibration at 25 °C and pHygs of ~8.9
by UZI2. Quantitative precipitation refers to a quasi-
instantaneous and complete transformation of DCP into
solid carbonate minerals, so that the isotopic state of
DCP at the time of precipitation can be preserved (UZ12;
Beck et al., 2005). The NaHCO; solutions were prepared
to 15 mM by dissolving isotopically homogeneous
NaHCO; powder into N»>-bubbled (i.e., COx,q)-free) deion-
ized H,O at 25 °C. A fixed volume of 0.5 M NaOH solution
prepared from the same H,O was also added to adjust solu-
tion pH. For the experiments with CA enzyme, the solu-
tions were supplemented with bovine CA solution (see
UZI12 for details). The NaHCOj; solutions were directly
prepared into individual serum bottles with negligible head-
space. The bottles were immediately transferred into 25 °C
water bath for isotopic equilibration. Then, they were used
for BaCO; precipitation in a time-series fashion over the
course of equilibration by reacting with excess BaCl,*2H,O
powder and 2.5 M NaOH solution. From individual bottles
of NaHCO; solution used at discrete times, two replicate
BaCO; samples were produced within a time separation
of only 1 to 2 minutes.

We selected sample subsets from TS2, TS2-mnCA,
TS2-2CA and TS2-3CA series (see Table 2 in UZ12). The

TS2 series represents a normal condition, in which no
CA enzyme was added to the NaHCOj; solutions. The
others (TS2-mnCA, TS2-2CA and TS2-3CA) represent
enzymatically catalyzed conditions, to which bovine CA
was added to concentrations of 3.7, 9.3 and 19 nM,
respectively. The BaCO; yields for all sample subsets
ranged from 94.3 to 102.2% of the theoretical yield and
their 8'°C values agreed well with 8'°C of the NaHCO;
used in their experiments (UZ12). This stoichiometric and
isotopic evidence validate the quantitative nature of the
BaCO; samples.

We were able to re-analyze aliquots of the experimental
NaHCO:; for stable isotopes, but archives of the experimen-
tal H,O were no longer available. The original 800
data reported in UZ12 is used when necessary.

2.2. Stable isotope analyses and definitions

The BaCO; samples and aliquots of the experimental
NaHCOj; were analyzed at the California Institute of Tech-
nology (Caltech) for 313C, 8'%0 and A4; on a Thermo
MAT253 dual-inlet isotope ratio mass spectrometer, as
detailed elsewhere (Bonifacie et al., 2017; Lloyd et al.,
2019; Chen et al., 2019). About 17 mg of the BaCO; sam-
ples or 10 mg of the NaHCO; was digested with 104%
phosphoric acid at 90 °C in a common acid bath. Five repli-
cates of NaHCOj; were analyzed, while each BaCO; sample
was analyzed either once or twice. The resultant COx(gys)
was cryogenically purified and passed through a Porapaq
Q (50/80 mesh) GC column held at —20 °C to eliminate
organic contaminants. The purified sample COy(g,s) Was
analyzed for masses 44 to 49 against a reference COx(gas)
externally calibrated with the NBS-19 reference material.
The TS2, TS2-mnCA and TS2-2CA samples and the
NaHCO; aliquots were analyzed from October to Novem-
ber 2018, and the TS2-3CA samples were analyzed in
November 2019.

Stable C and O isotope data are given by the conven-
tional d notation in permil (%o):

5 _ (RSample _ 1) . 103 (7)

RStandard
where R is the isotope ratio '*C/'>C (!*R) for 8'*C or
180/'%0 ('¥R) for 8'30. While 8'*C and 5'%0 of the carbon-
ate phases (BaCO; and NaHCO;) are reported on the
VPDB scale, 8'30 of H,O (UZ12) are on the VSMOW
scale. We followed Coplen et al. (1983) for rescaling VPDB
to VSMOW for 5'%0 of the carbonates:

580vsmow = 1.03091 -6'8Ovyppp + 30.91%o0 (8)

The apparent oxygen isotope fractionations between the
carbonates and H,O were then calculated in permil as:

183Carbonate—H20 = (lgaCarbonate—HZO -1) 10 (9)
where
¥ otcarbonate-120 = (8" Ocarbonare T 10%) / (8" 0ma0 + 10%)
(10)
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For clumped isotopes, the quantity A4, is defined as:

Ay — 47RMeasured 1 46RMeasured 1
T R ) U s

45
RMeasured 3

where 4R, “°R and **R are the abundance ratio of rare iso-
topologues to the unsubstituted mass 44 isotopologue (i.e.,
12C190!0). The R* are the corresponding ratios for
stochastic isotope distribution, which depend on the bulk
3'*C and 8'%0 (Eiler, 2011):

47R
A47: 2
2 13R 18R+2 17R 18R+ ISR( 17R)
46R 45R
_ - +1]-10°
2 BR4+2 BR VR+ (VR “R+2 VR

(12)

Following Brand et al. (2010), A47 values were calculated
using "*R ratio for VPDB and "R (170/'°0) and '®R ratios
for VSMOW to minimize inter- and intra-laboratory dis-
crepancies for A4; determinations (Schauer et al., 2016;
Daéron et al., 2016). The final A4, values and measurement
uncertainties were calculated in the absolute reference
frame (ARF) of Dennis et al. (2011), following Daéron
et al. (2016).

Both the BaCOj; samples and NaHCO; aliquots were
treated as calcite. In other words, 8'%0 and A4, values
reported here were not corrected with BaCOs-specific or
NaHCOj3-specific acid fractionation factors (AFF). To the
best of our knowledge, the NaHCOj3-specific AFF for both
5'%0 and A4; are unknown. Though some studies attempted
to establish the BaCOs-specific AFF for 8'%0 and its depen-
dence to the mineral-acid reaction temperature, they appear
somewhat questionable at this stage (see Uchikawa and
Zeebe (2013) for further discussions). Tripati et al. (2015)
compared the AFFs for Ay; measurements on calcite and
BaCOj; and found their difference to be 0.025%0, which is
comparable to an estimated 0.015%c difference by Guo
et al. (2009) based on transition state theory. But, to be con-
sistent with SS18, we did not take this into account for our
A47 data.

Typical measurement uncertainty was 0.005%o for 8'*C
and 0.008%o for 5'%0 (1SE, standard error of individual
samples). For clumped isotopes, the standard error (shot
noise limited) of individual A4; measurements was on aver-
age 0.011%c. After correction to the absolute reference
frame with equilibrated gases at 25 and 1000 °C (Dennis
et al., 2011), the average 1SE for individual samples was
0.014%o. Two in-house carbonate standards were routinely
analyzed to check the long-term reproducibility of the mea-
surements. Across three different analytical sessions, we
obtained A4; values of 0.401 + 0.006%o0 (1SE, n = 19) for
Carrara Marble and 0.664 4+ 0.005%¢ (1SE, n = 18) for
TV04 travertine, both within errors of their long-term aver-
age values (0.405 £ 0.020%0 for Carrara Marble and 0.65
5 + 0.020%0 for TV04). However, there were systematic
drifts in A47 values for the carbonate standards in different
analytical sessions. We hence applied session-specific

stretching corrections to our samples based on the values
measured on the carbonate standards and their long-term
average values. The external reproducibility (A4; offset
across analytical sessions) of replicate measurements on
our inorganic BaCOj3 samples was 0.020%0 on average.

2.3. Numerical modeling

Our experimental data are interpreted with two numer-
ical models. The first is an adapted version of the model
by SS18, which exclusively performs non-linear regression
on a set of time-series isotope data to derive the rate con-
stant for changes in singly- and doubly-substituted species
in DCP (['>)C'®0'°0!%0] and ['*C'30'°0'°0], respectively).
However, this model is not designed to simulate the pro-
gress of isotopic equilibration under various conditions
with a unique physicochemical state (e.g., pH and temper-
ature). This led us to come up with an entirely independent
model by extending the framework of Chen et al. (2018)
with some modifications adopted from Christensen et al.
(2021). This model is referred to as the ExClump38 model
(Model for Exchange and Clumping of '°C and '®O in
DCP). Unlike the SS18 model, the ExClump38 model
enables simulations of chemical and isotopic (5'°C, §'%0
and A4;) evolution in DCP from a set of equilibrium and
kinetic constants and isotope fractionation factors com-
piled from the literature. We used this model to identify
key fractionation factors controlling the A4; equilibration
trajectory (Section 4.4.1) and to simulate the timescales
and trajectories of isotopic equilibration for various hypo-
thetical scenarios (Section 4.4.3). To further describe the
two models, we follow the notations used by UZI2 (2
and 3 for '>C and *C, 6 and 8 for '°0O and '®0 in/from
COx(aq) and H,0, and 6’ and §' for %0 and '®0 in associa-
tion with OH™).

2.3.1. SS18 model

The basic concept of the SS18 model is as follows. Prac-
tically, 8'%0 is a measure of mass 46 signal over 44 in CO,
(eas) from acid digestion of carbonate samples, which in turn
depends on the abundance of '80-substituted carbonate
species ('°C'%0'°0'°0, or 2866 for short) over unsubsti-
tuted species (2666) in the samples. The time-course of
3'%0 equilibration therefore reflects the evolution of 2866
in DCP, for instance, as unsubstituted COyaq) (266(.q))
gains 80 from H,8 or 8'H™ (via Eq. (3) and/or Eq. (4)):

[2866])(t) = [2866]EQ + ([2866]" — [2866]FR) -exp(—kius -t)
(13)

Though expressed slightly differently, this equation is no
different from Eq. (6), and the rate constant k44 here corre-
sponds to 1/t in Eq. (6) (also in Eq. (5)). Thus, there should
be a reasonable agreement between the experimentally-
derived k4¢ and theoretical t=! for successful time-series
quantitative BaCOj3 precipitation experiments under nor-
mal uncatalyzed conditions (see UZ12). On the other hand,
A47 is a measure of the abundance of *C-'®0 bonds in the
acid liberated COxy(gys) (i.€., mass 47 over 44), which is con-
tributed by 3864, originating mainly from 3866 in the car-
bonate samples (Ghosh et al., 2006). The temporal change
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in [3866] in DCP (as 366(,q) reacts with H,8 or 8'H™) should
follow a similar rate law, but with a different rate constant
(Clog et al., 2015; SS18):

[38661(t) = [38661° + ([38661" — [3866T°Q) -exp(—ks t)  (14)

SS18 used the expression 8305 for [3866], which was
defined as 8'%0 of oxygen bound to '*C. For conventional
313C and 520, a kinetic isotope effect (KIE) is said to occur
if there is a difference in the rate of a given reaction involv-
ing the heavy and light isotopes. Then, if k46 and k47 differ,
this can be likewise considered as a KIE for clumped iso-
tope systems (SS18). Following SS18, this is referred to as
ISKIE:

13718KIE = k47/k46 (15)

The SS18 model calculates the rate constants k46 and k47
(hence '*'8KIE) as well as the initial and equilibrium con-
dition for 8'%0 and A4, of DCP by MATLAB’s nonlinear
regression. The core of the model is two MATLAB func-
tions “unclump” and “clump”. While the former iteratively
estimates 8'%0¢y3 from 8'°C, 8'%0 and A4, measured on
samples, the latter performs reverse Ay; modeling from
the estimated 8'%0¢13 along with 8'3C and §'%0 data (see
SS18 for details). We found that their model in its original
form did not provide an ideal fit to our data, especially in
terms of the magnitude of the dip in the A4; equilibration
trajectory. It is likely that the regression is skewed more
towards the tail end of the time-series data in our case, as
there are considerably more data-points near and after
equilibrium. The other issue is the noise in our A4; data,
which is larger than in the SS18 data (see below). These fac-
tors likely caused relatively poor model-data agreement for
our datasets. To overcome this issue, we implemented some
simple optimizations to the SS18 model.

We first obtained the rate constant ku¢ by fitting the
exponential function (Eq. (13)) to our 8'%0 data via non-
linear regression (as is the case in SS18). But, unlike
SS18, we optimized the fit to accept a specific value for
580" and 5'%0FQ of DCP. Similarly, the values for the
initial and equilibrium condition (518052 and 5]802%) were
manually set to fit Eq. (14) to the 8'0¢;5 time-series
derived from the unclump function. Then, based on the rela-
tionship given by Eq. (15), the rate constant k4; was set by
k46 obtained from the first step and a manually assigned
3-I8KIE, for which a range of values were tested. Finally,
5'%0 and 8'%0¢i; as a function of time modeled by the
resultant exponential functions (Eqgs. (13) and (14)) were
processed by the clump function to compute Ay, as a func-
tion of time. The first '%0 and §'%0¢; point in each time-
series was used as the input for 3'%0'=" and §'*0}. For
318052, we used the average of the 8'%0 data constituting
the well-defined equilibrium plateau (e.g., Fig. 3b). The
average of the corresponding 3%0c¢13 computed for those
post-equilibrium data-points by the unclump function was
adopted as the initial guess for 6'*Ogy. However, uncer-
tainty and noise in our isotope data (especially in Ay;) heav-

ily influenced (5'805?3 to be applied for the fitting and the
final A4; model output (Fig. S2). To take this into account,

we allowed a freedom for 6"OEY to vary within + 16 S.D.
associated with the averaging. In short, we searched for a
combination of "*'®KIE and 4"8OFy that gives the opti-
mum model-data agreement in Ay;, as those parameters
were the key factors that shape the overall curvature of
the A4; equilibration trajectory (Fig. S3). The goodness of
the model fit to the experimental data was evaluated by
median symmetric accuracy (MdSA) by Morley et al.
(2018):

MdSA = [exp{Md"_, (|log,Q,)} — 1] - 100(%) (16)

where Md/_, is the median of the numbers |/log,Q,| for i =1,
2, ..., nand Q is the ratio of the model predicted value to
the observed data (the accuracy ratio). Note that MdSA
penalizes model over- and under-forecasts equally, which
is not necessarily the case for other more common measures
for model performance such as the mean absolute percent
error (for other practical advantages for MdASA, see
Morley et al., 2018). We tested our optimized approach
using the SS18 25 °C dataset, and the inputs for optimum
model-data agreement were SKIE 0.980 and
OMOEY =  —2.24%c (Table 1; Fig. S4). This "*'®KIE
value agrees well with the original value reported in SS18
(0.981 £ 0.007), which provides confidence in our optimized
approach.

2.3.2. ExClump38 model

Chen et al. (2018) developed a model to simulate the
chemical, 8'3C and 8'%0 evolution in DCP of the coral
extracellular calcifying fluid during active calcification.
After omitting some unnecessary processes (diffusion, mix-
ing, CaCOs precipitation, erc.) and tracers (Ca>" and alka-
linity) for our applications here, we extended the model to
additionally simulate the evolution of doubly-substituted
isotopologues (i.e., A4;) with some adaptations from
Christensen et al. (2021). We name this version as the
ExClump38 model.

The ExClump38 model traces the chemical and isotopic
evolution in DCP, which depends on CO, hydration and
hydroxylation involving unsubstituted, singly- and
doubly-substituted species:

ke
266 + H,6 I::’ H2666~ + H* (17)
-1
k.
266 + 6'H™ I:—_> H2666~ (18)
—4
B,
366+ Ha6 s H3666 +H' (19)
ko
B,
366+ 6H™ S H3666 (20)
N 4
266 + H,8 & H2668 + H* (21)
34-1
by
286 + Ha6 = H2866 + H* (22)
3b-1
266 + §'H™ & H2668 (23)

1
344
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Table 1

Comparison of the rate constants for Eq. (13) and Eq. (14) (ks and k47) and >18KIE derived from our experimental series using the optimized
SS18 model (see Section 2.3.1). Also compared is the §'%0 equilibration rate constant 1! calculated at respective experimental pH (Usdowski
et al., 1991; Zeebe and Wolf-Gladrow, 2001; UZ12). For successful time-series quantitative carbonate (in this case, BaCQOj3) precipitation
experiments, there should be a good agreement between v and experimentally derived k.

Uncatalyzed conditions

CA-Catalyzed conditions

SS18 25 °C Data SS18 25 °C Data TS2 TS2-mnCA TS2-2CA TS2-3CA
Original Re-evaluated

ks (min~ ) 10.03x1073 10.03x1073 4.99%x1073 10.86x1073 28.75x1073 68.15x107°

318072 (%o) —2.85 —2.90 —3.75 —3.86 —3.99 —3.90

k47 (min~ 1) 9.84x1073 9.83x1073 4.88x1073 10.60x1073 28.08x1073 66.43x1073

3180, (%o) — —2.24 -3.02 -3.14 ~3.26 -3.21

3-8KTE 0.981 + 0.007 0.980 0.978 0.976 0.977 0.975

MdSA (%)" — 1.55 2.05 1.37 0.88 2.31

Theoretical 7~ from (3.83 to 4.24) x1073 (3.83 to 4.24) x1073 4.75%1073 — — —

UZ12 model (min~")

+: Goodness of model-data agreement for the A4; equilibration trajectory measured as Median Symmetric Accuracy (Eq. (16)).

big

286+ CH™ & H2866 (24)
o
Pil _
366+ Ho8 = H3866" -+ H' (25)
3P-1
386+ Ha6 = H3866 + H' (26)
-1
366 + §'H™ = H38'66 27)
b
386+ 6'H™ = H3866" (28)
F-4

The subscripts +£1 and +4 for the rate constants signify
CO, hydration/dehydration and hydroxylation/dehydroxy
lation. The rate constants for >C exchange are labeled as
B’s (Eq. (19) and Eq. (20)). After Chen et al. (2018), the
rate constants for '®O-substituted species are given by a’s
or b’s. While a’s are for the reactions where 80 originates
from or ends up in H,O or OH™, &’s are for the reactions
where 80 comes from or goes to COx,q) (Eq. (22) and
Eq. (24)). We follow Guo (2020) for the notation of the rate
constants for Eq. (25) to Eq. (28), where p’s are for the pri-
mary reactions involving new formation or break-up of
13C.180 bonds during the conversion between COx(,q) and
HCO3 (Eq. (25) and Eq. (27)) and s’s are for the secondary
reactions with no '*C-'30 formations or break-ups (Eq.
(26) and Eq. (28)). The 2/3 and 1/3 factors applied to the
reverse rate constants (Eq. (21) to Eq. (28)) are adopted
from Christensen et al. (2021) and signify the fact that, of
1 unit of HCO3 undergoing dehydration or dehydroxyla-
tion, 2/3 of the oxygen atoms go to CO, and 1/3 go to
H,O or OH . Note also that we assume Eq. (17) and
Eq. (18) for the unsubstituted species to be the same as
Eq. (3) and Eq. (4). Then, following the scheme of Mills
and Urey (1940) (also see UZ12; Chen et al., 2018;
Christensen et al., 2021), the exchange reactions above lead
to a set of eight differential equations describing the
changes in concentration and isotopic state of COyaq)
and DCP over time, which are numerically solved by
MATLAB’s odel5s solver with input variables (e.g.,

temperature, pH, initial 313C, 8'%0 and A4; of DCP, etc.).
As given in the full description of the ExClump38 model
in the Supplementary Materials, the differential equations
become a function of equilibrium constants (K;, K, and
Kw), kinetic rate constants for CO, hydration and hydrox-
ylation (k4 and k44, see Eq. (3) and Eq. (4)), equilibrium C
and O isotope fractionations of the dissolved carbonate sys-
tem (*oFs and 8aFYs), kinetic C and O isotope fraction-
ation factors ("*a®™s and '8a®™s) and intrinsic KIE for
clumped isotopes for CO, hydration and hydroxylation
(*’KIE’s: see Section 4.4.1). These constants and fractiona-
tion factors were compiled from the literature (Harned and
Scholes, 1941; Harned and Davis, 1943; Pinsent et al., 1956;
Harned and Owen, 1958; Zhang et al., 1995; Beck et al.,
2005; Uchikawa and Zeebe, 2013; Tripati et al., 2015;
Guo, 2020; Zeebe, 2020; Yumol et al., 2020; Christensen
et al., 2021). Finally, the effect of CA enzyme was
implemented as the enhancement factor for the rate
constants associated with CO, hydration. The formulation
of the enhancement factor as a function of enzyme concen-
trations directly follows the Michaelis-Menten kinetic
model by UZ12:

Ky

kit

where K, and k., is the Michaelis-Menten constant and
catalytic rate constant, respectively (see Section 5.3 in
UZ12 for more details). The rate enhancement factor was
equally applied to ki, Br 1, ay, bi, p+1 and sy
(Eq. (17), Eq. (19), Eq. (21), Eq. (22), Eq. (25) and Eq. (26))
by assuming no additional isotope effect from CA (e.g.,
Chen et al., 2018). The codes for the ExClump38 model
are accessible via the EarthChem Library data repository
system (https://doi.org/10.26022/TEDA/112078).

ko + kear | [CA]

Enhacement Factor = (29)

3. RESULTS

Our new isotope data generated at Caltech are given in
Table S1 (Supplementary Materials). Our new data in
Table S1 are also compared to the original data by UZ12,
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which were measured at the University of California Santa
Cruz (UCSC) for the BaCOj; samples and at the University
of California Davis for aliquots of the experimental
NaHCOs;. Relative to the original UZ12 data, 8'*Cpaco3
values newly measured at Caltech were consistently higher
by ~0.2%c. In contrast, the differences in 5'80g.c03 values
were more variable and ranged roughly from —1.2%¢ to
+0.6%0 between our values and UZ12 (Fig. 2). But these
differences are small compared to the overall range of 5'8-
Ogacos values explored here (see Section 4.1).

The average 8'°C and 8'80 of the experimental
NaHCO; was —2.78 + 0.08%0 and —15.63 + 0.64%0
(VPDB, +lc SD., n = 5). For the BaCO;5 samples, 8'°C
ranged narrowly from —3.25%0 to —2.98%oc. In all experi-
mental series, 8'°C values of BaCO; were fairly constant
irrespective of the elapsed equilibration time and closely
agreed with 8'°C of the NaHCOj; (Fig. 3a and Fig. 4adg).
This validates the quantitative nature of our BaCO; sam-
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Fig. 2. (a) Comparison of our newly measured 8'>Cyppp and
5'"80yppp values of the BaCOs samples and experimental NaHCO;
to the original data reported in UZ12. (b) Comparison of the
3'%0yppp offsets to the actual sample 5'*Oyppy values determined
at Caltech. Notice that the data from all of the experimental series
show the same trend.
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Fig. 3. Summary of our new isotope data from TS2 experimental
series, in the absence of enzyme carbonic anhydrase. (a) Difference
in 8" Cyppp between the BaCOs samples and the experimental
NaHCOs;. The gray horizontal banding represents = 1o SD of
8"*Cnaricos measured on 5 aliquots. (b) Temporal change in
oxygen isotope fractionation between DCP and H,O reflected by
the TS2 BaCO; samples. The initial condition (dash-dotted black
line) is calculated from 'O of the experimental NaHCO; and
H,O, whereas the expected equilibrium condition (dashed purple
line) is from Fig. 1b. Also overlaid in the panel is the 3'%0
equilibration trajectory based on the UZ12 model (green curve). (¢)
Temporal change in Ay4; of DCP reflected by the TS2 BaCO;
samples. Also compared in the panel is A4; of the experimental
NaHCO; (dash-dotted black line) and expected A4; of DCP at
equilibrium (dashed purple line), which is from Fig. 1d. The error
bars for the isotope data are + ISE.

ples, as previously discussed in UZ12. Therefore, the iso-
topic composition of the BaCO; samples reflect those of
DCP at the time of precipitation (i.e., 8'¥ Opacos = 8'*Opcp
and A47 pacoz = A47_pep)-

Over the course of isotopic equilibration, 3"%0pcp
asymptotically increased from the first/lowest value (rang-
ing from —14.5%0 to —12.5%0) to about —3.8%0 and pla-
teaued thereafter in all of the experimental series. This is
displayed in Fig. 3b and Fig. 4beh, in which the 8'%0 data
are expressed as apparent fractionations with respect to
H,O (lssDcp,mo, Eqgs. (9) and (10)). For all of the experi-
mental series, 3epcp_ o0 at the initial and equilibrium con-
dition is consistent with what is expected from §'%0 of the
experimental NaHCO; and the theoretical prediction
shown in Fig. 1b that is based on Zeebe (2007). Also note
that the time needed for DCP to reach the well-defined '®-
epcp_m20 plateau (i.e., equilibrium) progressively decreased
in response to an increase in the amount of CA added to the
experimental series (see Fig. 4beh).
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Fig. 4. Summary of isotope data from the experimental series performed with the enzyme carbonic anhydrase (CA). Isotope data are
displayed in the same manner as Fig. 3. For the 18 Bacos.20 and Agy profiles (middle and bottom panels), the data from the TS2 experimental
series (normal/uncatalyzed isotopic equilibration) are also displayed for comparison. The error bars for the isotope data are + 1SE.

The overall trajectory of A47 equilibration in DCP traced
by the BaCO; samples was clearly different from those of
3'%0. In the TS2 series with no CA addition, A4; of DCP
dropped from 0.606%¢ to 0.564%0 in the first ~30 minutes
and subsequently rose to 0.700%¢ by ~900 minutes and
remained fairly constant afterwards (Fig. 3c). In the TS2-
mnCA series with [CA] = 3.7 nM, A4; of DCP similarly
decreased from 0.591%o to 0.564%0 within the first ~30 min-
utes, rebounded to about 0.700%o by ~420 minutes and then
plateaued (Fig. 4c¢). In the TS2-2CA series with
[CA] = 9.3 nM, A4; of DCP quickly dropped from
0.580%0 to about 0.560%0 within the first ~15 minutes and
then increased and plateaued at about 0.701%0 by ~300 min-
utes (Fig. 4f). Note that A4, of the well-defined plateau at
~0.700%0 in these experimental series are consistent with
the theoretical prediction at pH 8.9 (Fig. 1d).

However, the results from the TS2-3CA series with
[CA] = 19 nM were somewhat anomalous. Specifically,
A4; values measured on two sets of replicate samples (pre-
cipitated only 1-2 minutes apart) situated in the early part
of the time-series did not reproduce well (Fig. 4i). This
makes the overall trajectory somewhat unclear, though
the initial decline in A4; of DCP is still evident. As seen

in other experimental series, DCP for the TS2-3CA series
eventually plateaued at ~0.660%.. But this level is lower
than the expected equilibrium by ~0.040%o.

In summary, A4; equilibration in DCP initially proceeds
to even stronger disequilibrium before its subsequent
approach towards equilibrium, resulting in a characteristic
“dip” in the A4 equilibration trajectory in all of our exper-
imental series. Moreover, our datasets suggest an accelera-
tion of A4, equilibration in DCP in response to an increase
in the amount of CA added to the system, despite some
noise in our experimental data.

4. DISCUSSION
4.1. Analytical considerations

Our newly measured 5'°C and 5'®0 values of the BaCO;
sample did not agree perfectly with the original UZ12 data.
While 8'3C values measured at Caltech were persistently off
by ~0.3%o relative to the original values reported in UZ12,
the 3'%0 offsets were larger and more variable (Fig. 2a). We
first emphasize that the observed inconsistency in the iso-
tope data between the present study and UZ12 should nei-
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ther undermine the quality of our data nor hinder our data
interpretation. This is because (#1) 8'>C of BaCO5 show no
temporal drift and agree well with 8'>C of the experimental
NaHCO;, (#2) the extent of the 5'%0 offsets is small com-
pared to the overall changes in 8'30 of BaCOs over time
(~1.5%0 at most vs. over 10%0) and (#3) the analytical
uncertainty and the noise in our A4; data are unrelated to
the 8'30 offsets (they are largely due to operating condi-
tions of the instrument).

Nonetheless, the 5'%0 offsets spanning over —1.5%o
to +0.6%0 warrant some discussion. Although the §'80 off-
sets appear non-systematic in Fig. 2a, these offsets from all
experimental series show the same general pattern when
they are plotted against 5'0 values of the BaCO; samples
(Fig. 2b). The Caltech-based 5'®0 values are systematically
more negative for the BaCO; samples having higher 8'30
values and more positive for the samples with lower §'%0
than the UZ12’s original data generated at UCSC. In other
words, the Caltech-UCSC 8'%0 offsets are directly related
to the sample 3'80 values. We note that, at Caltech, the
measurements were standardized by using a well-
calibrated reference gas. At UCSC, data standardization
was done by a two-point correction using the NBS-18 refer-
ence material and an externally-calibrated in-house carbon-
ate standard analyzed with samples. It is possible that such
a difference in the data standardization practice (i.e., cali-
bration slopes) played a role for the 8'30 offsets, as our
BaCO; samples cover a relatively wide 5'%0 range. As
opposed to the BaCO; samples, the Caltech-based 5'0
for the experimental NaHCO; agree with the UZ12. Also,
analyses on the NBS-19 reference material and other car-
bonate standards at Caltech were consistent with their
accepted values. Thus, the issue discussed here seems to
apply to BaCOj only, for which we cannot rule out an addi-
tional possibility of laboratory-specific biases and/or iso-
tope fractionations during the acid digestion of BaCOs.
For instance, differences in the reaction time and/or tem-
perature of the acid digestion between each laboratory
can be important factors.

The A4, analytical uncertainty ranged from + 0.005
to + 0.021%o (1o), with an average of £+ 0.014%o. The error
bounds bracketing some of the A4; data-points hence can
be up to £ 0.04%0, which is almost as large as the signal
of the non-first-order A4; equilibration kinetics (i.e., the
magnitude of the dip, Fig. 3 and Fig. 4). Despite the data
uncertainties, our A4; equilibration trajectories follow the
same general pattern similar to SS18. However, one excep-
tion to this statement is the TS2-3CA A4, dataset, which
was generated in November, 2019 (all other samples were
analyzed in October-November, 2018). The A4; data show
more significant noise for the first ~30 minutes of equilibra-
tion, as the replicate samples prepared only ~1-2 minutes
apart from the same NaHCOj; solutions resulted in a Ay;
difference exceeding 0.04%0 (Fig. 4i). Also, the A4; value
at which the equilibration trajectory plateaued was oddly
~0.03%0 lower than the expected equilibrium. As these
inconsistencies are likely due to instrument instability dur-
ing the analytical sessions in 2019, less weight will be given
to the TS2-3CA series in the following data interpretation.

4.2. Overview of the experimental results

Our new experimental data are in good agreement with
SS18. Equilibration of 5'¥0 in DCP traces an asymptotic
path that can be modeled by a simple first-order exponen-
tial decay function (Beck et al., 2005; UZ12; SS18; Weise
and Kluge, 2020). In contrast, A4; equilibration initially
trends toward even stronger disequilibrium before a subse-
quent rebound and continuous increase toward the
expected equilibrium, which is manifested as the prominent
“dip” in the early phase of equilibration (Fig. 3c). This is
exactly the non-first-order behavior reported by SSI8
(Fig. Slc). Our data further demonstrate that the combina-
tion of the first-order kinetics for 'O equilibration and the
non-first-order kinetics for A4; equilibration also holds in
the presence of the CA enzyme (Fig. 4).
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Fig. 5. Time-series A4; data normalized to the first data-point in
each series. (a) Comparison of uncatalyzed A4; equilibration
trajectory based on SS18 25 °C data and our TS2 experimental
series. (b) Comparison of uncatalyzed TS2 experimental series and
TS2-mnCA series, to which 3.7 nM of CA enzyme was added. (c)
Comparison with TS2-2CA series, to which 9.3 nM of CA enzyme
was added. (d) Comparison with TS2-3CA series, to which 19 nM
of CA enzyme was added.
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The A47 data from our TS2 experimental series and the
SS18 25 °C experiments (both under normal condition
without CA enzyme) can be directly compared after nor-
malizing the A4; data to the first data-point in each time-
series (Fig. 5a). This comparison shows a similar magnitude
of the dip in the A4; equilibration trajectory between our
TS2 and SS18’s data. Moreover, when the dip is compared
between our TS2 series and other enzymatically-catalyzed
series (Fig. 5), the observed differences in its magnitude
are small and, for the most part, within the analytical
uncertainty (though slightly controversial for the TS2-
3CA dataset). In other words, the magnitude of the dip is
fairly uniform regardless of the presence and concentration
of CA. However, CA affects how quickly the system comes
out of the dip and eventually reaches A4 equilibrium. Our
results thereby confirm that CA accelerates not only 50
but also A4; equilibration in DCP.

For the TS2, TS2-mnCA and TS2-2CA series, equilib-
rium Bepep 1o and A4, of DCP are consistent at about
30%0 and 0.700%o, respectively. These agree well with the
theoretical prediction ("¥eERp 1120 = 30.70 + 0.24%0 and
AEQ = 0.708 £ 0.002%o, see Fig. 1) at our experimental
pHugs of 8.9 (Fig. 4). In contrast, the '%0 and A4; equilib-
rium values in SS18's data at 25 °C (Bepcp_0 ~ 28.56%0
and A47 =~ 0.644%o0, which are the average of the last three
time-series data points, see Fig. Slc) are lower than the the-
oretical prediction at their experimental pHyps range of 9.2
to 9.4 (1%¢E2p 120 = 29.9 to 30.3%0 and AEQ = 0.701 to
0.705%o, see Fig. 1). Roughly 1.4%0 of 0 depletion relative
to the expected equilibrium can be explained by the choice
of AFF for 8'80. We notice that SS18 applied the BaCO;-
specific AFF by Bottcher (1996). But this is not the case in
the quantitative BaCO; precipitation experiments of
Uchikawa and Zeebe (2013) upon which the theoretical pre-
diction shown in Fig. 1 is based (the BaCO; samples were
treated as calcite and no corrections with BaCOs-specific
AFF were made). If handled equally as calcite (e.g.,
UZ12), 880 of the BaCO; samples by SS18 should increase
by 1.12%o at their acid digestion temperature of 90 °C. This
largely resolves the offset between experimental and theo-
retical "8¢E2p 1100 in SS18's data. However, the equilibrium
A47; value being lower than the theoretical prediction by
~0.060%0 in the SS18 data cannot be explained by the choice
of the AFF, because all of the A4; data discussed here,
including ours, SS18 and Tripati et al. (2015) that was used
for our theoretical calculation (Fig. 1) are based on the
CaCOs-specific Ay; AFF. Thus, this inconsistency calls
for an alternative explanation (to be further discussed in
Section 4.3.1).

Lastly, we discuss the very first data point in the TS2
time-series (Fig. 3), which was precipitated only 4 minutes
after the NaHCO; powder was dissolved into H,O. With
such a short equilibration time (and without catalytic influ-
ence of CA), there should be a decent isotopic agreement
between this particular BaCO3 sample and the experimental
NaHCOj; (8'"*Oyppg = —15.63 £ 0.06%0 and Ay; = 0.570
=+ 0.005%0¢). But the isotopic values measured on this sam-
ple are slightly higher (8'%Ovppy = —14.48%0 and
A47 = 0.606%0). The more positive 3'30 value for BaCOs
over NaHCOs; is in line with the direction of 3'*0 equilibra-

tion, where 8'%0 of DCP increases over time (Fig. 3b).
Thus, the 8'30 offset between this BaCO; sample and the
experimental NaHCO; can be explained by partial equili-
bration. In contrast, A4; of DCP decreased during the ini-
tial phase of equilibration (Fig. 3c). Thus, the positive Ay;
offset in DCP relative to NaHCOs is against the direction
of equilibration. This may stem from a potential difference
in Ay; AFF between BaCO; and NaHCO;. While some
constraints of AFF were made on BaCOj; (Guo et al.,
2009; Tripati et al., 2015), NaHCOg3-specific Ay; AFF has
yet to be investigated. Alternatively, there may be hitherto
unrecognized A4; effects upon a rapid dissolution/ioniza-
tion of NaHCO; in H,O.

4.3. Data interpretation with the SS18 model

4.3.1. Uncatalyzed kg, k7 and 38 KIE

Reevaluation of SS18's data at 25 °C by our optimized
modeling approach led to *'®KIE = 0.980, or a ~20%o iso-
tope effect. But we note a few caveats in their experimental
data: (#1) pHnps of their NaHCOj; solution changed from
9.2 to 9.4 over the course of their experiment, (#2) 8'>C of
DCP recorded by their BaCOj3; samples increased with time
by ~2.5%o (Fig. Sla), (#3) 8'%0 equilibration in DCP out-
paced the time-course predicted by the theoretical predic-
tion following UZI12 (Fig. Slb), and (#4) A4; of DCP
plateaued at ~0.06%0 lower than the expected equilibrium
(Fig. Slc). In their approach, from 1 L of NaHCOj; solu-
tion, 20 mL of the solution were recurrently withdrawn to
perform BaCOj; precipitation over the course of equilibra-
tion (a total of 240 mL withdrawal for 12 samples). The
changes in solution pH and 3'*C of DCP described above
(items #1 and #2) suggest CO, degassing induced by con-
tinuous increase in the headspace (Mook, 1986; Zhang
et al.,, 1995; Zeebe and Wolf-Gladrow, 2001). Items #3
and #4 also seem to support CO, degassing. Affek and
Zaarur (2012) showed that CO, degassing leads to an
increase in 8'%0 but a decrease in A4; of the remaining
DCP. This may introduce some uncertainties in the rate
constants ks and ky;, and thus "' KIE derived from
SS18's experimental data. For instance, k46 derived from
their data is 10.03 x 10~ min~', which is sizably higher
than the 8'%0 equilibration rate constant T~ ! at their exper-
imental pHygs of 9.2 to 9.4 (3.83 x 1073 to 4.24 x 1073
min~"). Moreover, the theory predicts that the rate con-
stant 7! to decrease with pH (Fig. lc). But ke derived
from the SS18 data is almost twice the value constrained
from our TS2 data performed at pHypgs 8.9.

The issue of CO, degassing should be negligible in our
experiments, as the NaHCO; solutions were sealed into
individual bottles with minimal headspace (UZ12). This
is validated by the close 8'°C agreement between the
BaCO; samples and NaHCOj; as well as the lack of drift
in 8'3C of BaCO; with time (Fig. 3a). And, as expected,
there is a much better agreement between kus derived
from our TS2 data and the theoretically predicted T~
from UZI2 (see Table 1). By assigning '*
KIE = 0.978 and 0"OLY = —3.02%o, the optimized
SS18 model was able to replicate the dip in the A4; equi-
libration trajectory for our TS2 data (Fig. 6 and Fig. S4).
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Fig. 6. Application of the optimized SS18 model to the SS18 25 °C and our TS2 data (normal/uncatalyzed isotopic equilibration). (a) 8'%0 of
DCP, (b) '80¢3, which is 5'30 of oxygen bound to '*C isotope in DCP (as defined by SS18) and (¢) A4, of DCP. The modeling results shown
here represent the best-fit to the experimental A,; data. The quantity 8'%0¢;3 was iteratively estimated from 8'*C, 8'%0 and A4; measured on
the BaCO; samples. The data-points marked with yellow dots (panels a-e) were averaged to define equilibrium 5'%0 and 8'%0; values to be
used for exponential data fitting in the model (detailed in Section 2.3.1).

By replacing 1 in Eq. (5) with the reciprocal of kus, Tko
for 3'%0 equilibration is ~920 minutes at our experimen-
tal pHngs of 8.9. In comparison, Tgp for A4; equilibra-
tion is predicted to be ~940 minutes by replacing t
with the reciprocal of k4;. A difference of ~20 minutes
between T for 5180 and A4 equilibration is too short
to be resolved by the typical sampling of our BaCOj; pre-
cipitation experiments (also the case in SS18), which is
typically coarse in the equilibrium tail of the time-
series. While the effect is rather small in terms of equili-
bration timescales, the difference between k46 and ky;
apparently leads to a profound non-first-order character-
istic in the A4 equilibration trajectory. Also note that, as
described in Section 2.3.1, *'®KIE is a measure of the
difference in '>C and '>C exchange rate for transforma-
tion of '30-substituted COxaq) to dissolved carbonate
species (286(.q) — 2866 vs. 386(.q) — 3866) via Eq. (3)
and Eq. (4). Likewise, carbon isotope KIFs for CO,
hydration and hydroxylation (foff = ky/Pkyy and
BokIF — foy/Bkya, Eq. (17)~(20)) reflect the difference

Oy
in '°C and '*C exchange rate, but for unsubstituted spe-
cies in oxygen (266(,q) — 2666 vs. 366(,q) — 3666). Thus,

it is not surprising that the inverse of "*'"®*KIE (= kue/ka7
= (09757 = 1.026) determined from our experimental

13 _KIF

data is similar in magnitude to “of" and o’ reported

in the literature (see Section 4.4.1).

4.3.2. Enzymatically-catalyzed kyg, k7 and > 'SKIE

CO, hydration is a critical pathway that allows direct
exchange of oxygen isotopes between DIC species and
H,O. Since its reaction rate is much slower than other reac-
tions occurring in the dissolved carbonate system, CO,
hydration represents a major bottleneck for 8'%0 equilibra-
tion in DCP (Zeebe and Wolf-Gladrow, 2001). Enzymatic
catalysis of CO, hydration by CA effectively accelerates
3'%0 equilibration in DCP (UZ12). Our newly generated
isotope data not only verify this notion but also demonstrate
that CA likewise accelerates A4; equilibration (Fig. 4).

Our optimized modeling scheme is able to trace the 530
and Ay; equilibration trajectories reflected by the TS2-
mnCA, TS2-2CA and TS2-3CA experimental series that
were conducted at different CA concentrations (Fig. 7).
We find that k4 increases almost linearly with concentra-
tions of CA added to each experimental series (Fig. 8),
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Fig. 8. Display of kug, k47 and *"'®KIE (see Eq. (13)—(15)) determined from the optimized SS18 model for all of the experimental series
examined in this study. Note that k4 and k47 linearly increases with CA concentrations (a and b), while there is no robust trend as a function
of CA concentrations for *'®KIE (c). The slope of the linear regression (dashed line) on kue, k47 and B-I8KIE as a function of CA
concentration was 3.41 x 1072 (7 = 0.982), 3.33 x 107% (Y = 0.982) and —1.12 x 107* (/ = 0.546), respectively.

which agrees with the formulation of the overall CO,
hydration rate constant as a function of CA based on
Michaelis-Menten kinetics by UZ12 (see Eq. (21) and
Fig. 9 therein). In contrast, '*'8KIE values determined
from SS18 model fit to our experimental data are almost
uniform at ~0.976 for all of the CA-catalyzed cases (Table 1,
Fig. 8). This is in line with a fairly similar magnitude of the

dip in the A4; equilibration trajectory for all of our experi-
mental series, regardless of the presence and concentration
of CA (Fig. 5). It follows that, within the range tested here,
CA only reduces the time required for A4; equilibrium in
DCP without altering the non-first-order characteristics in
the equilibration trajectory (i.e., the ratio of k4 and ky;
remains constant).
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enzyme.
4.4. Data interpretation with the ExClump38 model

4.4.1. Sensitivity test

The differential equations solved in the ExClump38
model are set up as a function of equilibrium constants
(K’s), kinetic rate constants (k’s), equilibrium fractionation
factors (*a®®s and '®a®s) and kinetic carbon and oxygen
KIFs ("*a®™s and "8¢*™s) and intrinsic kinetic clumped
isotope effects (Y’KIE’s). We follow Guo (2020) for the

definition of *’KIE’s associated with Eq. (25) to Eq. (28),
and they depend on KIFs specific to the clumped species
YToKIF>5) in addition to more conventional Pa®¥’s and
184KIFs for hydration and hydroxylation (see the full model
description in Supplementary Materials). Note that *’KIE’s
by Guo (2020) are fundamentally different from 13-18K 1R
defined by SS18 (Eq. (28)). As explained in Section 4.3.1,
-I8KIE by SS18 simply reflects the subtle difference in
the rate of change in [2866] and [3866] in DCP as singly-
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and doubly-substituted CO, (286 and 386, respectively)
undergo hydration and hydroxylation.

Of the isotope fractionations listed above, 13 KIF>g
o®s and 4’KIE’s are treated as adjustable parameters
because experimental/theoretical constraints on them are
either limited or inconsistent across different studies in
some cases (e.g., Zeebe, 2014; Guo and Zhou, 2019; Guo,
2020; Yumol et al., 2020). We first performed sensitivity
runs to address the impact of these adjustable parameters
on the model outcome. Each parameter was individually
varied from 0.990 to 1.015 (over 25%o), while others were
fixed at a value of 1 (ie., no additional fractionations).
The results show that the non-first-order characteristics in
the A4; equilibration trajectory (i.e., the dip) only arises
when carbon isotope KIFs and intrinsic clumped isotope
effects associated with Eq. (19), Eq. (20), Eq. (25) and
Eq. (27) (130(5‘17’130(;15’ Y’KIE,+, and *’KIE,,) are in effect
(Figure SS5). This corroborates SS18 that the A4, equilibra-
tion trajectory is fundamentally shaped by '*'*KIE, which
is essentially the same as carbon isotope KIF for conversion
of CO, to dissolved carbonate species, only except the fact
that CO, is '80-substitued in this case (see Section 4.3.1). In
contrast, all of Bafg (for Eq. (21) to Eq. (24)) and
4TKIE’s associated with Eq. (26) and Eq. (28) had hardly
any influence on the model output. Thus, for the
ExClump38 model, we directly used the estimates by Guo
and Zhou (2019) and Guo (2020) for these particular
185K and 4KIE’s.

The values for 130({2‘1" ,130155 , YKIE,;; and *'KIE,4
require more careful considerations, as they are critical
for the modeling outcome (Figure S5). Guo (2020) devel-
oped a numerical model IsoDIC for simulating the evolu-
tion of a suite of clumped species in DCP (i.e., mass 63,
64 and 65 signals), which was able to reproduce the time-
series 8'%0 and A4; data of SSI8 (see Fig. 9a therein).
For this work, Guo also conducted theoretical calculations
and provided estimates of —0.146%0 and —0.016%. for
*'KIE,+, and *’KIE, 4, respectively. We are not aware of
other studies that attempted to constrain these clumped iso-
tope effects. This makes it difficult to further evaluate Guo’s
values. However, our sensitivity runs indicate that, even if
those values were off by 1%, the consequence on the mod-
eled A4; equilibration trajectory would be relatively small
(see Fig. S5gh). We hence relied on the values of Guo
(2020) in the ExClump38 model.

In terms of carbon isotope KIF for CO, hydroxylation,
experimental and field data from independent studies point
to relatively consistent '*C depletion of about 17%o in the
resultant HCO3 between ~20 to ~30 °C (Clark et al.,
1992; Falk et al., 2016; Christensen et al., 2021), or 130(,{’?5

of 1.0170. In terms of carbon isotope KIF for CO, hydra-
tion, the results from a recent experimental study by Yumol
et al. (2020) indicate ~17.6%0 of *C depletion in the resul-
tant HCO3 (fokK"lF = 1.0176). As this is higher than the
”oc,’ff from prior experimental studies (Marlier and
O’Leary, 1984; O’Leary et al., 1992; Clark and Lauriol,
1992), they argued that the value of 1.0176 is likely the clos-
est to the true extent of carbon isotope KIF of CO, hydra-
tion. With the input of of" = 1.0170 and i = 1.0176,

18

the ExClump38 model nicely reproduces the overall trajec-
tory of A4; equilibration in DCP and, importantly, the
magnitude of the Ay; dip observed in our TS2 experimental
data (Fig. 9ab). Note that these KIFs have also been inves-
tigated via theoretical calculations (Guo, 2009; Zeebe, 2014;
Guo 2020; Boettger and Kubicki, 2021), and some of those
predict larger values. For the ExClump38 model, however,
we rely on the observational constraints described above.
This is because theoretical calculations depend heavily on
the assumed conditions and reaction pathways or mecha-
nisms (see Zeebe, 2014) and thus the estimates within in a
single study and across independent studies can vary signif-
icantly (e.g., Zeebe, 2014; Boettger and Kubicki, 2021).

4.4.2. BKIF for CO, hydration mediated by CA enzyme?

Provided with all the input parameters and constants,
the ExClump38 model can replicate the overall patterns
of the 3'®0 and A4; equilibration trajectory represented
by our TS2 experimental dataset (Fig. 9ab). In addition,
as shown in Fig. 9c-h, the model is capable of simulating
the equilibration time-course for DCP with CA enzyme
(TS2-mnCA, TS2-2CA and TS2-3CA datasets), which only
requires the CA rate enhancement factor to be equally
applied to all of the CO, hydration rate constants (k.i,
Bk ant, ba, p+1 and 544, see Section 2.3.2) without addi-
tional fractionation by CA itself (Chen et al., 2018).

The sensitivity analyses conducted on the ExClump38
model (Section 4.4.1) indicated that the two major param-
eters responsible for the non-first-order characteristics (i.
e., the dip) in the A4; equilibration kinetics is carbon iso-
tope KIFs for CO, hydration and hydroxylation
(Fig. S5). This leads us to the experimental studies by
O’Leary and colleagues (Marlier and O’Leary, 1984;
Paneth and O’Leary, 1985; O’Leary et al., 1992). Marlier
and O’Leary (1984) conducted two types of experiments
at 24 °C. First, HCO5 derived from COx) via dissolution
and subsequent hydration was rapidly converted to malate
by using some enzymes. Second, CO,(,) was rapidly evolved
from NaHCOj; solution via dehydration and subsequent
degassing using an inert gas. After isotopic analyses of
the reaction products, they concluded o™ for CO,
hydration and HCO3 dehydration to be 1.0069 and
1.0147 (or 6.9%0 and 14.7%o0), which broadly agrees with

Poeo: —cong Of 10080 at 24 °C by Zhang et al., (1995)

(see Eq. A42 in the Supplementary Materials).

Paneth and O’Leary (1985) repeated the degassing
experiments, but with CA enzyme in the NaHCOj solution,
and found Po®¥ of 1.0101 for HCO3 dehydration in this
case. Then, by assuming no CA effect on the equilibrium

fractionation factor (see UZ12 for the case of oxygen iso-

topes) and with 13“51%0;402@) of Zhang et al. (1995), 13a®TF

for CA-catalyzed CO, hydration becomes 1.001. The differ-
ence in their experimental outcome (*a*!F of 1.0069 vs.
1.001) intuitively implies that CA lowers carbon isotope
KIF for CO, hydration (o). If this is really the case,
from our sensitivity analyses with the ExClump38 model
(Fig. S5a), the dip in the A4; equilibration trajectory is
expected to shoal in response to CA additions. Yet, our
data do not clearly show such a trend (Fig. 5). Though
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we are unable to provide compelling explanation(s) for this,
a few possibilities can be explored.

If 130({2’]” indeed changes with CA (Marlier and O’Leary,
1984; Paneth and O’Leary, 1985), it is possible that the sig-
nal was not adequately captured in our experiments, poten-
tially because the analytical uncertainty and the noise in our
A4;7 were too large and/or the CA concentrations were too
low (refer to Section 4.1. for the issues in our TS2-3CA
dataset with the highest CA concentration). Alternatively,
the influence of CA may not be accurately described in
our model. Thus, even though the sensitivity tests with
the present ExClump38 model predicts otherwise, our
experimental data showing no CA influence on the magni-
tude of the dip are actually robust. Along this line, it is
noteworthy that the reaction mechanisms of uncatalyzed
versus CA-mediated CO, hydration to HCOj3 appear fun-
damentally different. In the CA-mediated case, a H,O mole-
cule is rapidly deprotonated at the enzyme’s zinc-containing
active site, which releases H™ while OH ™ is retained on the
enzyme as a Zn-OH™ unit. This then binds and reacts with
CO, to generate HCO3 (Paneth and O’Leary, 1985;
Silverman and Lindskog, 1988; Guo et al., 2011):

E-ZnH,O <~ E-ZnOH™ + H* (30)
and

E-ZnOH™ + CO, < E-Zn(OH™)CO,

— E-ZnHCO;~ < E-ZnH,O + HCO;™ (31)

where E signifies CA enzyme. This sequence shows that,
although the end result is hydration of CO, (Eq. (3)), what
happens to CO, itself is actually more akin to hydroxyla-

tion. So, 130({3‘1” may not be the correct parameter to be

tuned for the effect of CA. Lastly, as previously noted in
Zeebe (2014) and Yumol et al. (2020), there appears to be
some caveats regarding the work of O’Leary and col-
leagues. First, the kinetic fractionation of 1.0069 (or
~6.9%0) for conversion of CO,(,) to HCO3 via the hydration
pathway by Marlier and O’Leary (1984) is anomalously
small amongst the values established in other studies (see
Table 1 in Yumol et al. (2020)). Moreover, their work is
oddly cited in a subsequent study by the same group
(O’Leary et al., 1992) with a value of 13%o, not 6.9%o, with-

out any explanation. Then, from the value of

13“ﬁ%0;—coz(g)by Zhang et al. (1995), this requires the

kinetic fractionation for the reverse reaction to be revised
to ~22%o from the original value of 14.7%o reported in
Marlier and O’Leary (1984) on the basis of degassing exper-
iments. Since Paneth and O’Leary (1985) employed the
same degassing experimentsfor CA, their data should be
taken with caution.

4.4.3. ExClump38 simulations for various scenarios
Disequilibrium in DCP in terms of both 3'%0 and A4,
can be propagated to carbonate minerals when mineral for-
mation greatly outpaces isotopic equilibration in DCP
(Tripati et al., 2015; Watkins and Hunt, 2015; Guo et al.,
2019; Guo, 2020), thereby critically biasing paleotempera-
ture reconstructions. Provided with good model-data agree-
ment (Fig. 9), we can use the ExClump38 model to test

various physicochemical scenarios for the timescale and tra-
jectory of isotopic equilibration in DCP.

The modeled TS2 equilibration path may be compared to
a set of hypothetical paths to the same equilibrium, but from
different initial states (Fig. 10). Path-1 and Path-2 in Fig. 10
have the same initial 8'*0Opcp as our TS2 experiments, but
their starting A4; is exactly at or above equilibrium. Even
under these circumstances, analogous to TS2 path, Ay; of
DCP initially drops below equilibrium during the early part
of equilibration. In contrast, if equilibration starts from the
same A4y as TS2 but 8'%0pcp above equilibrium (Path-3),
there is a A47 overshoot during equilibration. This is inevita-
ble because, as described in Section 2.3.1, [2866] decreases
more rapidly than [3866] during the early part of isotopic
equilibration in DCP. Path-4 shows a unique case where
DCP is already in 8'%0 equilibrium but out of A4 equilib-
rium. In this case, A47 equilibration no longer follows non-
first-order kinetics because equilibration only involves
changes in *C-80 clumps in DCP having a fixed %0 inven-
tory. As Eq. (14) implies, this process follows a first-order
exponential decay function. For all of these scenarios, the
timescale for isotopic equilibration is identical.

We also examine the effect of solution pH using the
ExClump38 model (Fig. 10cd), which should be of particu-
lar relevance to, for example, coral calcification and spe-
leothem formation that involves alterations in solution
pH (Al-Horani et al., 2003; Daéron et al., 2011). As is the
case for 8'80 (and as shown previously in UZ12), A7 equi-
libration takes longer at higher pH due to a decline in [CO,
ﬁaq)]’ only through which formations or break-ups of

3C-180 bonds are possible. In addition, 8'%0 and A4y of
DCP at which the respective equilibration trajectory pla-
teaus change systematically with pH. This is due to the
pH-induced shifts in the relative abundance of HCO3; and
CO3™ in DCP, each having distinct equilibrium 8'%0 and
Ay47 signatures (Fig. 1, Beck et al., 2005; Uchikawa and
Zeebe, 2013; Tripati et al., 2015). In our simulations, how-
ever, the magnitude of excess Ay; disequilibrium (i.e., the
dip) remains almost constant in all cases (Fig. 10d).

For the evaluation of temperature effects shown in
Fig. 10ef, two adjustments were made in the ExClump38
model. In the default set-up, equilibrium §'0 and A4 signa-
tures of the HCO3 and CO3™ are based on the experimental
constraints by Uchikawa and Zeebe (2013) and Tripati et al.
(2015), which are only valid at 25 °C. For defining equilib-
rium 5'%0 of HCO3 and CO3~ beyond 25 °C, we used the

18, EQ
d “co? ~-H,0

by Beck et al. (2005). Although we are unaware of direct
experimental constraints for equilibrium Ay4; of the respec-
tive DIC species beyond 25 °C, ab-initio calculations by
Hill et al. (2020) show temperature controls on the degree
of Bc-180 clumping in HCO3 and CO?Z~. For this exercise,
we derived the temperature-sensitivity of the equilibrium A7
of HCO3 and CO3~ by applying polynomial fit to a set of
Hill et al. (2020) calculations between 0 and 100 °C, after
accounting for offsets from the direct experimental con-
straints by Tripati et al. (2015) (see Table A3 and Fig. Al
in the detailed model description in Supplementary
Materials).

. 18 _EQ .
temperature-dependence of oo p,o an
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Fig. 10. Case studies of isotopic equilibration under various scenarios by the ExClump38 model. (a and b) Comparison of the TS2
equilibration path to hypothetical paths toward the common equilibrium but from different starting points. Equilibration in DCP for Path 1
and 2 starts from the 8'30 same as TS2 but at A4, exactly at or higher than equilibrium (Path 1 and Path 2, respectively). Path 3 starts from the
same A4 as TS2 but 8'%0 higher than equilibrium. Path 4 starts from the same A4; disequilibrium as TS2 but 3'30 exactly at equilibrium. (¢
and d) Effect of solution pH on the timescale and trajectory of isotopic equilibration. (e and f) Effect of temperature on isotopic equilibration.
The baseline modeling conditions are kept the same as TS2 for the simulations of pH and temperature effects.

Chemical reaction and isotope exchange rates normally
increases with temperature. An increase in temperature
hence leads to more rapid isotopic equilibration in DCP
for both §'%0 and A4, (Fig. 10ef). Our simulations also
indicate a systematic decrease in the 3'*0 and A4; equilib-
rium at higher temperature. This is consistent with Beck
et al. (2005) and SS18. Note that the A4; dips are slightly
shallower at higher temperatures (Fig. 10f). This is some-

what counter-intuitive, as 13ocff and 13af§ that play central
roles in determining the magnitude of the dip (see Sec-
tion 4.4.1 and Fig. S5) are assumed to be independent of
temperature and constant in the ExClump38 model, follow-
ing the outcomes of previous studies (Clark and Lauriol,
1992; Yumol et al., 2020; Yumol et al., 2020; Guo, 2020;
Christensen et al., 2021). Yet, Bocfff and 130({55 are com-

bined with other constants (K’s, k’s and otEQ’s) to derive
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the forward and backward rate constants for Eq. (19) and
Eq. (20) (*ky; and ky4) for the differential equations
solved by the ExClump38 model (see the full model descrip-
tion in Supplementary Materials). As those are all
temperature-dependent, *ky, and '*k., must vary with
temperature, despite ISaff and Bafif being a single value.

Is the temperature effect predicted by the ExClump38
model (Fig. 10f) consistent with available experimental
data? SS18 ran their experiments at 5, 15 and 25 °C. Yet,
their data show fairly similar magnitude of the A4; dip at
all temperatures (roughly —0.05 to —0.06%0, see their
Fig. 2B). But an important remark is that the shoaling of
the excess Ay; disequilibrium predicted by the ExClump38
model is only ~0.02%c per 10 °C of temperature increase
(Fig. 10f), which is smaller than the uncertainties for some
of the Ay; data in SS18 (also see Section 4.3.1. for other
caveats in their experimental data). Weise and Kluge
(2020) similarly studied the isotopic equilibration kinetics
between 40 and 90 °C. In all of their experimental series,
however, they found no clear evidence of non-first-order
kinetics for Ay4; equilibration and concluded that both
3'%0 and A4, equilibration follow first-order exponential
decay. Weise and Kluge (2020) further argued that the
non-first-order characteristic in A4; equilibration demon-
strated in SS18 is likely an artifact due to the temporal drift
in 3'°C of DCP with time in their experimental results
(Fig. Sla). This point was also raised in a recent experimen-
tal study by Thaler et al. (2020). However, we find this
argument to be invalid because A7 equilibration clearly fol-
lowed non-first-order kinetics in our experimental data that
apparently show no drift in 3'*C of DCP (Fig. 3 and
Fig. 4). We instead argue that the reason why Weise and
Kluge (2020) did not find clear non-first-order features is
the narrow range of 3'%0 changes in DCP in their experi-
ments (~4%o at most, as opposed to easily over 10%o0 in
SS18 and our experiments). This resembles the situation
shown by Path-4 in Fig. 10ab, where the A4; equilibration
kinetics becomes first-order. If §'%0 of DCP during equili-
bration varied over a much wider range, the ExClump38
model predicts the non-first-order characteristics to be
expressed in the experimental condition of Weise and
Kluge (2020) (Fig. S6). And, because their %0 of DCP
is initially higher than equilibrium, the non-first-order
kinetics should result in an overshoot (e.g., Path-3 in
Fig. 10ab), rather than a dip in the A4; equilibration trajec-
tory (this study, SS18). Yet, successfully capturing such a
signal can be difficult in their case due to high experimental
temperatures, at which isotopic equilibration in DCP
should be very rapid. In any case, more experimental work
is needed to verify the model-predicted temperature effect
on the degree of excess Ay; disequilibrium. And, success
of such experiments hinges on substantially reducing the
uncertainty and noise in A4, data.

4.5. Implications

For this study, we developed the ExClump38 model that
can successfully replicate the trajectory and time-course of

5'%0 and A4, equilibration in DCP under both normal
and CA-catalyzed conditions revealed by experimental data
from independent studies (this study, SS18, Weise and
Kluge, 2020). This model can be a particularly useful tool
for the planning of laboratory experiments in which full
isotopic equilibrium in DCP with H,O is absolutely critical
(e.g., calibrations of the paleothermometers based on
laboratory-grown inorganic carbonates). And, for that,
our experimental work clearly shows that commercially
readily accessible bovine CA is highly effective in promoting
isotopic equilibrium in the dissolved carbonate system (e.g.,
Watkins et al., 2013; Watkins et al., 2014; Tripati et al.,
2015; Kelson et al., 2017; Thaler et al., 2020).

Our simulations by the ExClump38 model show that
disequilibrium in both 3'%0 and A4; is more persistent
(and potentially more extensive) in colder and more alka-
line DCP (Fig. 10), which is particularly relevant to the iso-
topic state of the extracellular calcifying fluid (ECF) of
cold-water and deep-sea corals for example. However, as
demonstrated by the results from our experiments with
CA enzyme, A4; disequilibrium in ECF (for potential dri-
vers, see Thiagarajan et al., 2011; Spooner et al., 2016)
can be relieved by CA. Given that a wide range of marine
calcareous organisms possess CA and it apparently plays
some roles in biological calcification (Moya et al., 2008;
de Goeyse et al., 2021; Zhang et al., 2021), CA should be
an important consideration when discussing A47 vital effects
in general. As the final remark, we note that the
ExClump38 model can be expanded from the current ver-
sion (exclusively designed for closed systems) for applica-
tions to such biological or other open systems by
reimplementing the flux terms originally considered in
Chen et al. (2018) or Christensen et al. (2021) in future
studies.

5. CONCLUSIONS

In this study, we investigated the timescales and trajecto-
ries of 80 and A4 equilibration in the dissolved carbonate
pool (DCP, which is the sum of [HCO3 ] and [CO3™]) based
on time-series BaCO; samples of UZ12 that were quantita-
tively precipitated from NaHCOj; solutions undergoing iso-
topic equilibration. Importantly, we additionally analyzed
samples precipitated from the NaHCOj; solutions supple-
mented with carbonic anhydrase (CA), an enzyme pos-
sessed by many marine calcareous organisms and known
to accelerate isotopic exchange between DCP and H,O
via its catalysis of CO, hydration. Our data show that,
while the timescales for equilibration are broadly similar
for 8'%0 and A4, the paths toward equilibrium are funda-
mentally different. As previously shown in UZ12, §'%0
equilibration in DCP follows an asymptotic path toward
equilibrium that can be modeled by a first-order exponen-
tial decay function. However, A4; equilibration initially
departs to even stronger disequilibrium and subsequently
turns its course toward equilibrium, resulting in an
apparent non-first-order kinetics (a pattern consistent
with SS18). Sensitivity analyses with our ExClump38
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model point to kinetic carbon isotope fractionation asso-
ciated with CO, hydration and hydroxylation as the
underlying drivers of the dip in the A4; equilibration tra-
jectory. In the presence of CA, there is a clear reduction
in the time needed for 8'%0 and A4; equilibrium in DCP
with an increase in enzyme concentration. Yet, the non-
first-order feature for the A4; equilibration trajectory is
still present and the extent of excess Ay; disequilibrium
remains fairly constant at all concentrations examined
here. In other words, within the concentration range
tested here, our data suggest that CA only shortens the
timescales of 8'%0 and A4; equilibration, without altering
the overall patterns of their equilibration trajectories. Our
simulations with the ExClump38 model predict more pro-
nounced and prolonged A4; disequilibrium for colder and
more alkaline environments, as expected for the site of
calcification in cold-water and/or deep-sea corals for
instance. However, our experimental results demonstrate
that A4; disequilibrium can be alleviated by the presence
of CA.
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APPENDIX A. SUPPLEMENTARY DATA

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.gca.2021.08.014.  The Matlab
codes for the ExClump38 model can be freely downloaded
from the EarthChem Library data repository system
(https://doi.org/10.26022/TEDA/112078).
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