Experimental studies of oxygen isotope fractionation in the carbonic acid system at 15°, 25°, and 40°C
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Abstract
In light of recent studies that show oxygen isotope fractionation in carbonate minerals to be a function of HCO3− and CO32− concentrations, the oxygen isotope fractionation and exchange between water and components of the carbonic acid system (HCO3−, CO32−, and CO2(aq)) were investigated at 15°, 25°, and 40°C. To investigate oxygen isotope exchange between HCO3−, CO32−, and H2O, NaHCO3 solutions were prepared and the pH was adjusted over a range of 2 to 12 by the addition of small amounts of HCl or NaOH. After thermal, chemical, and isotopic equilibrium was attained, BaCl2 was added to the NaHCO3 solutions. This resulted in immediate BaCO3 precipitation; thus, recording the isotopic composition of the dissolved inorganic carbon (DIC). Data from experiments at 15°, 25°, and 40°C (1 atm) show that the oxygen isotope fractionation between HCO3− and H2O as a function of temperature is governed by the equation: 
where α is the fractionation factor and T is in kelvin. The temperature dependence of oxygen isotope fractionation between CO32− and H2O is The oxygen isotope fractionation between CO2(aq) and H2O was investigated by acid stripping CO2(aq) from low pH solutions; these data yield the following equation: 
These results show that pH can have a significant effect on the δ18O of the DIC, which can vary by as much as 17‰ at a given temperature.
Introduction
Analyses of stable oxygen isotopes have been central in understanding the evolution of the Earth’s past climate, oceans, and atmosphere. For instance, Urey 1947, McCrea 1950, Epstein et al 1953, and many others have shown that temperature and the oxygen isotope composition of the water in which carbonate minerals precipitate control the oxygen isotope composition of the mineral. The temperature-dependent fractionation of 18O into carbonate minerals has been used by many investigators to study ancient climate change (e.g., Emiliani 1955, Popp et al 1986, Veizer et al 1986). However, little work has been done to assess if there are other factors that control oxygen isotope fractionation. A recent experimental study of slowly precipitated synthetic carbonate minerals revealed that the oxygen isotope composition (δ18O) of calcite (CaCO3), witherite (BaCO3), and otavite (CdCO3) can also be a function of the initial HCO3− and metal ion concentration of the solution (Fig. 1A) (Kim and O’Neil, 1997). Spero et al. (1997) showed that the isotopic composition of foraminiferal calcite can vary as a function of CO32− concentration at a constant temperature (Fig. 1B). There is clearly a need to understand not only the isotopic behavior of mineral-water systems, but also the fractionation between dissolved inorganic carbon species (CO2(aq), HCO3−, and CO32−) and water.
Chemical interactions among dissolved inorganic carbon species (carbonic acid) are described by the following relationships (Morse and Mackenzie, 1990): 
and 
The relative distribution of these species depends on pH (Fig. 2). At low pH, CO2(aq) is predominant whereas at high pH CO32− dominates. Each of these species is known to have a different equilibrium oxygen isotope fractionation with respect to water (McCrea 1950, Usdowski et al 1991) and, thus, pH influences the isotopic distribution in the carbonic acid system.
There have been many studies to understand the carbon isotope fractionation in the carbonic acid system (e.g., Vogel et al 1970, Mook et al 1974, Zhang et al 1995) as well as oxygen isotope fractionation in the sulfate-water and phosphate-water systems (Hoering and Kennedy 1957, Lloyd 1968, O’Neil et al 2003). In contrast, there are relatively few studies of oxygen isotope fractionation in the carbonic acid system (Halas and Wolacewicz 1982, Usdowski et al 1991, Usdowski and Hoefs 1993), and the latter two studies were limited to 19° and 25°C. This paper presents experimentally derived fractionation vs. temperature relationships between CO2(aq), HCO3−, CO32−, and H2O at 15°, 25°, and 40°C.
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Overview
Oxygen isotope fractionation was investigated by equilibrating NaHCO3 solutions at a constant temperature. Small amounts of NaOH or HCl were added to adjust the pH. Total alkalinity (At), total dissolved inorganic carbon (DIC), and pH measurements were made so the carbonic acid speciation could be calculated for each experiment. Once the solutions were thermally and isotopically equilibrated, a small amount of the NaHCO3 solution was mixed with BaCl2 and NaOH. Quantitative precipitation of BaCO3
Effect of Ion Pairs on Isotopic Fractionation
The formation of NaHCO3(aq) and NaCO3−(aq) ion pairs may have a significant influence on the fractionation factor determinations (O’Neil et al., 2003). To test this hypothesis, three 40°C experiments were run with NaHCO3 solutions at high pH (>11) such that [CO32−] + [NaCO3−(aq)] was greater than 93% of the DIC; the DIC and alkalinity were adjusted so that the NaCO3−(aq) was ∼18%, 26%, and 45% of the DIC (experiments 38B, 40C, and 42, respectively; see Table 1). The resulting 1000 ln 
Conclusions
BaCO3 precipitation experiments yield reproducible results for oxygen isotope fractionation for HCO3−-H2O and for CO32−- H2O. The 1000 ln
values obtained in this study are 33.05 ± 0.17, 31.00 ± 0.15, and 28.29 ± 0.19; and 1000 ln
values are 26.15 ± 0.32, 24.19 ± 0.26, and 21.74 ± 0.17 at 15°, 25°, and 40°C, respectively.
The acid stripping method, where CO2(aq) is directly removed as CO2(g) from low-pH solutions, gave more reliable results than directly precipitating CO2(aq)
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