
1.  Introduction
Carbonate clumped isotope (Δ47) thermometry is based on the temperature-dependent bonding of  13C and  18O 
within the lattice of carbonate minerals relative to that expected when all isotopes are randomly distributed 
(Ghosh et al., 2006; Schauble et al., 2006). The clumped isotope geochemistry of carbonates provides a single-
phase geothermometer independent of the stable isotopic composition of the parent fluid, and is a frontier in 
the development of paleo-temperature proxies (Eiler, 2007, 2011). The last decade has seen an increasing use 
of clumped isotopes in studies of climate change on various geological time scales (Dennis et al., 2013; Fernan-
dez et al., 2021; Finnegan et al., 2011; Leutert et al., 2020; Petersen et al., 2016; Vickers et al., 2020). Accurate 
estimation of paleo-temperatures requires clumped isotopes to be in equilibrium during carbonate precipita-
tion, but many natural carbonates present disequilibrium Δ47 values, as in oxygen isotope thermometry (Daëron 
et al., 2019; Ghosh et al., 2006; Watkins & Hunt, 2015). An understanding of causes of Δ47 disequilibrium in 
carbonates is therefore required for reliable application of clumped isotope thermometry.

Key reactions such as CO2 hydration/hydroxylation and HCO3 − dehydration/dehydroxylation exert important 
kinetic isotope effects (KIEs) on Δ47 values of the dissolved inorganic carbon (DIC) and thus of precipitated 
carbonates, with recent studies of causes and controls of Δ47 disequilibrium in carbonates focusing mainly on the 
DIC‒H2O‒CO2 system (Affek & Zaarur, 2014; Daëron et al., 2011; Guo, 2020; Guo & Zhou, 2019; Staudigel & 
Swart, 2018; Uchikawa et al., 2021). When isotopic exchange between DIC species and H2O or the ordering state 
of  13C‒ 18O bonds within the DIC species are at equilibrium, rapidly grown carbonates may inherit the Δ47 values 
of DIC species, that is, the weighted sum of their distinct equilibrated Δ47 values, if all DIC species are quantita-
tively precipitated (Hill et al., 2014; McCrea, 1950; Tripati et al., 2015). The relative abundances of DIC species 
are controlled mainly by pH (Zeebe & Wolf-Gladrow, 2001). Carbonates growing at different fluid pH levels thus 
likely exhibit different Δ47 values, which may be responsible for Δ47 disequilibrium in biogenic carbonates, such 
as certain species of deep-sea corals (Saenger et al., 2017; Spooner et al., 2016). A comprehensive exploration 
of the mechanism of Δ47 disequilibrium thus requires consideration of both DIC‒H2O‒CO2 and CaCO3‒DIC 
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systems, with a better understanding of KIEs between carbonate and precipitating DIC species required for the 
latter to elucidate isotopic fractionation during carbonate growth.

The KIE generally refers to the change of the reaction rate in a given chemical reaction when isotopic substitution 
is involved (Zeebe & Wolf-Gladrow, 2001). The change of the reaction rate means that light and heavy isotopo-
logues react at different rates, resulting in a characteristic difference in isotope composition between the reactant 
and the reaction product (Sade et al., 2020). For example, a calcium carbonate precipitation reaction may be 
described in two forms in terms of carbon isotopes ( 12C and  13C):

Ca2+ + 12CO2–
3

12�+
⇄
12�−

Ca12CO3� (1)

Ca2+ + 13CO2–
3

13�+
⇄
13�−

Ca13CO3� (2)

Because of the KIE involved during the CaCO3 growth, the reaction rate constant ( 12k+) for the light isotope ( 12C) 
is usually larger than that ( 13k+) for the heavy isotope ( 13C), leading to depletion in  13C content in the reaction 
product CaCO3 with respect to CO3 2−. The magnitude of the KIE for the forward reaction (CaCO3 growth) is 
defined by a kinetic fractionation factor (KFF), which equals the ratio of the rate constants ( 12k+/ 13k+; Zeebe & 
Wolf-Gladrow, 2001). The difference in carbon isotope composition (δ 13C) between the reactant and the reac-
tion product is determined by KIEs associated with reaction rate constants both in forward and reverse reactions 
(i.e., CaCO3 precipitation and dissolution, respectively). If no significant reverse reaction occurs or the CaCO3 
grows so rapid that the whole reaction is unidirectional, the KIE associated with rapid CaCO3 growth is fully 
expressed and its KFF can be determined directly by the difference in δ 13C values between CaCO3 and CO3 2− 
(Sade et al., 2020).

Exploring the Δ47 KIEs specific to carbonate growth was first attempted by Daëron et al. (2011) based on three 
synthetic stalagmites with different growth rates. However, the corresponding Δ47 fractionation signatures they 
observed were not controlled independently by carbonate growth as the CO2 degassing effect was also involved. 
Watkins and Hunt (2015) applied the ion-by-ion calcite growth model of Wolthers et al. (2012) to describe KIEs 
arising from the mass-dependent transport of HCO3 − or CO3 2− from bulk solution to the mineral growth surface. 
A series of calcites precipitated from isotopically equilibrated DIC solutions at different pH values has been used 
to constrain KFFs for oxygen isotopes, but not for clumped isotopes (Watkins et al., 2013, 2014), suggesting that 
the ion-by-ion model could also be verified on the basis of KFFs. This requires determination of Δ47 values of 
calcites precipitated at different pH levels from isotopically equilibrated DIC solutions, with isotopic disequilib-
rium arising from the DIC‒H2O system minimized by the enzyme carbonic anhydrase (CA) in previous studies 
(Watkins et al., 2013, 2014). However, this approach may be challenging when constraining the KFF between 
carbonates and CO3 2− as the DIC isotopic equilibration at room temperature (∼25°C) is very slow at pH > 12, 
even in the presence of CA (Tripati et al., 2015; Uchikawa & Zeebe, 2013).

Rapid precipitation of witherite (BaCO3) is experimentally achievable, with an assumed unidirectional reaction 
and no significant reverse reaction to DIC species through dissolution (Beck et al., 2005; Kim et al., 2006; Sade 
et al., 2020). It should therefore be possible to determine Δ47 KFFs during carbonate growth by applying the 
BaCO3 precipitation method, as often done in investigations of oxygen isotopic fractionation in the carbonate 
system (Beck et al., 2005; Kim & O’Neil, 1997; Kim et al., 2006; Sade et al., 2020; Staudigel & Swart, 2018; 
Uchikawa & Zeebe, 2012, 2013; Yumol et al., 2020). However, caution should be taken in applying the KFFs to 
other carbonates, as the precipitation-specific KFFs for BaCO3 might differ from those for calcite, dolomite, or 
other carbonates of interest.

In this study, a series of BaCO3 precipitation experiments were performed at temperature and pH ranges of 
15–60°C and 8.3–11.5, respectively. BaCO3 was fractionally precipitated from a quasi-infinite DIC reservoir 
with only ∼0.5% in mole fraction of the DIC being precipitated within 10 min. The carbon, oxygen, and clumped 
isotopic compositions of the BaCO3 were compared with those of BaCO3 immediately and quantitatively precip-
itated from the same reservoir to constrain the KFFs during mineral growth. We deem that the growth of BaCO3 
in such short time can avoid the isotopic re-equilibration through dissolution of BaCO3 and there was no need to 
consider the isotopic composition or equilibrium state of the DIC solution. This study quantitatively constrains 
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the clumped isotope fractionation effect associated with rapid BaCO3 precipitation and its dependence on pH and 
temperature, which have not been confirmed in previous studies.

2.  Methods
2.1.  BaCO3 Precipitation Experiments

A series of BaCO3 precipitation experiments based on the methods of Kim et al. (2006) and Sade et al. (2020) 
were performed as depicted in Figure 1. DIC solutions (0.06 M) were prepared by dissolving ∼5 g reagent grade 
NaHCO3 (with δ 13C and δ 18O values of −15.26‰ and −17.46‰, respectively, relative to the Vienna Pee Bee 
Belemnite [VPDB]) in separate flasks containing 1 L deionized water, and used under different conditions as 
described in Table 1. NaOH (4 M) and HCl (4 M) solutions were used to adjust pH and DIC speciation. A pH 
meter (San-Xin Instrumentation Inc., SX800 model, Shanghai, China) was used with calibration by standard 
pH buffers. Reaction flasks were held at 15, 25, 40, or 60°C (±0.05°C) in water baths with constant magnetic 
stirring. Solutions were equilibrated for >24 hr without necessarily reaching isotopic equilibrium. For quanti-
tative DIC precipitation (QP1), a small volume (5 mL) of DIC solution was aspirated using a syringe and was 
then injected into a headspace vial (pre-purged with high purity nitrogen) containing excess BaCl2 (1 mL, 1 M) 
and NaOH (1 mL, 1 M) solutions, such that all DIC species (mainly HCO3 − and CO3 2− species) precipitated 
instantaneously as BaCO3 minerals without significant atmospheric contact (Beck et al., 2005). This step was 
followed immediately by injection of 1 mL BaCl2 solution (0.3 M) into the reaction flask to precipitate fractional 
(∼0.5% in mole fraction) DIC species, referred to here as fractional precipitation (FP). This was repeated for all 
experiments, except for that at 15°C and pH 8.55 where 0.2 mL saturated BaCl2 solution was used to increase the 
nucleation rate of BaCO3 crystals. These reagent concentrations provided sufficient (>50 mg) BaCO3 for isotopic 
analysis, and minimized isotopic fractionation due to Rayleigh distillation effects during removal of DIC species 
by BaCO3 precipitation (Kim et al., 2006). The FP experiments were ca. 10 min in duration, including ca. 2 min 
for precipitation with magnetic stirring and ca. 8 min for static settlement of BaCO3. The first crystals of BaCO3 
usually occurred within ca. 30 sec. A further 5 mL of the DIC solution was aspirated from the liquid surface for 
another quantitative DIC precipitation (QP2). The difference in isotopic compositions of BaCO3 between the QP1 
and QP2 experiments allows us to evaluate the variation of the isotopic composition of the DIC solution during 
precipitation experiments. BaCO3 precipitates from QP1, FP, and QP2 were vacuum filtered through a 0.45 μm 
cellulose acetate membrane immediately after precipitation. The filters were rinsed several times with deionized 
water, dried at 50°C for at least 24 hr, and stored in vials for later isotopic analysis.

Figure 1.  Schematic diagram of the experimental setup used in this study. The temperature of each BaCO3 precipitation was maintained by a circulating water bath. 
Each experiment under specific pH and temperature conditions involved two quantitative precipitations and one fractional precipitation of BaCO3 crystals from the 
same dissolved inorganic carbon solution.
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2.2.  Isotopic Analyses

Bulk carbon, oxygen, and clumped isotopic analyses were performed at the State Key Laboratory of Isotope 
Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, Guangzhou, with a dual-in-
let isotope ratio mass spectrometer (IRMS; 253 Plus, ThermoFisher Scientific™, USA), following analyti-
cal procedures described previously by Guo et al. (2019). Briefly, carbonate (5–8 mg) was digested in H3PO4 
(ρ = ∼1.94 g/cm 3) at 90°C to produce CO2 gases, which was collected cryogenically and purified by passage 
through two cold traps (ethanol slush at −90°C) and an adsorbent trap (PoraPak Q at −20°C, without using carrier 
gas) before IRMS analysis. The instrument was configured to simultaneously measure m/z 44–49 with a signal 
intensity of 15 V at m/z 44 and an m/z 47.5 cup for background correction. Each measurement comprised 60 
sample/standard cycles, with 20 s integration per cycle. Each sample was analyzed at least twice, repeating acid 
digestion, gas purification, and instrument analysis with separate aliquots of each BaCO3 sample. The reference 

Sample ID
Precipitation 

method
Temp. 
(°C) pH

Total [DIC] 
(mmol/L)

Yield 
(mg)

[HCO3 −]/
[DIC] (%)

[CO3 2−]/
[DIC] (%)

δ 13C 
(VPDB ‰)

1 
SD a

δ 18O 
(VPDB ‰)

1 
SD a

Δ47-CDES90 
(‰) 1 SD a n

BPL15R-1 QP1 15 8.55 60 61.1 98.0 1.3 −15.26 0.00 −2.64 0.02 0.672 0.014 2

BPL15R-K FP 15 8.55 60 104.8 98.0 1.3 −16.60 0.00 −7.90 0.05 0.619 0.003 2

BPL15R-2 QP2 15 8.55 60 59.2 98.0 1.3 −15.13 0.03 −2.50 0.04 0.681 0.002 2

BPH15-1 QP1 15 11.43 60 58.4 9.1 90.9 −15.11 0.09 −3.55 0.07 0.660 0.017 3

BPH15-K FP 15 11.43 60 63.1 9.1 90.9 −15.13 0.18 −5.57 0.08 0.655 0.017 2

BPH15-2 QP2 15 11.43 60 58.8 9.1 90.9 −15.00 0.23 −3.84 0.09 0.659 0.002 2

BPL25R-1 QP1 25 8.63 60 57.0 97.5 1.9 −14.91 0.16 −4.41 0.09 0.637 0.020 3

BPL25R-K FP 25 8.63 60 54.2 97.5 1.9 −16.40 0.02 −9.35 0.04 0.580 0.013 2

BPL25R-2 QP2 25 8.63 60 55.1 97.5 1.9 −15.03 0.03 −4.32 0.04 0.630 0.005 2

BPMR25-1 QP1 25 9.78 60 59.0 78.0 22.0 −15.27 0.06 −4.63 0.06 0.649 0.008 2

BPMR25-K FP 25 9.78 60 58.5 78.0 22.0 −15.72 0.10 −8.05 0.07 0.613 0.007 2

BPMR25-2 QP2 25 9.78 60 57.7 78.0 22.0 −15.27 0.05 −4.55 0.02 0.637 0.004 2

BPM25-1 QP1 25 10.45 60 57.8 43.1 56.9 −15.17 0.03 −17.39 0.04 0.500 0.005 2

BPM25-K FP 25 10.45 60 58.5 43.1 56.9 −15.24 0.01 −18.71 0.03 0.499 0.011 2

BPM25-2 QP2 25 10.45 60 59.0 43.1 56.9 −15.28 0.00 −17.42 0.06 0.487 0.000 2

BPH25-1 QP1 25 11.45 60 58.0 7.0 93.0 −15.11 0.06 −13.21 0.04 0.527 0.002 2

BPH25-K FP 25 11.45 60 58.4 7.0 93.0 −15.07 0.03 −13.24 0.08 0.533 0.022 3

BPH25-2 QP2 25 11.45 60 58.1 7.0 93.0 −15.33 0.02 −13.17 0.01 0.538 0.012 2

BPL40-1 QP1 40 8.38 60 59.5 97.8 1.4 −15.25 0.18 −7.28 0.04 0.597 0.017 2

BPL40-K FP 40 8.38 60 53.8 97.8 1.4 −16.51 0.01 −11.93 0.04 0.546 0.005 2

BPL40-2 QP2 40 8.38 60 59.5 97.8 1.4 −15.21 0.05 −7.14 0.02 0.588 0.016 3

BPH40-1 QP1 40 11.41 60 54.0 6.1 93.9 −15.22 0.03 −7.19 0.10 0.609 0.025 3

BPH40-K FP 40 11.41 60 59.5 6.1 93.9 −15.11 0.02 −7.04 0.12 0.592 0.008 2

BPH40-2 QP2 40 11.41 60 59.3 6.1 93.9 −15.18 0.05 −7.24 0.02 0.604 0.020 2

BPL60-1 QP1 60 8.30 60 59.1 97.6 1.4 −15.39 0.06 −10.06 0.03 0.546 0.016 3

BPL60-K FP 60 8.30 60 54.3 97.6 1.4 −16.00 0.01 −14.31 0.03 0.518 0.002 2

BPL60-2 QP2 60 8.30 60 57.9 97.6 1.4 −15.44 0.04 −10.15 0.01 0.548 0.013 3

BPH60-1 QP1 60 11.28 60 60.1 6.7 93.3 −15.55 0.04 −10.95 0.01 0.559 0.004 2

BPH60-K FP 60 11.28 60 57.8 6.7 93.3 −15.26 0.01 −10.93 0.01 0.560 0.004 2

BPH60-2 QP2 60 11.28 60 59.7 6.7 93.3 −15.40 0.06 −10.91 0.01 0.550 0.010 2

 a1 SD refers to 1 standard deviation based on replicates.

Table 1 
Experimental Conditions and Isotope Data for Quantitative and Fractional Experiments
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CO2 gas had δ 13C and δ 18O values of −26.78‰ and −8.86‰, respectively. Its bulk isotopic compositions were 
normalized to two IAEA standards (NBS19 and NBS18) and are reported in VPDB scale. Bulk isotopic compo-
sitions and raw Δ47 values of measured gases are obtained relative to that of the reference working gas, calculated 
using the Easotope software (John & Bowen, 2016) and processed with the International Union of Pure and 
Applied Chemistry recommended parameters for  17O correction (Brand et al., 2010; Daëron et al., 2016; Petersen 
et al., 2019). To correct for the dependence of Δ47 on δ47 values due to an inherent linearity issue with the IRMS, 
a set of CO2 gases with δ47 values of −14‰ to +32‰ was analyzed after heating to 1000°C for ∼2 hr to obtain 
internal isotopologue equilibrium (Huntington et al., 2009). To allow reporting the Δ47 data on the Carbon Diox-
ide Equilibrium Scale at 90°C acid-digestion temperature (CDES90), several equilibrated CO2 gases prepared by 
CO2‒H2O exchange reaction at 25°C (Dennis et al., 2011) were analyzed.

Carbonate standards (C1 and BACS; Guo et al., 2019) were analyzed together with BaCO3 samples to monitor 
instrument drift. The resulting mean Δ47-CDES90 values of these two standards were 0.318‰ (1SD = 0.014‰, 
n = 10) and 0.648‰ (1SD = 0.016‰, n = 11) for the C1 and BACS, respectively. These values agree with the 
results of a recent study in the same lab (Guo et al., 2021) if not applying the acid fractionation factor (AFF) of 
0.088‰ (Petersen et al., 2019). The mean Δ47-CDES90 value of C1 (0.318 ± 0.014‰) is also similar to the commu-
nity-derived consensus Δ47 value of 0.302‰ reported from Bernasconi et  al.  (2021), which was normalized 
on the Intercarb-Carbon Dioxide Equilibrium Scale (I-CDES) based on a series of ETH standards. As no ETH 
standards were measured in this study, we are unable to directly normalize the Δ47-CDES90 data to the I-CDES 
scale. However, as ETH standards were measured along with the BACS and C1 during a different measurement 
session in our lab (Guo et al., 2021) and the mean Δ47-CDES90 values of these ETH standards (0.222 ± 0.013‰, 
0.622  ±  0.017‰, and 0.444  ±  0.015‰, for ETH-1, ETH-3, and ETH-4, respectively) were similar to the 
multi-laboratory determined Δ47-CDES90 values (0.205‰, 0.613‰, and 0.450‰, for ETH-1, ETH-3, and ETH-4, 
respectively) reported in Bernasconi et al. (2021), the Δ47-CDES90 values of standards and samples determined in 
this study are essentially comparable to the values normalized to the I-CDES scale. This study aims to explore 
the difference of Δ47-CDES90 values obtained from different BaCO3 precipitation experiments, which should be not 
affected by the choice of data normalization scheme. The AFF of Kim et al. (2007) was applied to correct  18O 
fractionation during carbonate acid digestion assuming that witherite and calcite have similar AFF values, as 
reported earlier (Uchikawa & Zeebe, 2013). All raw isotopic data for BaCO3 samples, carbonate standards, and 
gas standards are available on Zenodo (Guo, 2021).

2.3.  Kinetic Isotope Fractionation Between DIC Species and BaCO3

With no significant Rayleigh distillation effects during the quantitative and fractional precipitations (Section 3), 
KFF values for the two phases may be expressed as:

Δ𝛿𝛿
13
CBaCO3 −DIC ≅ 𝛿𝛿

13
CFP – 𝛿𝛿

13
CQP� (3)

Δ𝛿𝛿
18
OBaCO3 −DIC ≅ 𝛿𝛿

18
OFP – 𝛿𝛿

18
OQP� (4)

ΔΔ47BaCO3 −DIC ≅ Δ47FP – Δ47QP� (5)

where the subscript “𝐴𝐴 BaCO3 − DIC ” refers to isotopic composition difference between the two phases (BaCO3 
crystal and DIC species), and is also related to the instantaneous precipitation of BaCO3 from DIC solution 
without isotopic re-equilibration by BaCO3 dissolution, and “QP” and “FP” represent quantitative and fractional 
precipitations, respectively. These KFFs describe the net result of isotopic partitioning for all unidirectional 
reactions associated with BaCO3 formation. When determining the KFF between a single DIC species (HCO3 − 
or CO3 2−) and BaCO3, we assigned solutions of pH 8.30–8.63 with [HCO3 −]/[DIC] values of 97.5–98.0% as 
being dominated by HCO3 − and those pH 11.28–11.45 with [CO3 2−]/[DIC] values of 90.9–93.9% by CO3 2−, 
respectively. DIC speciation in the experimental solutions was determined by the CO2sys program (Lewis & 
Wallace, 2006) with pH, temperature, and DIC concentration as input variables, and with the carbonic acid disso-
ciation constants of Millero (1979) and the NBS pH scale.
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3.  Results
Isotopic compositions (δ 13C, δ 18O, and Δ47) of BaCO3 samples formed in 
the QP1, FP, and QP2 experiments at all temperatures and pH values are 
provided in Table 1. Apart from sample BPL15R-K, where a large amount 
of BaCl2 was added to the DIC solution, the measured mass of BaCO3 for 
all experiments averaged 58.2 ± 2.1 mg (n = 29), broadly comparable with 
stoichiometric estimates based on DIC or BaCl2 concentrations, suggesting a 
recovery rate of ∼100%.

The range of BaCO3 δ 13C values from the QP experiments (−15.5‰ to 
−15.0‰; Figure  2) is greater than typical analytical precision (∼0.1‰) 
in carbonate δ 13C analyses. As all DIC solutions in QP experiments were 
prepared by the same NaHCO3 reagent, the BaCO3 δ 13C values should be the 
same value within error assuming that the NaHCO3 powder is homogenous. 
Therefore, the scattered BaCO3 δ 13C values may be attributed to contamina-
tion of other carbon source with δ 13C value different to that of the NaHCO3 
reagent or the possibility that the DIC solutions experienced various degree 
of CO2 degassing among different experiments. A possible interference may 
be related to atmospheric CO2 as a small amount of atmospheric CO2 could 
be hydrated into the solution.

BaCO3 δ 18O and Δ47 values from these QP experiments exhibited significant 
variations ranging from −18.71‰ to −2.64‰ and 0.487‰–0.660‰ for 
δ 18O and Δ47, respectively (Table 1; Figure 2). These isotopic variations were 
presumably associated with equilibration of  18O and  13C‒ 18O bonds in DIC 
solution through hydration/dehydration and hydroxylation/dehydroxylation 
reactions. The state of isotopic equilibration in DIC solution is determined 
by the initial isotopic value (assigned by the NaHCO3 reagent), the final 
equilibrium state, and the rate of equilibration of  18O-associated and  13C‒ 18O 
bonds, which is controlled mainly by temperature and pH (Beck et al., 2005; 
Staudigel & Swart,  2018; Uchikawa et  al.,  2021). As the QP experiments 
were carried out at various temperatures and pH conditions (Table 1), it is 
reasonable to expect a large range in δ 18O and Δ47 values in BaCO3 precipi-
tated from the DIC solution. It should be noted that whether or not the DIC 
solution was at isotopic equilibrium in each QP experiment is not important, 
as we mainly focus on KFFs between DIC species and BaCO3 during precip-
itation. It is therefore essential to make sure that both the FP and QP exper-
iments were done at the same temperature, pH, and isotopic composition of 
DIC solution. The isotopic compositions of BaCO3 from the QP1 and QP2 
experiments were generally similar within error (Figure 2), suggesting that 
the isotopic compositions of DIC solution remained unchanged after the FP. 
This means that the variation of δ 13C values due to interferences from other 
carbon sources and CO2 degassing, and the variations of δ 18O and Δ47 values 
related to DIC isotopic equilibration were negligible during the time gap 
(∼11 min) between the two QP experiments (QP1 and QP2). In this case, the 
significant variations of isotopic compositions in BaCO3 observed here did 
not affect the determination of KFFs at specific pH and temperature because 
they were removed through Equations 3–5. For the same reason, the Rayleigh 
distillation effect on isotopic compositions associated with the removal of 
DIC portions (∼0.5% in mole fraction) from the whole solution during FP 
experiment can be neglected as well.

KFFs specific to experimental conditions were determined using Equa-
tions  3‒5 and by assigning isotopic compositions of quantitative precipi-
tation as average values of the QP1 and QP2 experiments (Table  2). The 

Figure 2.  Comparison of isotopic data between the two quantitative 
precipitations (QP1 and QP2) of each experiment for (a) carbon, (b) oxygen, 
and (c) clumped isotopes. The error bars represent 2 SD errors from repeated 
isotope analyses in each experiment. The error bars on oxygen isotopes are 
smaller than symbols.
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𝐴𝐴 Δ𝛿𝛿13CBaCO3−DIC , 𝐴𝐴 Δ𝛿𝛿18OBaCO3−DIC , and 𝐴𝐴 ΔΔ47BaCO3−DIC values varied significantly with increasing temperature at 
pH 8.30–8.63 (Figure 3). In these experiments, the solutions contained predominantly HCO3 −. For the other 
experiments the temperature dependence is less clear. KFF magnitudes generally decreased with increasing 
pH, as clearly indicated by 25°C experiments (Figure 3). At pH 11.28–11.45, 𝐴𝐴 Δ𝛿𝛿13CBaCO3−DIC values were close 
to 0‰ within error at all temperatures (Figure 3a), suggesting that the KIE during BaCO3 precipitation from 
CO3 2−-dominated solutions led to negligible fractionation in  13C. For oxygen and clumped isotopes, the KFFs 
associated with CO3 2−-dominated solutions were also close to 0‰ within error (Figures 3b and 3c), although this 
was not the case for 𝐴𝐴 Δ𝛿𝛿18OBaCO3−DIC at 15°C, where the KFF was −1.87‰ ± 0.14‰ (Figure 3b).

4.  Discussion
4.1.  Comparison With Previously Published KFFs

4.1.1.  Carbon Isotopes

Watkins and Hunt (2015) suggested that  13C KFFs of HCO3 − and CO3 2− (𝐴𝐴 Δ𝛿𝛿13CBaCO3−HCO−

3
 and 𝐴𝐴 Δ𝛿𝛿13CBaCO3−CO2−

3

 ) 
are close to zero, based on an ion-by-ion calcite growth model for carbon isotopes. Although these KFFs were 
not measured experimentally, the Watkins and Hunt (2015)'s model (WH15 model hereafter) indicated that the 
δ 13C value of calcite precipitated at pH 8.3 decreases with increasing calcite growth rate relative to an equilib-
rium isotopic composition inferred from Bottinga (1968) and Coplen (2007), and is close to zero relative to the 
δ 13C value of HCO3 − at the rapid growth limit. This growth-related  13C fractionation pattern is broadly consist-
ent with δ 13C values of some inorganic calcites precipitated at 25°C (Levitt et al., 2018; Romanek et al., 1992). 
However, our results indicate that  13C KFF of HCO3 − is −1.43‰ at 25°C and have a weak temperature depend-
ence (<∼0.02‰°C −1, Figures 4a and 4b), suggesting that calcite precipitated from a HCO3 −-dominated solution 
at rapid rates may have a δ 13C value lower than previously thought. Our experimentally determined KFFs are 
more comparable with those of Sade et  al.  (2020), with both studies indicating the same fractionation direc-
tion and differing slightly (less than ∼0.3‰) in magnitude relative to 0‰ (zero KIE). Experiments of Sade 
et al. (2020) involved BaCO3 FP in a finite DIC reservoir with solution chemistry varying significantly during 
precipitation; KFFs were determined using a dynamic model to account for this variability with several input 
parameters and related uncertainties taken into account. However, as stated in Sade et al. (2020)'s study, their 
modeled δ 13C values in BaCO3 based on their best fit KFF showed significant deviations from their measured 
samples, which could be explained by atmospheric CO2 contamination. Although our experiments were also 
potentially subjected to the CO2 contamination, especially during the filtrating and drying when atmospheric CO2 
could have dissolved and precipitated as BaCO3 with a different δ 13C value, the two QP experiments before and 
after each FP experiment are designed to monitor and correct for the potential contamination. This approach is 
different from Sade et al. (2020)'s method, possibly explaining the minor offsets in the fractionation magnitude 
between the two studies (Figure 4).

Temp. (°C) pH𝐴𝐴 Δ𝛿𝛿13CBaCO3−DIC (‰) 1 SD a𝐴𝐴 Δ𝛿𝛿18OBaCO3−DIC (‰) 1 SD a𝐴𝐴 ΔΔ47BaCO3−DIC (‰) 1 SD a

15 8.55 −1.41 0.03 −5.33 0.06 −0.057 0.015

15 11.43 −0.08 0.31 −1.87 0.14 −0.005 0.025

25 8.63 −1.43 0.16 −4.98 0.10 −0.053 0.025

25 9.78 −0.45 0.13 −3.46 0.09 −0.030 0.011

25 10.45 −0.01 0.03 −1.31 0.08 0.006 0.012

25 11.45 0.14 0.07 −0.05 0.09 0.001 0.025

40 8.38 −1.28 0.18 −4.72 0.06 −0.046 0.024

40 11.41 0.09 0.06 0.18 0.15 −0.015 0.033

60 8.3 −0.58 0.08 −4.21 0.04 −0.029 0.020

60 11.28 0.22 0.07 0.00 0.02 0.006 0.011

 a1 SD refers to 1 standard deviation propagated from the isotopic analytical error in each individual experiment.

Table 2 
Kinetic Fractionation Factors Specific to Different Experimental Conditions

 15252027, 2022, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2021G

C
010249 by Scientific &

 T
ech L

ibrary O
f, W

iley O
nline L

ibrary on [04/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Geochemistry, Geophysics, Geosystems

GUO ET AL.

10.1029/2021GC010249

8 of 15

4.1.2.  Oxygen Isotopes

Kim et  al.  (2006) determined the  18O KIE during carbonate precipitation 
at 25°C, based on BaCO3 FP. However, the  18O KFFs between BaCO3 and 
DIC species (𝐴𝐴 Δ𝛿𝛿18OBaCO3−HCO−

3
 and 𝐴𝐴 Δ𝛿𝛿18OBaCO3−CO2−

3

 ) were subject to the 
Rayleigh distillation effect as their BaCO3 samples were formed in a finite 
DIC reservoir. Devriendt et  al.  (2017) developed a model to account for 
Rayleigh distillation and derived the 𝐴𝐴 Δ𝛿𝛿18OBaCO3−HCO−

3
 and 𝐴𝐴 Δ𝛿𝛿18OBaCO3−CO2−

3

 
values of −5.0 ± 0.2‰ and the −0.5 ± 0.2‰, respectively. These KFFs are 
broadly consistent with those reported by Sade et al. (2020) and determined 
at the same temperature in this study (Figures  4c and  4d). Regarding the 
dependence of KIEs on temperature, we found that 𝐴𝐴 Δ𝛿𝛿18OBaCO3−HCO−

3
 values 

are temperature-dependent between 15 and 60°C, while 𝐴𝐴 Δ𝛿𝛿18OBaCO3−CO2−

3

 
values are not (at 25°C–60°C; at 15°C a more negative 𝐴𝐴 Δ𝛿𝛿18OBaCO3−CO2−

3

 
value was observed). These results are generally comparable with those of 
Sade et al. (2020). The presence and absence of the dependence of the KIEs 
on temperature are elusive. They may be related to the possible variation in 
BaCO3 precipitation rates, which are correlated positively with temperature 
at the same pH and solubility product, although the precipitation here is rapid 
on the scale of a few seconds time. The higher temperature may promote a 
more significant local precipitation of BaCO3 at solution surface after inject-
ing the BaCl2 into the solution, allowing the precipitation of DIC species at 
the surface to be more quantitative than fractional. This effect can reduce the 
magnitude of the KIEs, leading to the dependence of the KIEs on tempera-
ture. This effect may also be minimized by a higher Ba 2+ ion diffusion rate 
at the higher temperature if the diffusion surpassed the precipitation rate, 
then possibly explaining the missing of the dependence. Future studies are 
needed to better constrain the BaCO3 precipitation rate and verify the effect 
using BaCl2 solutions with different concentrations or varying the solution 
stirring rate.

Based on the ion-by-ion growth model, Watkins et al. (2014) fitted KFFs asso-
ciated with calcite growth by the data of experimental calcites precipitated at 
25°C with various pH values and growth rates, resulting in 𝐴𝐴 Δ𝛿𝛿18OBaCO3−HCO−

3
 

and 𝐴𝐴 Δ𝛿𝛿18OBaCO3−CO2−

3

 values of −3.6‰ and −2.0‰, respectively. These esti-
mates on  18O KFFs differ significantly from our experimental results, espe-
cially for the  18O KFF of CO3 2−. The difference (Figure 4d) is not surprising 
as the  18O KFF of CO3 2− is more difficult to constrain than that of HCO3 − 
because the isotopic equilibration of DIC solution is extremely slow at high 
pH (Uchikawa & Zeebe, 2013; Watkins et al., 2014). The potential mineral-
ogical effect on KFFs between calcite and witherite may not be important as 
the KFFs in this study were determined by the difference of isotopic values 
obtained from different BaCO3 precipitation experiments. Additionally, the 
KIE associated with BaCO3 precipitation was revealed by precipitating frac-
tional DIC species in solution with low [Ba 2+]/[DIC] ratio. This means that 
the large amount of DIC species may compete to attach with cations or on the 
crystal surface where the mass-dependent transports of the DIC species are 
involved (DePaolo, 2011; Mills et al., 2021). The kinetic isotopic fractiona-
tion of DIC species may take place mainly during this process, and should be 
not affected by the mineralogy of final precipitates. Considering the similar-
ity between results of this study and those of Sade et al. (2020), we suggest 
that these experimentally determined  18O KFFs may be more reliable than 
those constrained by Watkins et al. (2014). These KFFs should be incorpo-
rated in the WH15 model to see how the modeled rate-dependence of δ 18O 

Figure 3.  Temperature dependence of kinetic fractionation factors during 
BaCO3 growth under different pH values for (a) carbon, (b) oxygen, and (c) 
clumped isotopes.
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compares with existing or ongoing experimental studies where DIC solutions are isotopically equilibrated before 
carbonate precipitations.

4.1.3.  Clumped Isotopes

The WH15 model, modified and extended to clumped isotopes, suggests little or no KIE for HCO3 − 
(𝐴𝐴 ΔΔ47BaCO3−HCO−

3
 ) and CO3 2− (𝐴𝐴 ΔΔ

47BaCO3−CO2−

3

 ) during calcite growth (Watkins & Hunt, 2015). This means that the 

Figure 4.  Comparison of kinetic fractionation factors with those reported previously (Devriendt et al., 2017; Sade et al., 2020; Watkins & Hunt, 2015; Watkins 
et al., 2014) for (a and b) carbon, (c and d) oxygen, and (e and f) clumped isotopes.
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Δ47 value for rapid-growth calcite depends mainly on the weighted sum of Δ47 values of the DIC species involved. 
It should be noted that an isotopic mixing of DIC species with different bulk isotopic compositions can cause 
significant offset in Δ47 values after the DIC species are quantitatively precipitated (Thiagarajan et al., 2011). 
Although the WH15 model also suggests that there can be a significant difference (>0.01‰) on Δ47 values 
between equilibrium calcite and the disequilibrium calcite in case of rapid crystallization with fractionation 
directions depending on how to specify KFFs as the model input parameters, which has not yet been validated by 
reliable experimental Δ47 data.

Tang et al. (2014) conducted calcite precipitation experiments with different precipitation rates at constant pH 
and ionic strength, and found no clear effects of precipitation rates on Δ47 values, suggesting that KIE associated 
with crystal growth may be unimportant for most natural carbonates. However, according to the WH15 model, 
the absence of KIE may be attributed to the narrow range of calcite growth rates considered, with calcite forma-
tion not having approached its kinetic limit (and with KIE associated with rapid-growth therefore not appear-
ing). Nevertheless, the WH15 model and Tang et al. (2014)'s results would be consistent with ours at 25°C for 
calcite grown in a CO3 2−-dominated solution, for which we found that the 𝐴𝐴 ΔΔ

47BaCO3−CO2−

3

 value is close to zero 
(Figure 4f). However, in a HCO3 −-dominated solution, our 𝐴𝐴 ΔΔ47BaCO3−HCO−

3
 value indicates that the KIE due to 

calcite growth results in lower Δ47 values, especially at lower temperatures (Figure 4e). The negative Δ47 fraction-
ation associated with KIE is consistent with observation of natural carbonates in previous studies (Herlambang 
& John, 2021; Loyd et al., 2016; Thiagarajan et al., 2020). For example, modern seep carbonates exhibit anoma-
lously low Δ47 values, possibly due to rapid carbonate precipitation (Loyd et al., 2016; Thiagarajan et al., 2020). 
de Winter et al. (2021) found that the chalky microstructures of the oyster shells with high growth rates show 
lower Δ47 values compared with the foliated microstructure with low growth rates. Herlambang and John (2021) 
applied trace-element partitioning in constraining the precipitation rate of natural calcites and found that samples 
with higher precipitation rates have lower Δ47 values. Provided that the variation of Δ47 values in their macro-co-
lumnar calcites was controlled primarily by KIE during calcite growth, the highest magnitude of Δ47 fractionation 
would be ∼0.05‰, broadly comparable with the range of KFFs determined in our study (Figure 4e). These results 
suggest that to predict a rate dependence of Δ47 values for carbonates by the WH15 model, the input parameters 
require that the KFFs between HCO3 − and carbonate mineral are not equal to zero.

4.2.  HCO3 − and CO3 2− Precipitation Pathways

KFFs determined in this study may be useful in distinguishing between contributions of HCO3 − and CO3 2− to 
carbonate growth. If there is a preference for a particular DIC species to be incorporated during carbonate growth, 
the final isotopic disequilibrium in carbonates may be superimposed with the disequilibrated compositions of the 
preferred DIC species. The KFF values themselves are also possibly subjected to such preferred incorporation. A 
simple hypothesis is that the rapid BaCl2 titration of a small fraction of the DIC in the FP experiments strongly 
selects for CO3 2− in the HCO3 −-dominated solution. If so, the δ 13C, δ 18O, and Δ47 values of BaCO3 formed from 
FP would be lower than those formed from QP with DIC solution being equilibrated, as the equilibrium δ 13C, 
δ 18O, and Δ47 values of CO3 2− are known to be significantly lower than those of HCO3 − (Beck et  al.,  2005; 
Tripati et al., 2015; Uchikawa & Zeebe, 2013; Zhang et al., 1995). These fractionation signatures agree with the 
negative 𝐴𝐴 Δ𝛿𝛿18OBaCO3−HCO−

3
 , 𝐴𝐴 Δ𝛿𝛿13CBaCO3−HCO−

3
 , and 𝐴𝐴 ΔΔ47BaCO3−HCO−

3
 values determined in this study (Figures 4a, 4c, 

and 4e). However, Zhang et al. (1995) experimentally determined the equilibrium fractionation between different 
DIC species and suggested that the equilibrated δ 13C value of CO3 2− is lower than that of HCO3 − by ∼2.6‰ at 
15°C and ∼2.0‰ at 25°C. These fractionation magnitudes and temperature dependency are not consistent with 
the 𝐴𝐴 Δ𝛿𝛿13CBaCO3−HCO−

3
 values (Figure 4a; Table 2) determined in this study, even if the Ba 2+ dissolved in DIC 

solutions from the FP experiments only selects for CO3 2−. According to the hypothesis of preferred incorporation 
of CO3 2−, the isotopic compositions of the partial and quantitative precipitation experiments should be close in 
the CO3 2−-dominated solutions, which is inconsistent with the negative 𝐴𝐴 Δ𝛿𝛿18OBaCO3−CO2−

3

 value determined in 
this study and those determined by Sade et al. (2020) (Figure 4d). Consequently, the KFFs determined in either 
HCO3 − or CO3 2−-dominated solutions are unlikely involved with the preferred incorporation for a particular DIC 
species. They mainly reflect KIEs associated with the process of irreversible transfer of DIC species from the 
solution to the solid.

The preference for a particular DIC species during carbonate growth may be observable in DIC solutions with 
various pH values or [CO3 2−]/[DIC] ratios. For example, in aragonite precipitation experiments in isotopically 
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equilibrated DIC solutions at 25°C with a pH range of 8.25–10.75 corre-
sponding to [CO3 2−]/[DIC] ratios from 3% to 91%, Kim et al. (2006) found 
that δ 18O values of rapid-growth aragonites were between the equilibrated 
values of aragonite and CO3 2− ions, suggesting that the CO3 2− ion indeed 
preferentially contributed to aragonite growth relative to the HCO3 − ion. To 
test such a preference, we compared the KFFs determined in the FP experi-
ments at 25°C and pH 9.78–10.45 with those predicted assuming no prefer-
ence for HCO3 − and CO3 2− in carbonate growth. Predicted KFFs for carbon, 
oxygen, and clumped isotopes were calculated as follows:

Δ𝛿𝛿
13
C

predicted

BaCO3−DIC
= 𝑓𝑓𝐵𝐵1Δ𝛿𝛿

13
CBaCO3−CO2−

3

+ 𝑓𝑓𝐵𝐵2Δ𝛿𝛿
13
CBaCO3−HCO−

3
� (6)

Δ𝛿𝛿
18
O

predicted

BaCO3−DIC
= 𝑓𝑓𝐵𝐵1Δ𝛿𝛿

18
OBaCO3−CO2−

3

+ 𝑓𝑓𝐵𝐵2Δ𝛿𝛿
18
OBaCO3−HCO−

3
� (7)

ΔΔ
predicted

47BaCO3−DIC
= 𝑓𝑓𝐵𝐵1ΔΔ47BaCO3−CO2−

3

+ 𝑓𝑓𝐵𝐵2ΔΔ47BaCO3−HCO−

3
� (8)

where 𝐴𝐴 𝐴𝐴B1 and 𝐴𝐴 𝐴𝐴B2 are [CO3 2−]/[DIC] and [HCO3 −]/[DIC] ratios, respec-
tively. Note that significant variations in δ 13C and δ 18O values between 
the two population of DIC species could cause offsets in Δ47 values due to 
the non-linear mixing effect (Defliese & Lohmann,  2015; Eiler & Schau-
ble, 2004). To evaluate these possible offsets, we used a mixing model from 
Wang et al. (2015) to calculate the non-linear mixed Δ47 values. The calcu-
lated offsets of the non-linear mixed Δ47 values from the 𝐴𝐴 ΔΔ

predicted

47BaCO3−DIC
 value 

are only ∼0.002‰, which are within the analytical error and negligible. The 
KFFs determined for all isotopic systems addressed in this study are signif-
icantly higher than those predicted (Figure 5), except for Δ47 whose KFFs 
are indistinguishable from those predicted due to the large propagated error. 
Nevertheless, these comparisons suggest that CO3 2− ions with less-negative 
KFFs preferentially contribute to carbonate growth relative to HCO3 − ions, 
consistent with the results of Kim et  al.  (2006). This also means that the 
KFFs determined at pH values of 9.78 and 10.45 were superimposed with the 
isotopic compositions of the preferred CO3 2− ions.

The mechanism of the preference for the CO3 2− precipitation pathway is less 
clear. It may be associated with an extra thermodynamic driving force for this 
pathway. Andersson et al. (2016) calculated the adsorption energy of CO3 2− 
or HCO3 − ions from aqueous solution onto calcite surface using density func-
tional theory and found that the adsorption free energy of CO3 2− is signifi-
cantly lower than that of HCO3 −. This means that the CO3 2− is preferentially 
adsorbed on calcite over HCO3 −, possibly leading to higher surface concen-
tration of CO3 2− than adsorbed HCO3 −. This theoretical prediction agrees 
with the surface complexation model, which shows that the surface concen-
tration of CO3 2− on calcite is dozens of times higher than that of HCO3 − at a 
HCO3 −-dominated solution (Pokrovsky et al., 2000). Note that this remark-
ably high surface concentration of CO3 2− does not necessarily suggest that 
carbonate precipitates from CO3 2− exclusively in the bulk solution because 
the absorbed CO3 2− can be partly derived from the HCO3 − in the solution 
by rapid deprotonation to CO3 2−. Otherwise, the isotopic composition of 
carbonate would reflect solely that of CO3 2− consumed during precipitation.

4.3.  Clumped Isotope Disequilibrium in Natural Carbonates

The KIEs observed here in BaCO3 precipitations may aid the understanding 
of Δ47 disequilibrium that commonly occurs in natural carbonates. Several 

Figure 5.  Comparison of measured and predicted kinetic fractionation 
factors (KFFs) associated with rapid BaCO3 growth at 25°C, for (a) carbon, 
(b) oxygen, and (c) clumped isotopes. Predicted KFFs were calculated by the 
KFFs measured at CO3 2−- and HCO3 −-dominated dissolved inorganic carbon 
(DIC) solutions, weighted by proportions of the two DIC species in solution 
(see text for detail).
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factors play important roles in defining Δ47 disequilibrium signatures in carbonates, including DIC speciation (the 
“pH effect”; Hill et al., 2014; Tripati et al., 2015), KIEs associated with CO2 hydration/hydroxylation (Guo, 2020; 
Saenger et al., 2012) and HCO3 − dehydration/dehydroxylation (Affek & Zaarur, 2014; Daëron et al., 2011; Falk 
et al., 2016; Guo & Zhou, 2019), and CO2 diffusion (Eiler & Schauble, 2004; Thiagarajan et al., 2011). These 
factors induce specific correlations between Δ47 and δ 18O values, with distinct Δ(Δ47)/Δ(δ 18O) slopes, which 
may indicate the factors involved and explain the predominant mechanism of carbonate isotopic disequilibrium 
(Figure  6). The Δ(Δ47) and Δ(δ 18O) values indicate degrees in carbonate isotopic disequilibrium relative to 
specific equilibria, and are usually defined by deviations in isotopic compositions from expected equilibrium 
values.

To obtain the Δ(Δ47)/Δ(δ 18O) slope specific to KIE associated with rapid BaCO3 growth, we assigned the Δ(Δ47) 
and Δ(δ 18O) values to 𝐴𝐴 ΔΔ47BaCO3−DIC and 𝐴𝐴 Δ𝛿𝛿18OBaCO3−DIC , respectively, as determined under different experimen-
tal conditions. Linear fitting with zero intercept by the weighted least-square method (OriginPro software, 2018) 
was undertaken to calculate the Δ(Δ47)/Δ(δ 18O) slope. In the Δ(Δ47)‒Δ(δ 18O) diagram (Figure 6), Δ(Δ47) values 
increase with increasing Δ(δ 18O) values, suggesting that a high growth rate leads to decreases in both Δ47 and 
δ 18O values. The slope (0.011 ± 0.003) is similar to that for pH-driven isotopic disequilibrium determined exper-
imentally (Tripati et al., 2015). The pH effect may not account for KIEs associated with rapid BaCO3 growth, as 
more negative Δ47 and δ 18O values (due to the pH effect) would be expected at higher [CO3 2−]/[HCO3 −] ratios (at 
higher pH). However, our data indicate that lower Δ47 and δ 18O values are more likely at lower [CO3 2−]/[HCO3 −] 
ratios (at lower pH; Figure 6). It is true that a strong preferential incorporation of the equilibrated CO3 2− relative 
to HCO3 − will also lead to a fractionation pattern similar to the pH effect. The KFFs determined at pH values of 
9.78 and 10.45 could be the example. However, as the KFFs determined in HCO3 − or CO3 2−-dominated solutions 
are unlikely involved with the preference effect, we surmise that the Δ(Δ47)/Δ(δ 18O) slope cannot be attributed 
to pH effect, but mainly reflects the growth-related KIE. It follows that the identification of KIEs associated with 
higher precipitation rates in natural carbonates, based on the slopes determined here, requires knowledge of fluid 
pH conditions in which carbonate growth occurs. It also requires that the carbonate growth rate should approach 
the kinetic limit. If the precipitation fluid has a high [Ca 2+]/[DIC] concentration ratio or DIC species are not 
fractionally precipitated, the KIEs may not be apparent. If the isotopic disequilibrium of carbonate samples is 
deemed to relate merely to the rapid growth rate at different levels, their Δ(Δ47) and Δ(δ 18O) values should lie 
between the highest disequilibrium and equilibrium values, on the slope of the Δ(Δ47)/Δ(δ 18O) line as determined 

Figure 6.  Disequilibrium of oxygen and clumped isotopes controlled by various factors, each of which displays a distinct 
fractionation relationship between δ 18O and Δ47. CO2 hydration and hydroxylation result in an increase in Δ47 and a decrease 
in δ 18O values (Guo, 2020; Saenger et al., 2012). CO2 hydration and HCO3 − dehydration have the same Δ(Δ47)/Δ(δ 18O) 
slopes, but with the inverse fractionation directions, so do the CO2 hydroxylation and HCO3 − dehydroxylation (Guo, 2020; 
Saenger et al., 2012). CO2 diffusion in the liquid phase results in an increase in Δ47 and a decrease in δ 18O values, with the 
CO2 residue having low Δ47 and high δ 18O values (Thiagarajan et al., 2011). Theoretical (Hill et al., 2014) and experimental 
(Tripati et al., 2015) studies indicate higher Δ47 and δ 18O values at lower pH and vice versa. Kinetic fractionation factors 
associated with the rapid BaCO3 growth in this study lead to lower Δ47 and δ 18O values, with more disequilibrium at lower 
pH.
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here. In case that the equilibrium values are unknown, the Δ47 and δ 18O values of the samples may be offset from 
but still parallel to the Δ(Δ47)/Δ(δ 18O) slope. These predictions need to be tested in future studies by analyzing 
rapid-growth natural carbonates whose expected equilibrium Δ47 and δ 18O values are well constrained. As the 
degree of fractionation caused by KIEs is more sensitive to pH than temperature, the Δ(Δ47)/Δ(δ 18O) slope may 
potentially be applied to marine carbonates precipitated at normal seawater pH values over temperature range 
of 15–60°C. If the Δ47/δ 18O ratios of these carbonates exhibit the similar slope as determined here, it will be 
reasonable to reconstruct their formation temperature using the highest Δ47 value of the sample as it may be less 
affected by the growth-related KIE.

5.  Conclusions
Based on a series of BaCO3 precipitation experiments, this study presents evidence of KIEs associated with 
carbonate growth for carbon, oxygen, and clumped isotopes. A set of KFFs derived for CO3 2− and HCO3 − precip-
itation indicate that rapid carbonate growth can lead to lower δ 13C, δ 18O, and Δ47 values in HCO3 −-dominated 
solutions, with more fractionation at lower temperatures. KFFs for δ 13C and δ 18O are broadly comparable with 
previous experimental estimates in terms of the direction and temperature dependence of the fractionation, 
despite differences in fractionation magnitude. These experimental determined KFFs can help to constrain the 
growth rate dependence of isotopic compositions in carbonate by the WH15 model. Our data verified a preference 
for the CO3 2− pathway during carbonate precipitation, with important implications for earlier isotopic disequilib-
rium models (Watkins & Hunt, 2015; Zeebe, 1999) that assume no preference between DIC species in carbonate 
precipitation. Our findings provide a fractionation pattern for δ 18O and Δ47 that may be useful in identifying 
KIEs associated with high carbonate growth rates and in elucidating isotopic disequilibrium of natural carbonate 
formed at temperature and pH ranges of 15–60°C and 8.3–11.5, respectively.
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