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Abstract

Kinetic isotope effects (KIEs) during the hydration of carbon dioxide (CO2) in aqueous solution are key to understanding
various geochemical, physicochemical, and biological processes. Despite the growing interest in KIEs in natural systems (e.g.,
speleothem calcites, skeletal formation of corals, formation of cryogenic carbonates, and more), the currently available exper-
imental data is limited to only a few studies. Here, we report results from laboratory experiments to constrain kinetic isotope
fractionation (KIF) during the hydration of CO2. The experimental setup consisted of a stock solution vessel containing a
NaHCO3 solution, a reaction chamber in which BaCO3 was rapidly precipitated from a Tris-buffered BaCl2 solution, and
a pump to internally circulate gas throughout the system that was isolated from the ambient laboratory air. Resultant BaCO3

samples, as well as the NaHCO3 and deionized H2O used for our experiments were analyzed for stable carbon and oxygen
isotopes by mass spectrometry. Our experimental results were grouped into four different batches, which were obtained during
discrete time periods, while some adjustments to the experimental setup and protocols were implemented to improve the data
quality. We discuss possible experimental errors among the four batches and conclude that Batch-4 provided the most reliable
results. The average d13C and d18O values of the Batch-4 BaCO3 samples produced at 25 �C and pHNBS = 8.0 are �29.7
± 0.7‰ (VPDB) and 18.8 ± 0.6‰ (VSMOW), respectively, which is strongly depleted relative to gaseous CO2 in the system
(d13CVPDB ffi �10.7‰, d18OVSMOW ffi 37.9‰) . From the isotope data, we calculate our experimental 13KIF and 18KIF, which
refer to the 13C/12C and 18O/16O fractionation between CO2(g) and BaCO3, where the d13C and d18O values of CO2(g) were
calculated using known equilibrium fractionation factors. From the mean of Batch-4 results, we conclude 13KIF = 19.6
± 0.8‰ and 18KIF = 18.8 ± 0.6‰ at 25 �C and pHNBS = 8.0. If full carbon KIF of � 2.0‰ is assumed between CO2(g)

and CO2(aq), then the mean 13KIF relative to CO2(aq) is 17.6 ± 0.8‰. Our KIFs are the largest values compared to previously
reported experimental KIFs (except for one study), suggesting that our values are closest to the full isotope disequilibrium
during CO2 hydration, as any partial re-equilibration tends to reduce observed KIFs.
� 2020 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The hydration of carbon dioxide (CO2) is a fundamental
chemical transformation involved in various geochemical,
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physicochemical, and biochemical systems. In marine envi-
ronments, the CO2 hydration reaction and related ionic
compounds (e.g., HCO3

�, CO3
2�, H+) play an essential role

in major oceanic processes such as ocean acidification, bio-
logical and inorganic mineral precipitation, carbon fixation,
CO2 sequestration, and more (e.g., Dunsmore, 1992;
Caldeira and Rau, 2000; Caldeira and Wickett, 2003;
Riebesell et al., 2007; Ilyina et al, 2009; Rau, 2011;
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Gruber et al., 2019). When the CO2 hydration reaction pro-
ceeds unidirectionally, it is associated with a kinetic isotope
effect (KIE), such that the reaction product is typically
depleted in the heavy isotopes of carbon (13C) and oxygen
(18O) relative to the reactants (Eqs. (1) and (2),
Biegeleisen and Wolfsberg, 1958; Zeebe and Wolf-
Gladrow, 2001). For example, the CO2 hydration reaction
can be independently written in two forms for 12C and
13C isotopes:

12CO2þH2O

12kþ
)*

12k�

H12CO�
3 þHþ; ð1Þ

13CO2þH2O

13kþ
)*

13k�

H13CO�
3 þHþ: ð2Þ

The reaction rate constant for CO2 hydration involving
12CO2 (

12k+) is greater than that for 13CO2 (
13k+), hence the

reaction product HCO3
� is depleted in 13C with respect to

CO2(aq) as a result of kinetic isotope fractionation (KIF)
for the CO2 hydration reaction, for which the kinetic frac-
tionation factor (KFF) is given by 12k+/

13k+ (the KFF
for the reverse reaction, or HCO3

� dehydration is given by
12k� /13k�, see Section 2.5 for exact definitions). Further-
more, rate constants and the equilibrium isotope fractiona-
tion factor a for the same chemical reaction are related by:

13K
12K

¼ a ¼
13kþ
13k�

� �
12k�
12kþ

� �
; ð3Þ

where 12K and 13K are equilibrium constants for the reac-
tions of 12C and 13C, respectively (Eqs. (1) and (2); Zeebe
and Wolf-Gladrow, 2001). Regarding KIFs for oxygen iso-
topes 16O and 18O, see Zeebe (2014). In the remaining text,
experimental KIFs for carbon and oxygen isotopes will be
denoted as 13KIF and 18KIF, respectively (see Section 2.5).

The scheme for CO2 hydration and its reverse reaction
(HCO3

� dehydration) can be described as (Eigen et al.,
1961; Zeebe and Wolf-Gladrow, 2001):

ð4Þ
where k±’s denote reaction rate constants and the overall
rate constant is given by k = k*+1 + k+2. Quantum chem-
istry calculations suggest that there are two reaction path-
ways, associated with two different reaction mechanisms,
i.e., the reaction product can form directly following a con-
certed pathway, or proceed in a stepwise fashion via HCO3

�

- H3O
+ intermediate state (Nguyen et al., 2008; Stirling and

Pápai, 2010; Wang and Cao, 2013; Zeebe, 2014). Also, the
two pathways involve different numbers of water molecules
(n) and are associated with different KIFs (Zeebe, 2014).
For instance, the theoretical KIFs for carbon are signifi-
cantly larger for n � 4 compared to n � 3 (see Table 1).
Thus, placing accurate constraints on the KIEs for CO2

hydration will help reconcile the reaction pathway and
molecular mechanism of CO2 hydration.

KIEs during the hydration (and dehydration) of CO2

have been observed in various processes, including forma-
tion of speleothem calcites, cryogenic carbonates, coral
skeletons, and more (e.g., Swart, 1983; Adkins et al.,
2003; Mickler et al., 2004; Mickler et al., 2006; Daëron
et al., 2019). (Note that for speleothems, degassing and
dehydration are critical, rather than hydration and hydrox-
ylation). Yet, to date, KIFs for CO2 hydration are not well
constrained for both carbon and oxygen isotopes, exempli-
fied by inconsistencies in previous experimental and theo-
retical studies.

1.1. Previous Studies

Clark and Lauriol (1992) experimentally grew cryogenic
carbonates and determined carbon and oxygen kinetic iso-
tope fractionation factors associated with HCO3

� dehydra-
tion to be �32.0‰ and �6‰, respectively, at 0 �C. Given
the carbon equilibrium fractionation factors (Zhang et al.,
1995) and the 13KIF for HCO3

� dehydration determined
by Clark and Lauriol (1992), 13KIE during CO2 hydration
can be calculated as 19.7‰ based on Eq. (3) (Zeebe, 2014).
Note that for oxygen isotopes, the relationship between
dehydration and hydration KIFs is more complex. Also,
the mineralogical formation of cryogenic calcite is uncer-
tain, hence the KIFs by Clark and Lauriol (1992) may
not be characteristic of calcite but rather of different poly-
morphs such as vaterite or ikaite (Lacelle et al., 2009;
Sade and Halevy, 2017). Marlier and O’Leary (1984) devel-
oped methods to determine 13KIEs during CO2 hydration
and HCO3

� dehydration. For CO2 hydration, phospho-
enolpyruvate carboxylase was used to catalyze conversion
of HCO3

� to malate. For HCO3
� dehydration, CO2 degassed

from buffered NaHCO3 solution by helium sweeping was
trapped using liquid nitrogen. Based on subsequent isotope
analyses of the resultant malate and CO2 gas, they reported
a 13KIF during CO2 hydration of �6.9‰ at 24 �C. How-
ever, in a subsequent study by the same group (O’Leary
et al., 1992), the 13KIF was reported as 13‰, not 6.9‰,
without further explanation.

Theoretical calculations have also been employed to
quantify KIEs associated with CO2 hydration. Guo
(2009) theoretically calculated the 18KIF during HCO3

�

dehydration and reported 18O depletion in CO2 relative to
HCO3

� by �7‰ at 25 �C but did not provide values for
CO2 hydration. Using transition state theory combined
with quantum chemistry calculations, Zeebe (2014) calcu-
lated 13KIF to be between 23 and 33‰ and 18KIF to be
between 13 and 15‰ at 25 �C, assuming that the hydration
of CO2 proceeds in a stepwise fashion through a HCO3

� -
H3O

+ intermediate state involving n � 4 water molecules.
Sade and Halevy’s (2017; 2018) KIF definitions (see their
Tables 1 and 2) are different from the KIFs defined in
Zeebe (2014; Eq. (32)) and here (Section 2.5) and can there-
fore not be directly compared to our experimental KIFs.



Table 1
13KIFs and 18KIFs of CO2 hydration reported in previous experimental and theoretical studies.

Reference T (�C) (E)xperimental
(T)heoretical

KIF vs. CO2 gas or aqueous
13KIFCO2-HCO3� (‰) 18KIFCO2-HCO3� (‰)

Clark & Lauriol (1992) 0 E gas 19.7a –
Marlier & O’Leary (1984) 24 E aq. 6.9 –
O’Leary et al. (1992) 24 E aq. 13 –
McConnaughey (1989) 21 E gas 8.3 16.1b

Zeebe (2014) 25 T aq. 23–33 (n � 4)c 13–15 (n � 4)c

Zeebe (2014) 25 T aq. 10–14 (n � 3)c 10.5–15 (n � 3)c

a Calculated from 13KIF-dehydration (�32‰) and Eqs. (3) and (9).
b Includes AFF (see text).
c Theoretical calculations yield different 13KIF and 18KIF estimates when CO2 hydration involves 4 to 8 (n � 4) or less H2O molecules

(n � 3) (see Zeebe, 2014).

Table 2
Parameters of the four batches of BaCO3 precipitation experiments.

Batch # Experimental Period Total # of Experiments T (�C) *pHNBS [BaCl2] (mol/L)

1 Aug. 2017 – Oct. 2017 15 21 8.2 (N = 13)
10.3 (N = 2)

0.1 (N = 11)
0.2 (N = 2)
0.3 (N = 2)

2 Dec. 2017 – Feb. 2018 8 21 8.0 (N = 6)
9.0 (N = 2)

0.1

3 Apr. 2018 – Jul. 2018 22 25 (N = 19)
30 (N = 3)

7.5 (N = 5)
8.5 (N = 10)
9.0 (N = 2)
9.2 (N = 2)
9.5 (N = 2)

0.1 (N = 20)
0.2 (N = 2)

4 Jul. 2018 – Nov. 2018 12 18 (N = 2)
25 (N = 10)

8.0 0.1

* The experimental pH (NBS scale) refers to those of the reactor (Tris-BaCl2) solutions.
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One study of particular relevance to the work presented
here is McConnaughey (1989), who conducted calcite pre-
cipitation experiments to replicate kinetic isotope disequi-
librium observed in biogenic carbonates. By rapidly
precipitating CO2(g) as calcite (via hydration and reaction
with Ca2+), he observed 13C and 18O depletions of �8.3‰
and �16.1‰ in calcite relative to CO2(g) at 21 �C and exper-
imental pH between 7.8 and 8.2. However, some informa-
tion on the experimental conditions and results appears to
be missing in the paper. For instance, raw experimental
data (including isotopic compositions of the CO2(g) and
the resultant calcite samples) is not provided. Also, it is
not explicitly stated whether the experimental pH
range refers to different experimental runs, or changes
during individual CaCO3 precipitation experiments
(CO2(aq) + H2O + Ca2+ ? CaCO3 + 2H+). If the latter
was the case, it could affect McConnaughey’s KIEs because
changes in pH influence the relative contribution of CO2

hydration (predominant at lower pH) and CO2 hydroxyla-
tion (predominant at higher pH).

In summary, currently available experimental data is
limited to a few studies and carbon and oxygen KIFs
reported in the current literature are inconsistent between
experimental and theoretical studies (Table 1). The scarcity
of available data and notably large inconsistency therein
warrants additional experimental work in order to deter-
mine the KIE and fully understand the CO2 hydration/de-
hydration mechanism. In the present study, we conducted
laboratory experiments using a setup similar to that of
McConnaughey (1989) to constrain kinetic isotope frac-
tionation factors during CO2 hydration. Our results will
help define the magnitude of KIFs during CO2 hydration,
which represent fundamental parameters used in geochem-
istry, physical chemistry, biochemistry and more. Further-
more, our experimental data are necessary to evaluate the
accuracy of theoretical calculations, which have yet to be
confirmed by measurements.

2. METHODS

2.1. Overview of the experimental approach

To constrain carbon and oxygen KIFs during CO2

hydration, we used an experimental setup and approach
adapted from McConnaughey (1989) (Fig. 1A). In this
approach, CO2(g) in full carbon and oxygen isotopic equi-
librium with a NaHCO3 solution was bubbled through a
buffered BaCl2 solution. The bubbles provided a thin gas–
liquid interface across which some of the CO2(g) was
absorbed and converted into HCO3

� via CO2 hydration.
Immediately after formation, HCO3

� reacted instanta-
neously with Ba2+ that was in significant excess to precipi-
tate BaCO3, preventing back reaction of HCO3

� to CO2(aq)

(i.e., HCO3
� dehydration) and hence preclude



Fig. 1. (A) Schematic view of the experimental setup used in this study. The setup allows continuous transfer of internal gas through the stock
solution vessel and reactor chamber in a closed circuit by a diaphragm pump. All components are connected by flexible and gas-impermeable
tubing. (B) A cross-section of the gas-solution interface during the precipitation of BaCO3. Blue shading indicates the thin-film of the bubbles
produced in the reactor chamber above the fritted-disk. Labels (1–3) indicate the reaction steps that can lead to isotope fractionation. (1)
CO2(g) diffuses across the thin film, (2) hydration and/or hydroxylation of CO2(aq), where one additional oxygen (shown in red) is acquired
from either H2O or OH�, and (3) precipitation of BaCO3. Note that, in step (3), if HCO3

� is instantaneously precipitated as
BaCO3 immediately after its formation, no isotope fractionation should occur. Step (2) is the isotope fractionation during CO2

hydration/hydroxylation that we aim to capture with this experimental setup.
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re-equilibration. Isotope fractionation can occur at several
steps during the transformation of CO2(aq) to solid BaCO3,
as illustrated for the cross section of the thin gas–liquid
interface provided by the bubbles (Fig. 1B). The isotope
fractionation during CO2 hydration (Step (2), Fig. 1B) is
what we aim to capture by immediately precipitating
HCO3

� as BaCO3. Our BaCO3 precipitation experiments
were conducted in an experimental system that was isolated
from the ambient laboratory air (Fig. 1A).

Solution pH dictates the relative importance of CO2

hydration and hydroxylation in converting CO2(aq) into
HCO3

�. At pH � �8.5 CO2 hydration dominates, whereas
at pH � �8.5 CO2 hydroxylation becomes important, as
the concentration of OH� increases. These reactions are
likely associated with different KIEs, hence controlling the
pH is critical to successfully determine KIFs during CO2

hydration (Green and Taube, 1963; Clark et al., 1992;
Guo, 2009; Wang et al., 2013; Sade and Halevy, 2017;
Guo and Zhou, 2019). In our experiments, protons pro-
duced by CO2 hydration and subsequent BaCO3 precipita-
tion (CO2(aq) + H2O + Ba2+ ? BaCO3 + 2H+) were
consumed by a Tris buffer to maintain constant pH.

2.2. Experimental Setup

The setup consisted of two separate containers, a stock
solution vessel and a reactor chamber, which were con-
nected with gas-impermeable C-Flex tubing and a fully
sealed diaphragm pump (Single-head Air Cadet, see
Fig. 1A). The stock solution vessel contained a NaHCO3

solution from which CO2(g) evolved (i.e., the NaHCO3 solu-
tion was the source of CO2(g) to be precipitated as BaCO3

immediately upon CO2 hydration). The reactor chamber
had a volume of 1L and was equipped with a fritted-disk
of 25–50 lm porosity (designation C) near the bottom.
The top of the chamber was sealed with a rubber stopper
with two ports, one of which was connected to the vacuum
inlet of the pump. The tubing connecting the pressure outlet
of the pump and the stock solution vessel extended into the
NaHCO3 solution, while another tubing at the top of the
stock solution vessel was connected to the bottom of the
reactor chamber.

The reactor chamber was initially free of any solution.
When the pump was turned on, the internal gas circulated
in a continuous unidirectional loop, from the top of the
reactor chamber into the stock solution vessel (while bub-
bling the NaHCO3 solution) and then from the headspace
of the stock solution vessel back into the reactor chamber
by passing through the fritted-disk. The gas circulation
was continued until the CO2(g) in the system reached iso-
topic equilibrium with the NaHCO3 solution, which can
be calculated following the scheme described in Uchikawa
and Zeebe (2012). For our temperature-controlled experi-
ments, the stock solution vessel was kept inside of a water
bath throughout the duration of the experiment. A thermal
wrap was also applied around the reactor chamber to main-
tain roughly constant temperature, which was monitored
by a thermometer placed inside.

2.3. Procedures

The NaHCO3 stock solution was prepared to a concen-
tration of 1 M (pHNBS = 7.9) by dissolving isotopically
homogeneous NaHCO3 powder into Milli-Q ultra-pure
deionized H2O of known isotopic composition (see
Section 3.1). Throughout the study duration, d18O of
H2O was generally constant and H2O from the same system
was used for all solutions in our experiments.

The solutions to be added to the reactor chamber (the
reactor solutions) were prepared by dissolving BaCl2�2H2O
crystals (Reagent A.C.S. grade, J.T. Baker #H10587) into
20 mL of 0.4 M Tris (NH2C(CH2OH)3) buffer solution pre-
pared using deionized H2O from the same Milli-Q system.
The buffer was prepared to the desired pH by titrating with
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1 N HCl, during which a benchtop pH meter (ThermoSci-
entific Orion 3-Star model) equipped with AccuTupH elec-
trode calibrated daily with Orion pH buffers (pHNBS 4.01,
7.00 and 10.01) was used. The prepared Tris buffer was
maintained at experimental temperatures by storage in a
closed container in the same water bath as the stock solu-
tion vessel. Finally, BaCl2�2H2O was dissolved into 20 mL
Tris buffer to [Ba2+] = 0.1 M immediately before injection
into the reactor chamber to avoid any carbonate precipita-
tion before inserting into the experimental system. To
ensure BaCO3 precipitation was instantaneous without
back reaction to prevent partial re-equilibration of HCO3

�

with CO2(aq) (which would dampen the true KIE signals),
we compared the initial moles of Ba2+ in the reactor solu-
tions to the moles of Ba precipitated as BaCO3. If the initial
moles of Ba2+ is greater than the moles of Ba in the precip-
itated BaCO3, then the precipitation of carbonate was
indeed quantitative (Ba excess over HCO3

� and/or CO3
2�

evolved from CO2 hydration and subsequent
deprotonation).

Importantly, only a small fraction of the total carbon in
the system was precipitated as BaCO3. The 1L vessel con-
taining 1 M NaHCO3 stock solution provided a total car-
bon stock of 1 mol in the system, from which usually less
than 50 mg BaCO3 (0.25 mmol) was formed. Thus, less
than 0.03% of the carbon inventory was removed during
precipitation. To a good approximation, the total carbon
and its 13C/12C ratio were hence constant during the exper-
iment, i.e., isotope effects due to Rayleigh fractionation
were likely small.

Before introducing the buffered BaCl2 reactor solution
into the chamber for BaCO3 precipitation, the internal
gas was circulated throughout the experimental system
(see Section 2.2) for a minimum of 16 hours, which is the-
oretically sufficient to establish full carbon and oxygen iso-
topic equilibrium in the dissolved carbonate system at our
experimental condition (see Appendix A). Once the equili-
bration time elapsed, the reactor solution was dispensed
into the chamber through an injection port located on top
of the chamber using a syringe (for Batch-4 runs). The reac-
tor solution sat above the fritted-disk where it bubbled for
two minutes. The resultant BaCO3 precipitates were quickly
removed from the reactor and collected onto 0.45 lm cellu-
lose ester membrane filters followed by rigorous rinsing
with deionized H2O (the process was complete within a cou-
ple of minutes or so). After filtration, BaCO3 samples were
oven-dried at 65 �C overnight, weighed, homogenized and
stored in air-tight vials until stable isotope analyses. Our
BaCO3 precipitation experiments were duplicated at a given
condition to check for reproducibility. Over the course of
our study, the experiments were performed during four dis-
crete time periods (samples grouped into Batch-1 to 4,
Table 2), while several modifications were implemented
for our experimental setup and/or protocols to improve
the results (see Appendix B).

2.4. Stable isotope analyses

The BaCO3 samples as well as the aliquots of NaHCO3

used for our experiments were sent to the University of
California Santa Cruz Stable Isotope Laboratory for d13C
and d18O measurements. Approximately 60 lg of homoge-
nized materials were analyzed by a ThermoScientific
MAT-253 dual-inlet isotope ratio mass spectrometer
(IRMS) coupled to a Kiel IV carbonate device. Samples
were reacted with orthophosphoric acid (specific grav-
ity = 1.92 g/cm3) at 75 �C. The resultant gas was cryogeni-
cally purified for CO2(g) prior to isotope measurements by
the IRMS. All samples were analyzed with an externally
calibrated in-house carbonate standard (CM12) for drift
correction and with the NBS-18 reference material. Fur-
thermore, two rounds of isotope measurements were per-
formed on an additional working standard ‘‘Atlantis II”
powdered coral in each session to monitor the performance
of the IRMS. Typical reproducibility of replicate d13C and
d18O measurements on the NBS-18 were better than
± 0.05‰ and ± 0.10‰ (±1r), respectively. Isotope mea-
surements were usually performed in duplicate and the
results on BaCO3 and NaHCO3 were reported on the
VPDB scale. Note that both BaCO3 and NaHCO3 were
treated as if they were calcite, such that no mineral-
specific acid fractionation factor (AFF) was applied. To
the best of our knowledge, the AFF for NaHCO3 is
unknown. In a few cases, the AFF for BaCO3 has been
investigated (Sharma and Clayton, 1965; Bӧttcher, 1996;
Kim and O’Neil, 1997). The BaCO3-specific AFF estab-
lished in those studies is perhaps �1‰ different from the
calcite AFF (at 75 �C) but inconsistent between studies,
with over 0.3‰ of discrepancy as summarized in
Uchikawa and Zeebe (2013).

Deionized H2O samples were analyzed for d18O at the
Stable Isotope Biogeochemistry Laboratory at the Univer-
sity of Hawaii on a fully-automated Picarro L2130-i
WS-CRDS cavity ring-down spectrometer fitted with an
A0211 High Precision Vaporizer and HTC PAL auto-
sampler. Measurements were normalized to the VSMOW
scale using the following three in-house standards: desali-
nated deep-sea water (KONA; d18OVSMOW = 0.51‰), labo-
ratory deionized H2O (Lab-DI; d18OVSMOW =�5.11‰) and
Mauna Kea melted snow (MKSNOW; d18OVSMOW =
�13.44‰). These in-house standards were extensively cali-
brated against the NIST reference materials (SLAP2,
VSMOW-2 and GISP). Measurement precision was better
than ±0.03‰ (±1r) during our analytical sessions.

The stable isotope data are reported in the conventional
d notation (in ‰):

d ¼ ðRSample=RStandard � 1Þ � 1000; ð5Þ
where R is the isotope ratio 13C/12C (13R for d13C) or
18O/16O (18R for d18O). The isotope fractionation between
two phases A and B is given by:

aA–B ¼ ðdA þ 103Þ = ðdB þ 103Þ; ð6Þ
or in per mil as:

eA�B ¼ ðaA�B � 1Þ � 103: ð7Þ
To compare our d18O data measured on different sub-

strates (e.g., BaCO3 and NaHCO3 on VPDB versus H2O
on VSMOW), the following conversion was used (Coplen
et al., 1983):
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d18OVSMOW = 1.03091 � d18OVPDB + 30.91‰. ð8Þ
2.5. Defining Kinetic Isotope Fractionation (KIF) during CO2

hydration

Given our experimental approach, one obvious defini-
tion for our experimental KIFs is between CO2(g) in equilib-
rium with the NaHCO3 stock solution and BaCO3 for both
carbon and oxygen (see Section 2.1 and Fig. 1B). This dif-
fers from the theoretical kinetic fractionation following
from Eqs. (1) and (2), i.e., between CO2(aq) and the unidi-
rectional product HCO3

� (although the two can be com-
pared using additional assumptions described below).
Furthermore, for oxygen, it is sensible to define 18KIFinst

between instantaneously formed HCO3
�
(inst) (from 2/3 and

1/3 oxygen in CO2 and H2O without fractionation) and
BaCO3 (see Fig. 2 and Zeebe, 2014). The various KIFs will
be defined below.

In our approach, we did not directly sample CO2(g) cir-
culating through the experimental system for isotope mea-
surements to avoid gas exchange between the internal gas
and the ambient laboratory air (Fig. 1A). We constrained
the equilibrium carbon and oxygen isotope partitioning
between CO2(g) and the NaHCO3 stock solution based on
d13C and d18O measured on the NaHCO3 and H2O used
in our experiments and a set of relevant equilibrium isotope
fractionation factors compiled from the literature.
Fig. 2. Schematic illustration of equilibrium carbon and oxygen isotope
isotopes. The d13C of HCO3

� is arbitrarily set to 0‰. In isotopic equil
equilibrium fractionation (13eHCO3-CO2(g), blue arrow, see Table 4). The diff
13KIF (19.6 ± 0.8‰, red arrow). (b) Oxygen isotopes. The d18O of H2O
produced from 2/3 CO2 and 1/3 H2O without fractionation is � 27‰ (Eq
arrow). d18O values that fall below � 27‰ indicate KIEs. The difference b
18KIFinst (5.4 ± 0.6‰, Eq. (14), red arrow). Green arrow: 18KIF between
The temperature-dependence of the equilibrium carbon
isotope fractionation between HCO3

� and CO2(g) is given
by (Zhang et al., 1995):

13eðHCO�
3 �CO2ðgÞÞ ¼ ð�0:1141	 0:0028ÞðT cÞ þ ð10:78	 0:04‰Þ;

ð9Þ
where Tc is the temperature in Celsius (e.g., 13eHCO3-CO2(g)

= 7.93‰ at 25 �C). Provided with the measured
d13C value of NaHCO3 (Table 3), d

13C of the CO2(g) in equi-
librium with HCO3

� in the NaHCO3 solution can be calcu-
lated. We define our experimental kinetic carbon
isotope fractionation (13KIF) between equilibrium CO2(g)

and experimental BaCO3:

13KIF ¼ d13CCO2 ðgÞþ1000

d13CBaCO3
þ1000

; ð10Þ

reported in per mil (‰), i.e., as (13KIF – 1) � 1000.
The temperature-dependence of the equilibrium oxygen

isotope fractionation between CO2(g) and H2O is given by
(Brenninkmeijer et al., 1983):

18aðCO2ðgÞ-H2OÞ¼ 17:604

T
þ0:98211; ð11Þ

where T is the temperature in Kelvin (e.g.,
18aCO2(g)–H2O = 1.04115 or 18eCO2(g)–H2O = 41.15‰ at 25 �
C). This can be combined with the measured d18O of our
experimental H2O to calculate d18O of CO2(g) in equilib-
rium with the NaHCO3 stock solution. We define our
fractionation and KIFs during CO2 hydration at 25 �C. (a) Carbon
ibrium, CO2(g) is isotopically lighter than HCO3

� by � 8‰ due to
erence between d13CCO2(g) and the mean d13CBaCO3 yields the mean
is arbitrarily set to 0‰ and the d18O of HCO3

� instantaneously
. (13), dashed blue arrow), i.e., �14‰ lighter than CO2 (solid blue
etween d18OHCO3(inst) and the mean d18OBaCO3 is equal to the mean
CO2(g) and mean BaCO3 (Eq. (12)).



Table 3
d13C and d18O values measured on the NaHCO3 and deionized H2O used in our experiments.*

NaHCO3 NaHCO3 NaHCO3 NaHCO3 H2O
(Batch 1 & 2) (Batch 1 & 2) (Batch 3 & 4) (Batch 3 & 4)
d13CVPDB d18OVPDB d13CVPDB d18OVPDB d18OVSMOW

Analysis 1 �2.82 �15.70 �2.93 �15.87 Sept. 2017 �3.1
Analysis 2 �2.95 �15.78 �2.82 �15.69 Oct. 2017 �3.1
Analysis 3 �2.94 �15.74 �2.67 �15.67 Nov. 2017 �3.1
Analysis 4 �2.70 �15.68 �2.87 �15.83 Dec. 2017 �3.1

Jan. 2018 �3.2
Mean �2.85 �15.73 �2.82 �15.77 Mean �3.12
± 1r S.D. 0.12 0.04 0.11 0.10 ± 1r S.D. 0.04

* d18OVPDB values of �15.73‰ and �15.77‰ for NaHCO3 translate to 14.69‰ and 14.65‰, respectively, on the VSMOW scale (Eq. (8)).
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experimental kinetic oxygen isotope fractionation (18KIF)
for CO2 hydration analogous to Eq. (10):

18KIF ¼ d18OCO2 ðgÞþ1000

d18OBaCO3
þ1000

; ð12Þ

also reported in ‰.
The d18O of HCO3

�
(inst) can be derived from a mass bal-

ance calculation using isotope ratios 18R (see Eq. (5)), which
is equivalent to using d’s:

d18OHCO�
3 ðinstÞ¼

2

3
d18OCO2ðgÞþ

1

3
d18OH2O; ð13Þ

where d18OHCO�
3 ðinstÞ d is the 18O/16O composition of instan-

taneous HCO3
�. Then, 18KIFinst based on our experimental

data can be defined as:

18KIFinst¼
d18OHCO�

3 ðinstÞþ1000

d18OBaCO3
þ1000

: ð14Þ

As mentioned above, our experimental KIFs are not
equal to kinetic fractionation factors (KFFs), which should
strictly refer to the ratio of the isotope-specific rate con-
stants for an elementary reaction. For example, for carbon
isotopes and the hydration reactions (1) and (2) forward,
Table 4
Isotopic compositions and fractionation factors.*

Exp. T d13CNaHCO3 d18OH2O
13eHCO3-CO2(g)

†

Batch (�C) ‰, VPDB ‰, VSMOW ‰

#1 21 �2.85 ± 0.12 �3.12 ± 0.04 8.38
#2 21 �2.85 ± 0.12 �3.12 ± 0.04 8.38
#3 25 �2.82 ± 0.11 �3.12 ± 0.04 7.93

30 �2.82 ± 0.11 �3.12 ± 0.04 7.36
#4 18 �2.82 ± 0.11 �3.12 ± 0.04 8.73

25 �2.82 ± 0.11 �3.12 ± 0.04 7.93

* Isotopic compositions of NaHCO3 and H2O of different batches of BaC
in isotopic equilibrium with the NaHCO3 stock solution at respective ex
isotope fractionation factors (13eHCO3-CO2(g) and

18eCO2(g)–H2O). Also give
equilibrium with the NaHCO3 stock solution and H2O of the Tris-BaCl2
H2O from the same Milli-Q system was used for the NaHCO3 stock so
solutions are identical. The propagated uncertainty (±2r S.D.) for d13C
respectively, based on ±1r S.D. from repeat d13C and d18O measuremen
† : Equilibrium carbon isotope fractionation between HCO3

� and CO2(g)
� : Equilibrium oxygen isotope fractionation between CO2(g) and H2

Fractionation factor is given in ‰ (i.e., 18eCO2(g)–H2O, see Eq. (7)).
13KFF is given by 12k+/
13k+. However, under certain

assumptions, our KIFs can be related to KFFs (see Sec-
tions 4.1 and 5).

3. RESULTS

3.1. Equilibrium C and O isotope partitioning in the CO2(g)-

DIC-H2O system

The NaHCO3 used for our experiments was isotopically
homogeneous (Table 3). For the NaHCO3 used for the
Batch-4 experiments, the measured isotopic values were
d13CVPDB = �2.82 ± 0.11‰ and d18OVPDB = �15.77
± 0.04‰ (or d18OVSMOW = 14.65 ± 0.04‰). Deionized
H2O periodically sampled over the course of the study
period was constant at d18OVSMOW = �3.12 ± 0.04‰
(Table 3). Based on these isotope data and the relevant
equilibrium isotope fractionation factors compiled in
Section 2.5 (Eq. (9), Eq. (11) and Eq. (13)), the isotopic
compositions of equilibrium CO2(g) and HCO3

�
inst can be

constrained (Table 4). Using our BaCO3 isotope data, KIFs
can then be calculated (Eq. (10), Eq. (12) and Eq. (14))
(Table 5, Electronic Annex).

Taking the experimental conditions in Batch-4 (which
likely produced the most reliable data, see Appendix B)
as an example, at 18 �C and 25 �C, the equilibrium carbon
18eCO2(g)–H2O
� d13CCO2(g) d18OCO2(g) d18OHCO3inst

‰ ‰, VPDB ‰, VSMOW ‰, VSMOW

41.96 �11.14 38.71 24.76
41.96 �11.14 38.71 24.76
41.15 �10.67 37.91 24.23
40.18 �10.10 36.93 23.58
42.57 �11.45 39.32 25.17
41.15 �10.67 37.91 24.23

O3 precipitation experiments were used to calculate those of CO2(g)

perimental temperatures that are predicted by relevant equilibrium
n is the d18OVSMOW of instantaneous HCO3

� formed from CO2(g) in
reactor solution (see Section 2.5 and Eq. (13)). Note that deionized
lution and Tris-BaCl2 reactor solution, hence d18OVSMOW of both

CO2(g), d
18OCO2(g) and d18OHCO3(inst) are 0.23‰, 0.09‰ and 0.07‰,

ts on the experimental NaHCO3 and H2O (Table 3).
, 13eHCO3-CO2(g) from Zhang et al. (1995) (Eq. (9)).
O, 18aCO2(g)–H2O, from Brenninkmeijer et al. (1983) (Eq. (11)).



Table 5
Batch-4 experimental data and resultant KIFs (see Electronic Annex).*

BaCO3 BaCO3

Batch-4 T pH d13C d18O 13KIFCO2(g)-BaCO3
18KIFCO2(g)-BaCO3

18KIFInst

Sample # (�C) (NBS) ‰, VPDB ‰, VSMOW ‰ ‰ ‰

B4-1 18 8.0 �30.46 ± 0.07 16.94 ± 0.13 19.61 ± 0.23 22.01 ± 0.16 8.10 ± 0.14
B4-2 18 8.0 �31.73 ± 0.27 17.34 ± 0.31 20.94 ± 0.36 21.61 ± 0.33 7.70 ± 0.32
B4-3 25 8.0 �29.91 ± 0.02 20.07 ± 0.25 19.84 ± 0.22 17.49 ± 0.27 4.08 ± 0.26
B4-4 25 8.0 �27.71 ± 0.04 18.67 ± 0.05 17.53 ± 0.22 18.88 ± 0.10 5.45 ± 0.08
B4-5 25 8.0 �29.71 ± 1.04 17.15 ± 0.07 19.63 ± 1.12 20.41 ± 0.11 6.96 ± 0.10
B4-6 25 8.0 �28.99 ± 0.01 18.68 ± 0.22 18.87 ± 0.22 18.87 ± 0.24 5.45 ± 0.23
B4-7 25 8.0 �29.05 ± 0.14 18.74 ± 0.10 18.93 ± 0.27 18.81 ± 0.14 5.39 ± 0.12
B4-8 25 8.0 �30.24 ± 0.03 17.90 ± 0.27 20.19 ± 0.22 19.65 ± 0.29 6.22 ± 0.28
B4-9 25 8.0 �32.18 ± 0.16 20.01 ± 0.30 22.23 ± 0.28 17.55 ± 0.31 4.14 ± 0.30
B4-10 25 8.0 �29.81 ± 0.03 18.99 ± 0.17 19.74 ± 0.22 18.56 ± 0.20 5.14 ± 0.18
B4-11 25 8.0 �29.34 ± 0.10 18.39 ± 0.25 19.24 ± 0.24 19.17 ± 0.26 5.74 ± 0.25
B4-12 25 8.0 �29.75 ± 0.34 19.32 ± 0.02 19.67 ± 0.42 18.23 ± 0.09 4.81 ± 0.07
Mean (25 �C only) �29.67 ± 0.71 18.79 ± 0.56 19.59 ± 0.75 18.76 ± 0.56 5.34 ± 0.55

Mean† (25 �C only) 17.59 ± 0.75

* The uncertainty for stable isotope data (d13C and d18O) represents the ±2r S.D. determined from duplicate measurements. The
uncertainty for stable isotope measurements on our BaCO3 samples and experimental NaHCO3 and H2O (Table 3) were propagated through
the calculations for the KIFs. In contrast, the uncertainty for the sample mean is the standard error of the mean (±2rm) for Batch-4 samples
at 25 �C (N = 10, see Section 3.2).
† Mean 13KIF between CO2(aq) and BaCO3 at 25 �C, assuming full 13KIF associated with CO2(g) ? CO2(aq) (Eq. (15)).
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isotope fractionation factor between HCO3
� and

CO2(g) (
13eHCO3-CO2(g), Eq. (9)) is 8.73‰ and 7.93‰. Given

d13CVPDB = �2.82‰ for the NaHCO3 used in these exper-
iments, d13CVPDB of the CO2(g) in isotopic equilibrium with
HCO3

� of the NaHCO3 stock solution is �11.45‰ and
�10.67‰ at the respective temperature. The equilibrium
oxygen isotope fractionation factor between CO2(g) and
H2O (18eCO2(g)–H2O, Eq. (11)) is 42.57‰ at 18 �C and
41.15‰ at 25 �C. Given d18OVSMOW = �3.12‰ for the
experimental H2O, d18OVSMOW of the CO2(g) in isotopic
equilibrium with H2O of the NaHCO3 solution is 39.32‰
and 37.91‰. Also, based on the mass balance calculation
(Eq. (13)), d18OVSMOW of instantaneous HCO3

� formed
from the CO2(g) in equilibrium with H2O of the NaHCO3

stock solution and H2O of the Tris-BaCl2 reactor solution
(solutions with identical d18OH2O) is calculated as 25.17‰
at 18 �C and 24.23‰ at 25 �C (see illustration, Fig. 2).

3.2. BaCO3 data

The uncertainty for isotope data of individual samples is
reported as ±2r S.D. (i.e., 95% confidence level) based on
duplicate measurements on each BaCO3 sample. The ±2r
S.D. for our BaCO3 isotope data was typically less than
�0.4‰ for both d13C and d18O (somewhat larger than the
typical reproducibility of standards, see Section 2.4). The
larger uncertainty was propagated through the calculations
for the KIFs (Section 2.5), along with the isotopic uncer-
tainty associated with the NaHCO3 and H2O used in our
experiments (Table 3). The uncertainty for the mean KIFs
is reported as the standard error of the mean (±2rm), where
rm = rN/

p
N and rN is the S.D. for the results of N exper-

iments (see Table 5). For the complete dataset from all four
batches, see Fig. 3. Our BaCO3 precipitation experiments
were performed throughout discrete time periods (Batch-1
to 4), during which experimental temperature, pHNBS of
the Tris-BaCl2 reactor solutions, and the BaCl2 concentra-
tions was varied (Table 2). However, we deem the data
from Batch-1, 2 and 3 less reliable than from Batch-4 (dis-
cussed in Appendix B). As a result, only Batch-4 data will
be used to constrain KIFs.

4. DISCUSSION

In the following, we derive our experimental KIFs based
on the definitions presented in Section 2.5. The KIFs
reported hereafter represent the magnitude of the isotope
fractionation and are reported as absolute (positive) values.

4.1. Isotope Fractionation between Gaseous and Aqueous

CO2

The mean 13KIF calculated from Batch-4 data is 19.6
± 0.8‰ between CO2(g) and BaCO3 (Table 5). However,
CO2(g) is first transferred across the gas–liquid interface
provided by the bubbles (Fig. 1B):

CO2ðgÞ $ CO2ðaqÞ; ð15Þ
which is associated with additional isotope fractiona-

tion. The temperature-dependence of the equilibrium car-
bon isotope fractionation (Eq. (15)) is given by Zhang
et al. (1995):

13eCO2 ðaqÞ-CO2ðgÞ ¼ � 0:0049	 0:003ð Þ T cð Þ � 1:31	 0:06%:

ð16Þ
Thus, at 25 �C, CO2(aq) is depleted in 13C relative to

CO2(g) by 1.4‰. This estimate is consistent with the frac-
tionation factors established in other independent studies,
within 0.2‰ (Vogel et al., 1970; Szaran, 1998). However,
in case the exchange (Eq. (15)) does not reach isotopic
equilibrium, then 13KIECO2(aq)–CO2(g) must be considered.
Previous experimental studies reported a fractionation of



Fig. 3. BaCO3 isotope data of all experimental batches. The data are sorted by experimental pH (symbols) and temperature (colors). Error
bars represent ±2r S.D. determined from duplicate isotope measurements on each BaCO3 sample.
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2.0 ± 0.2‰ at 25 �C, where CO2(aq) is depleted in 13C rela-
tive to CO2(g) (Inoue and Sugimura, 1985; Wanninkhof,
1984; Mook, 1986; Zhang et al., 1995). Thus, if we assume
full 13KIF between CO2(g) and CO2(aq), then the mean
13KIF between CO2(aq) and BaCO3 from our experimental
data is 17.6‰ (Table 5). Furthermore, if this fractionation
is entirely due to the CO2 hydration step, then the carbon
KFF for the corresponding reactions (Eqs. (1) and (2)) is
17.6‰ (see Section 2.5 for KFF definition).

Vogel et al. (1970) reported a kinetic oxygen isotope
fractionation of 0.8‰ between CO2(aq) and CO2(g) at 0 �C,
with CO2(aq) being enriched in 18O. Due to gas sampling
limitations, however, fractionation factors at higher tem-
peratures were not determined in their study. We are una-
ware of any study other than Vogel et al. (1970) that
attempted to constrain 18KIF for Eq. (15). Thus, we cannot
recommend a correction due to gas–liquid CO2 transfer to
calculate our 18KIF relative to CO2(aq). Without any further
correction, we conclude that our best estimate for 18KIFinst

(Eq. (14)) and 18KIF is 5.3‰ and 18.8‰, respectively. If
this fractionation is entirely due to the CO2 hydration step,
then the overall, or composite kinetic fractionation factor
for oxygen is 18.8‰ (see Zeebe (2014) for details).

4.2. Previous experimental and theoretical studies

4.2.1. 13KIFs

Previous experimental 13KIFs reported for CO2 hydra-
tion (Table 1) were inconsistent between different studies
and ranged widely from 6.9‰ to 19.7‰ (Marlier and
O’Leary, 1984; McConnaughey, 1989; Clark and Lauriol,
1992; O’Leary et al., 1992). The average 13KIF derived
from Clark and Lauriol’s (1992) data agrees closest with
our mean 13KIF, differing by �0.1‰. Notably, experiments
by Clark and Lauriol (1992) were conducted at 0 �C (i.e.,
much lower than our experimental temperatures). Zeebe
(2014) calculated that the change of 13KIF for CO2 hydra-
tion between 0 �C and 25 �C is �1.4‰ or less. Such a differ-
ence may well be within the combined experimental errors
of Clark and Lauriol’s and our study. The largest discrep-
ancy of >12‰ is observed between our average 13KIF
and that reported by Marlier and O’Leary (1984), for which
the reason is unclear at this point. However, the 13KIF
value of 6.9‰ by Marlier and O’Leary (1984) was later
reported as 13‰ by the same group (O’Leary et al.,
1992). The latter 13KIF would be in better agreement with
our value.

In comparison to Zeebe’s (2014) theoretical calculations,
our average experimental 13KIF (17.6‰ relative to CO2(aq))
falls somewhere between the reported range of �10‰ to
14‰ and �23‰ to 33‰ for CO2 hydration involving n � 3
and n � 4 H2O molecules, respectively (see Table 3 in
Zeebe (2014)). Unfortunately, the comparison between our
experimental result and Zeebe’s calculations does therefore
not provide a constraint on the hydration mechanism and
the number of water molecules involved. Perhaps the accu-
racy of transition state theory combined with quantum
chemistry calculations (e.g., Zeebe, 2014; Guo and
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Zhou, 2019) is still insufficient. For example, the theoretical
KIF ranges for different nmay changewhen computationally
more complete methods are used, e.g., higher levels of theory
(method, electron correlation, etc.) and larger basis sets
(functions representing the molecular orbitals). One may
also speculate whether a combination of the two pathways
for n � 3 and n � 4 is involved. However, note that the theo-
retical computations only include exactly n water molecules
in the simulations. One would therefore expect the simula-
tions with larger n to better represent aqueous solutions
and hence the pathway with n � 4 to apply. Alternatively,
perhaps our experimental 13KIF is still somewhat short of
the full expression of theKIEs duringCO2 hydration (see dis-
cussion Section 4.2.3). For instance, a slightly larger experi-
mental 13KIF > �20‰ would likely be considered more
consistent with n � 4.

4.2.2. 18KIFs

Our average calculated 18KIF defined relative to CO2(g)

(Eq. (12)) is 18.8 ± 0.6‰ (Table 5). The only potential
experimental constraint on 18KIF is Clark and Lauriol’s
(1992) study, in which 18KIF for HCO3

� dehydration was
determined. However, as noted above, the relationship
between dehydration and hydration KIFs for oxygen iso-
topes is more complex and does not provide a straightfor-
ward check on our hydration 18KIF. Another caveat in
the experimental data of Clark and Lauriol (1992) is that
their cryogenic CaCO3 samples potentially consisted of
mixed polymorphs, which could have resulted in additional
uncertainties in their isotope data (for details, see Sade and
Halevy, 2017). Guo (2009) calculated �7‰ of 18O depletion
in CO2 relative to HCO3

� during HCO3
� dehydration at

25 �C but did not provide values for CO2 hydration. The
range for 18KIFs suggested by Zeebe (2014) is �11‰ to
15‰ involving n � 3 H2O molecules and �13‰ to 15‰
for n � 4, of which the upper limits are more consistent
with our experimental 18KIF. One additional caveat is that
our 18KIF for CO2 hydration could be smaller than 18.8‰,
in case there is a significant isotope effect associated with
gas–liquid transfer for oxygen (see Section 4.1).

4.2.3. Comparison to McConnaughey (1989)

McConnaughey (1989) reported KIFs as the measured
d13C and d18O difference between the CO2(g) liberated by
acid digestion of calcite samples and the source CO2(g) used
in his bubble experiments (Dd13C = d13CCalcite – d13CCO2(g);
Dd18O = d18OCalcite – d18OCO2(g)). However, d13C and d18O
of the source CO2(g) are not explicitly reported in his paper.
McConnaughey (1989) reported Dd13C ffi 8.3‰ and
Dd18O ffi 5.9‰ at 21 �C and pH between 7.89 and 8.24.
However, for oxygen, acid digestion of CaCO3 causes 18O
enrichment in the resultant CO2(g) relative to the true
d18O of CaCO3 (i.e., AFF, see Section 2.4), for which a
value of 10.2‰ was assumed in his calculation. After taking
the AFF into account, 18KIF based on McConnaughey’s
(1989) data becomes �16.1‰. By assuming similar KIFs
between CO2(g) and CO2(aq) (Eq. (15)), which may
introduce an error of �0.6‰ (equilibrium vs. KIF, see Sec-
tion 4.1), 18KIF from McConnaughey (1989) and our study
can be compared in the same reference frame (Figs. 4 and
5). For this purpose, only the 13KIF and 18KIF derived
from our Batch-4 experimental data are considered (see
Appendix B).

McConnaughey (1989) did not explicitly state how long
the CaCO3 precipitation was continued through bubbling,
and thus it is unclear whether or not partial isotopic re-
equilibration between HCO3

� and gaseous/dissolved
CO2(aq) occurred. On the contrary, in our experiments,
BaCO3 precipitation was stopped precisely after two min-
utes of bubbling the Tris-BaCl2 reactor solution. On aver-
age, our experimental KIFs are larger than
McConnaughey’s KIFs, which is particularly evident for
13KIF when plotted relative to source CO2(g) as a reference,
from which ultimately CaCO3/BaCO3 was precipitated in
both studies (Fig. 5). However, this representation hampers
an evaluation of possible differences between the two stud-
ies regarding the degree of disequilibrium, for instance, due
to partial re-equilibration.

To evaluate the degree of disequilibrium (i.e, the expres-
sion of the KIEs), we examine the KIFs relative to the solid
equilibrium phase (e.g., in CaCO3/BaCO3, which were used
to capture the KIFs in both studies). Consider a series of
experiments in which the system evolves from equilibrium
between all phases to full disequilibrium due to CO2 hydra-
tion. Then the isotope data captured in the solids would
evolve along a path from equilibrium isotope values in,
say CaCO3, to values representing the full KIFs for CO2

hydration. Hence we can visualize this path when express-
ing the KIFs relative to the solid phase. For simplicity
and for comparison with McConnaughey’s data, we have
calculated the KIFs relative to equilibrium calcite at
25 �C (see Appendix C). Note that, relative to CO2(g), equi-
librium calcite is enriched in 13C but depleted in 18O. Thus,
these offsets need to be added and subtracted from our
KIFs (relative to CO2(g)), when expressed relative to equi-
librium calcite. The result is that McConnaughey’s and
our KIFs appear to follow the same disequilibrium line,
only our KIFs indicate stronger disequilibrium (Fig. 5).
This suggests (1) a consistent path to disequilibrium
between McConnaughey’s and our experiments and (2)
stronger partial re-equilibration in McConnaughey’s exper-
iments. As a result, we propose that our KIFs are closer to
the full expression of the KIEs during CO2 hydration (see
Section 5 for more details).

5. SUMMARY AND CONCLUSIONS

We performed quantitative BaCO3 precipitation experi-
ments to determine 13KIF and 18KIF during the hydration
of CO2 in aqueous solution. In all experiments, we observed
strong isotope depletion when the d13C and d18O values of
BaCO3 samples were compared to those calculated for
CO2(g) in equilibrium with experimental H2O and instanta-
neously formed HCO3

�. However, experimental errors that
occurred in the early stages of the study (i.e., Batch-1, 2 and
3, see Appendix B) suggest some results from those batches
are unreliable (the errors are non-systematic and cannot be
corrected). The Batch-4 data appear most reliable for deriv-
ing KIFs, as those experiments were performed under most
optimized conditions to minimize the errors. This leads us



Fig. 4. Schematic illustration comparing 13KIFs and 18KIFs based on our experimental data at T = 25 �C (Batch-4 data) and the data by
McConnaughey (1989) at T = 21 �C. The arrow length denoting KIFs is not to scale. (A) 13KIFs between HCO3

� and solid carbonates (red
arrows), BaCO3 in our study (left of center axis) and CaCO3 in McConnaughey’s study (right of center axis). Our values were calculated from
the measured d13CVPDB of BaCO3 samples and the experimental NaHCO3. McConnaughey’s values follow the scheme given in
McConnaughey (1989). The equilibrium fractionation between CO2(g) and HCO3

� (green arrows) is based on Zhang et al. (1995) (see Eq. (9)).
Compared to 13KIFs defined between BaCO3/calcite and CO2(g) (magenta arrows), the ones defined between BaCO3/calcite and CO2(aq) are
2‰ smaller (purple arrows) due to the 13KIE associated CO2 diffusion/dissolution (black arrows, Eq. (15)). (B) McConnaughey’s dCaCO3 refers
to d18O of CO2(g) liberated from acid digestion of calcite. McConnaughey assumed a CaCO3 AFF of 10.2‰ (black arrow), hence the 18KIF
defined between CaCO3 and CO2(g) (magenta arrow, right) is 10.2‰ larger than the 18KIF originally reported by McConnaughey (orange
arrow). Our 18KIFs are calculated relative to both CO2(g) in equilibrium with the experimental H2O (Eq. (12), magenta arrow, left) and
instantaneous HCO3

� formed from CO2(g) and H2O (Eqs. (13) and (14), green arrow). Equilibrium fractionation between CO2(g) and H2O
(light blue arrow) folows Brenninkmeijer et al. (1983).

Fig. 5. Comparison of our Batch-4 13KIFs and 18KIFs between
CO2(g) and BaCO3 at 25 �C (red triangles), and the 13KIFs and
18KIFs between CO2(g) and CaCO3 reported by McConnaughey
(1989) at 21 �C (blue circles). Relative to the x- and y-axis, these
KIFs are expressed with reference to equilibrium CO2(g), see black
‘�’ at the origin (0‰, 0‰) and double black arrows labelled KIFs
(Ref-CO2(g)). When expressed relative to equilibrium calcite
[orange ‘+’ at (�9‰, 12‰) and double orange arrow labelled
KIFs (Ref-Equil. Calcite)], the KIFs of both studies appear to
follow the same disequilibrium line (see text).
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to conclude 13KIF = 19.6 ± 0.8‰ and 18KIF = 18.8
± 0.6‰ based on our Batch-4 experimental data at 25 �C.
If full carbon isotope KIF between CO2(g) and CO2(aq) is
assumed, then the 13KIF relative to CO2(aq) is 17.6
± 0.8‰. Furthermore, if this fractionation is entirely due
to the CO2 hydration step, then the carbon KFF for the
corresponding reactions (Eqs. (1) and (2)) is 17.6‰ (see Sec-
tion 2.5 for KFF definition). Under the same assumption,
the overall, or composite kinetic fractionation factor for
oxygen is 18.8‰ (see Zeebe (2014) for details).

Compared to 13KIFs reported previously for CO2

hydration, our mean experimental 13KIF agrees best with
13KIF = 19.7‰ calculated from Clark and Lauriol (1992),
though at 0 �C. The small discrepancy to our 13KIF value
may suggest little temperature effect on KIEs for CO2

hydration. Our 18KIF is about 3‰ greater than the largest
experimental 18KIF reported by McConnaughey (1989) (see
Fig. 5). Generally, the isotope results of the types of exper-
iments discussed here may fall anywhere between two limits
(or end-members), one representing full isotopic equilib-
rium, the other full isotopic disequilibrium in which the
KIE is fully expressed. For example, assume on the one
hand that the instantaneous product of a chemical reaction
can be separated immediately without any back reaction
(no re-equilibration). Then the KIE should be fully
expressed in the product and the largest possible value for
the experimental KIF be observed. On the other hand,



Table A1
Time required for 99% completion of oxygen isotope equilibrium in
the dissolved carbonate system.*

Temp. s99% s99%
(�C) (min.) (h)

18 447 7.5
21 350 4.8
25 255 4.3
30 171 2.9

* Calculations are based on freshwater equilibrium and kinetic
rate constants compiled in Uchikawa and Zeebe (2012) for pHNBS

of 7.9 as measured in our NaHCO3 stock solution.
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assume that the product is only separated after extensive
back reaction has occurred (full re-equilibration). Then
the equilibrium fractionation between reactants and prod-
ucts should be observed. Finally, assume that the product
is separated after partial re-equilibration, then intermediate
KIF values between full equilibrium and full disequilibrium
should be observed (the KIE is only partially expressed).
Other than the study by Clark and Lauriol (1992), our
13KIF and 18KIF are the largest compared to all previous
experimental investigations (see Table 1). Also, our analysis
suggests stronger partial re-equilibration in
McConnaughey’s (1989) experiments than in ours
(Fig. 5). We therefore posit that our Batch-4 KIFs reflect
values closest to the full magnitude of the kinetic isotope
effect during CO2 hydration.

Since Batch-4 experiments were only conducted at 25 �C
(N = 10) and 18 �C (N = 2), it is unclear how variations in
temperature below 18 �C and above 25 �C would affect the
magnitude of the KIEs. Given the small difference to the
value derived from Clark and Lauriol (1992) at 0 �C, the
temperature effect during CO2 hydration might be small
though. Our Batch-4 experiments were only performed at
T = 18 and 25 �C and pHNBS = 8.0. Unfortunately, the
data from experiments performed at variable temperatures
between 18 �C and 30 �C, and pHNBS � 9 (Batch-1 to 3)
appear unreliable due to possible experimental errors (see
Appendix B). Thus, we refrain from evaluating the effect
of temperature and pH on KIFs based on Batch-1 to 3
experiments.

KIEs associated with the hydration of CO2 in aqueous
solution are of fundamental importance to a wide range
of geochemical, physicochemical, and biogeochemical stud-
ies. For example, the results of the present study will ulti-
mately assist in resolving the molecular mechanism of the
CO2 hydration pathway, which has been subject of various
theoretical studies (e.g., Tautermann et al., 2002; Nguyen
et al., 2008; Stirling and Pápai, 2010; Wang and Cao,
2013; Zeebe, 2014). Unfortunately, however, the compar-
ison between our present experimental results and theoret-
ical calculations does not provide a constraint on the
hydration mechanism and the number of water molecules
involved. One potential hurdle currently is that the accu-
racy of transition state theory combined with quantum
chemistry calculations may still be insufficient (e.g.,
Zeebe, 2014; Guo and Zhou, 2019). Regardless of the
hydration mechanism, our results are critical for applica-
tions such as modeling isotopic depletions in biogenic car-
bonates (corals, foraminifera, etc.), thereby advancing our
understanding and the interpretation of paleoclimatic and
paleoenvironmental d13C and d18O signatures in carbonates
(e.g., Watkins et al., 2013; Devriendt et al., 2017; Chen
et al., 2018).
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APPENDIX A

The time required for oxygen isotope equilibrium (e.g.,
99% completion) in the dissolved carbonate system can be
calculated as (Usdowski et al., 1991; Zeebe and Wolf-
Gladrow, 2001; Uchikawa and Zeebe, 2012):

s99% ¼ –ln ð0:01Þ �s: ðA1Þ
The inverse time-constant 1/s is given by:

s�1 ¼ 0:5ð Þ � kþ2 þ kþ4 OH�½ 
f g

� 1þ CO2½ 

S

� 1þ 2

3
� ½CO2


S

� �
þ CO2½ 


S

� �2
" #1

2

8<
:

9=
;;

ðA2Þ
where S = [H2CO3] + [HCO3

�] + [CO3
2�], k+2 is the kinetic

rate constant for the production of H2CO3 (i.e., (I) ? (II)
in Eq. (4)), and k+4 is the kinetic rate constant for CO2

hydroxylation (CO2 + OH� ? HCO3
�).

Derivation of Eq. (A2) following the classic work of
Mills and Urey (1940) is fully described in Uchikawa and
Zeebe (2012). Using the freshwater dissociation constants
in the dissolved carbonate system and kinetic rate constants
compiled in Uchikawa and Zeebe (2012), the oxygen iso-
tope equilibration time s99% for the NaHCO3 stock solution
(pHNBS = 7.9) at our experimental temperatures can be cal-
culated (Table A1).

The temperature-dependence of the equilibrium oxygen
isotope fractionation factor between HCO3

� and H2O is
given by Beck et al. (2005):

18eHCO�
3 �H2O ¼ 2:59	 0:00ð106T�2Þ þ 1:89	 0:04; ðA3Þ

where T is temperature in Kelvin.
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APPENDIX B. POTENTIAL ERRORS AFFECTING

THE BACO3 ISOTOPE DATA

The full isotope dataset from our BaCO3 precipitation
experiments obtained for all batches may be sorted by both
the experimental pH and temperature (Fig. 3). Note that
Ba2+ in the Tris-BaCl2 reactor solution was always in excess
relative to Ba2+ precipitated as BaCO3 in our experiments.
On average, less than �15% of the Ba2+ initially present in
the Tris-BaCl2 solution injected into the reaction chamber
was collected as BaCO3 at the end of our experiments
(i.e., significant Ba excess over HCO3

� and/or CO3
2� evolved

from CO2 hydration and subsequent deprotonation), sug-
gesting that HCO3

�/CO3
2� was quantitatively precipitated

as BaCO3 in the reactor solution without back reaction (de-
hydration to CO2). Also, less than 0.03% of the system’s
carbon inventory was removed during precipitation (see
Section 2.3). Hence the scatter in the BaCO3 isotope data
(Fig. 3) is unlikely driven by partial re-equilibration and/
or Rayleigh fractionation, but rather due to experimental
errors, which include poor temperature control, invasion
of NaHCO3 stock solution into the reaction chamber,
and exchange of internal gas with the ambient air due to
improper sealing of our experimental setup (e.g., leaks at
tube connections, Fig. 1A). These potential experimental
errors are summarized here to help select the d13C and
d18O data that best reflect the values used to derive KIFs
in this study.

The first potential source of error is a lack of tight tem-
perature control, which affected the Batch-1 and Batch-2
experiments the most. During those early phases of our
study, the water-bath for the stock solution vessel and the
thermal wrap for the reactor chamber (see Section 2.2)
was not yet implemented. The temperature for the Batch-
1 and Batch-2 experiments (21 �C) thus reflects the average
temperature in our laboratory. However, it typically under-
goes daily variation between 20 �C and 24 �C. Because the
relevant equilibrium isotope fractionation factors are all
temperature-dependent (Eq. (9) and Eq. (11)), this leads
to some uncertainty for d13C and d18O values of the equilib-
rium CO2(g) and HCO3

�
(inst), which will in turn propagate

to our calculations for KIFs (Eq. (10), Eq. (12) and Eq.
(14)). To minimize the issue for Batch-3 and Batch-4 exper-
iments, we placed the stock solution vessel in a thermally-
regulated water bath and insulated the reaction chamber
using a thermal wrap.

The second potential source of error is BaCO3 precipita-
tion from direct interaction of the NaHCO3 stock solution
with the Tris-BaCl2 reactor solution, rather than the reac-
tion between CO2(g) and the reactor solution (see Fig. 1).
Over the course of isotopic equilibration of CO2(g) with
the NaHCO3 stock solution, internal gas within the exper-
imental system was continuously pumped between the stock
solution vessel and reactor chamber (no reactor solution
present during the equilibration phase, see Section 2.3). In
some experiments, droplets of the NaHCO3 stock solution
were taken up into the gas flow of the experimental setup
and transferred to the bottom of the reactor chamber due
to vigorous bubbling in the stock solution (Fig. 1A). The
droplets accumulated over the fritted-disk located on the
lower end of the reactor chamber over several hours, which
was visible across the internal wall of the reactor. Because
our experimental system had to remain closed to avoid
gas exchange with the ambient air, there was no mechanism
to remove the NaHCO3 stock solution that entered the
reactor chamber.

The NaHCO3 used for our experiments (all batches) had
homogeneous isotopic compositions of d13CVPDB = �2.8
± 0.1‰ and d18OVSMOW = 14.7 ± 0.1‰ (Table 3). Thus,
d13CVPDB of the HCO3

� in the stock solution was close to
�2.8‰. On the contrary, at 25 �C for example, d18OVSMOW

of the HCO3
� evolved from the initial value of 14.7‰ to the

final equilibrium value of 28.3‰, as the oxygen isotopes of
HCO3

� equilibrated with our experimental H2O with
d18OVSMOW of �3.12‰ (equilibrium 18eHCO3-H2O given by
Beck et al. (2005) is 31.5‰ at 25 �C, see Eq. (A3), Appendix
A), which requires several hours (Uchikawa and Zeebe,
2012; Table A1). These isotopic signatures are very different
from those of CO2(g) (d

13CVPDB ranged from �11.45‰ to
�10.67‰ and d18OVSMOW ranged from 36.93‰ to
39.32‰) and HCO3

�
inst (d

18OVSMOW ranged from 23.58‰
to 25.17‰) (Table 4). Thus, direct reaction of the NaHCO3

stock solution with the Tris-BaCl2 reactor solution could
significantly bias our experimental results. To alleviate con-
tamination from the stock solution, for Batch-3 and Batch-
4 experiments, we attached a liquid/vapor trap onto a tube
connecting the stock solution vessel and the reactor cham-
ber. Although the trap reduced the amount of the NaHCO3

stock solution entering the reactor chamber, contamination
still occurred occasionally, which was evident by a light
layer of mist that accumulated along the internal walls of
the reactor chamber.

For one experiment each in Batch-2 and 3, a large vol-
ume (�20 mL) of the NaHCO3 stock solution accumulated
in the reactor chamber and started forming bubbles above
the fritted-disk even before adding the Tris-BaCl2 reactor
solution. The BaCO3 samples produced from these particu-
lar experiments show roughly 10.7‰ (Batch-2) and 4.3‰
(Batch-3) of 13C enrichment relative to the average d13C
value of all other BaCO3 samples in the same batch. In
terms of oxygen isotopes, these BaCO3 samples were
depleted in 18O by about 2.5‰ and 1.2‰, which appears
consistent with contamination by unequilibrated NaHCO3.

The third potential source of error is gas exchange
between external (ambient) air in the laboratory and the
internal experimental gas, presumably due to improper seal
at tube connections. If gas exchange occurred, isotopic
equilibration between CO2(g) and the NaHCO3 stock solu-
tion could have been compromised. For example, full iso-
topic equilibrium between CO2 ðgÞ and the stock solution

may not have been reached, which would influence the

d13C and d18O values of the final BaCO3. Also, while iso-
topic equilibrium between CO2 ðgÞ and the stock solution

may have been established, the equilibrated CO2 ðgÞ could

have been a mixture of CO2 ðgÞ produced from the stock

solution and ambient lab air. If there was invasion of ambi-
ent laboratory air into the experimental system, then con-
tamination of isotopic signals by CO2 sources other than
the NaHCO3 stock solution (e.g., atmospheric CO2,
respired CO2, etc.) could have biased our experimental
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data. For example, respired CO2 is generally depleted in
13C, which would produce d13C values in the final BaCO3

that are too negative.
To prevent gas exchange, two additional techniques

were implemented for the Batch-4 experiments. First, we
tested for leaks by attaching a hand pump to a tube that
was connected to a valve. If the experimental setup was
not properly sealed, the hand pump was able to push air
through. In that case, the segments causing the leak were
resealed. Second, we used a syringe to insert the Tris-
BaCl2 solution into the reactor chamber. Prior to imple-
menting this approach, the Tris-BaCl2 solution was directly
inserted into the reactor chamber through a port after
opening the valve attached to it. This caused some gas
exchange while the valve was opened. Hence, to minimize
gas exchange, the syringe filled with the Tris-BaCl2 solution
was fully inserted into a tube that was connected to the
valve located on top of the reactor chamber. The valve
was opened to inject the solution into the reactor chamber
without any exposure to ambient air, after which the valve
was quickly closed before detaching the syringe.

The various adjustments described above (liquid/vapor
trap, leak testing prior to each run, and syringe injection)
were only implemented for the Batch-4 experiments. Thus,
we argue that the Batch-4 BaCO3 samples were least
affected by experimental errors and that those isotope data
are most reliable for deriving KIFs during CO2 hydration.
APPENDIX C

Our KIFs relative to equilibrium calcite (instead of
CO2(g)) were calculated using the 13C equilibrium fraction-
ation factor between calcite and CO2(g) by (Romanek et al.,
1992):

13eCalcite - H2O ¼ 11:98� 0:12 � TC ; ðB1Þ

where TC is the temperature in Celsius. For 18O, we used
18aCO2(g)–H2O as a function of temperature by
Brenninkmeijer et al. (1983) (Eq. (11)) and the equilibrium
oxygen isotope fractionation factor between calcite and
H2O proposed by Kim and O’Neil (1997):

1000 � ln18aCalcite - H2O ¼ 18:03 ð103T�1Þ � 32:42 ; ðB2Þ
where T is the temperature in Kelvin. Kim and O’Neil’s
(1997) values are based on laboratory experiments of inor-
ganic calcite precipitation at moderate rates, rather than at
the slow grow limit (e.g., Coplen, 2007; Watkins et al.,
2014; Daëron et al., 2019). Hence the 18aCalcite-H2O values
by Kim and O’Neil (1997) appear most applicable to our
and McConnaughey’s (1989) study. Combining Eq. (11)
and Eq. (B2), 18aCalcite-CO2(g) is calculated from:

18aCalcite-CO2ðgÞ ¼ 18aCalcite-H2O=
18aCO2ðgÞ-H2O: ðB3Þ
APPENDIX D. SUPPLEMENTARY DATA

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.gca.2020.03.041.
REFERENCES

Adkins J. F., Boyle E. A., Curry W. B. and Lutringer A. (2003)
Stable isotopes in deep-sea corals and a new mechanism for
‘‘vital effects”. Geochim. Cosmochim. Acta 67, 1129–1143.

Beck W. C., Grossmann E. L. and Morse J. W. (2005) Experi-
mental studies of oxygen isotope fractionation in the carbonic
acid system at 15 �, 25 �, and 40 �C. Geochim. Cosmochim. Acta

69, 3493–3503.
Bigeleisen J. and Wolfsberg M. (1958) Theoretical and experimen-

tal aspects of isotope effects in chemical kinetics. In Advances in

Chemical Physics, Vol. 1 (eds. I. Prigogine and P. Debye), pp.
15–76.

Bӧttcher M. E. (1996) 18O/16O and 13C/12C fractionation during
the reaction of carbonates with phosphoric acid: effects of
cationic substitution and reaction temperature. Isotopes Envi-

ron. Health Stud. 32, 299–305.
Brenninkmeijer C., Kraft P. and Mook W. (1983) Oxygen isotope

fractionation between CO2 and H2O. Chem. Geol. 41, 181–190.
Caldeira K. and Rau G. H. (2000) Accelerating carbonate

dissolution to sequester carbon dioxide in the ocean: Geochem-
ical implications. Geophys. Res. Lett. 27, 225–228.

Caldeira K. and Wickett M. E. (2003) Anthropogenic carbon and
ocean pH. Nature 425, 365.

Chen S., Gagnon A. C. and Adkins J. F. (2018) Carbonic
anhydrase, coral calcification and a new model of stable
isotope vital effects. Geochim. Cosmochim. Acta 236, 179–197.

Clark I. D. and Lauriol B. (1992) Kinetic enrichment of stable
isotopes in cryogenic calcites. Chem. Geol. 102, 217–228.

Clark I. D., Fontes J. C. and Fritz P. (1992) Stable isotope
disequilibria in travertine from high pH waters: laboratory
investigations and field observations from Oman. Geochim.

Cosmochim. Acta 56(5), 2041–2050.
Coplen T. B., Kendall C. and Hopple J. (1983) Comparison of

stable isotope reference samples. Nature 320, 236–238.
Coplen T. B. (2007) Calibration of the calcite-water oxygen-isotope

geothermometer at Devil’s Hole, Nevada, a natural laboratory.
Geochim. Cosmochim. Acta 71, 3948–3957.
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