Oxygen isotope fractionation during synthesis of CaMg-carbonate and implications for sedimentary dolomite formation
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Abstract
Hydrous CaMg-carbonate was synthesized at temperatures of 40°, 60° and 80°C in the laboratory. This material has very similar mineralogical characteristics to natural disordered dolomite from the Coorong region in South Australia. Besides the dolomite variable amounts of amorphous carbonate are present in all samples. The oxygen isotope compositions of synthesized bulk carbonate samples (e.g., amorphous carbonate plus dolomite) plot significantly lower than the Northrop and Clayton (1966) dolomite-water equilibrium. Fractionated degassing of the samples, however, revealed relatively low oxygen isotope values for fast-reacting (using 100% H3PO4) amorphous carbonate. In contrast, slow-reacting dolomite has more positive oxygen isotope values, and calculated carbonate-water oxygen isotope fractionation values are close to strongest known dolomite-water oxygen isotope fractionation published earlier on. Variations of reaction/stabilization temperatures during synthesis gave evidence for dolomite formation from hypersaline solutions by a dissolution/reprecipitation process. It is likely that amorphous carbonate has been a problem in defining the dolomite-water fractionation in the past. Moreover, dolomite-associated amorphous carbonate contents probably led to incorrect speculations about lower oxygen isotope fractionation in a so-called protodolomite-water system.
Introduction
Dolomite—CaMg(CO3)2—is a common carbonate mineral in nature. It is still mysterious, however, why it is much more common in ancient rocks than in modern carbonate precipitating environments (Tucker and Wright, 1990). The precise mechanism of dolomite formation in the sedimentary environment is still not known (the so-called dolomite problem). This is partly because within low-temperature environments, usually Ca-rich and poorly ordered dolomite is formed (Graf and Goldsmith 1956, Müller and Fischbeck 1973, Oomori et al 1983, Morrow 1982a, Morrow 1982b, Land 1983, Usdowski 1994; and others). These dolomites possess different thermochemical properties depending on their degree of order and stoichiometry (Carpenter 1980, Land 1980, Hardie 1987).
After the temperature-dependent oxygen isotope fractionation of the calcite-water system was established by McCrea (1950), stable isotopic compositions of a great variety of carbonate minerals have been analyzed and conclusions concerning their genesis were drawn (e.g., Emiliani 1955, Epstein et al 1963, Anderson et al 1971, Clayton 1986; and many others). Similarly, dolomite formation takes place in the presence of water and thus, the oxygen isotope composition of dolomite is determined by the fluid composition and by the precipitation temperature. Oxygen isotope fractionation in course of dolomite formation is predicted to be 2 to 6‰ heavier compared to calcite precipitation at 25°C (Humphrey, 2000). Based on extrapolations from high-temperature dolomite-water exchange reaction Northrop and Clayton (1966) proposed the highest oxygen isotope fractionation for the low-temperature range (Humphrey, 2000). However, Matthews and Katz (1977) calculated an ∼3‰ lower dolomite-water oxygen isotope fractionation value at 25°C from high-temperature dolomitization experiments compared to Northrop and Clayton (1966). Low-temperature CaMg-carbonate formation experiments were conducted by, e.g., Fritz and Smith (1970). They concluded that Ca-rich (Mg/Ca ∼ 0.6–0.7) disordered dolomite (without superlattice ordering peaks), might be a precursor mineral of secondary dolomite formation from limestone. Moreover, the 0.5–2.5‰ lower oxygen isotope fractionation (25 to 78°C), compared to Northrop and Clayton (1966), was defined as a new protodolomite-water fractionation line.
Based on studies of natural allochems during diagenesis Land and Epstein (1970) and on experimental data, Fritz and Smith (1970) pointed out that dolomitization takes place under open rather than closed systems. Land (1980) concluded that the equilibrium value of Δ18Odolomite-calcite is most likely 3 ± 1‰ at 25°C, a value which was confirmed for naturally occurring dolomite-calcite mixtures of the Persian Gulf (McKenzie, 1981).
Our knowledge on the actual mechanism of dolomite formation in low-temperature sedimentary environment could significantly be improved by a direct determination of the equilibrium oxygen isotope fractionation factor between dolomite and water at sedimentary temperature. Low-temperature kinetic barriers in oxygen isotope fractionation experiments can be overcome by microbially mediated dolomite precipitation (Vasconcelos et al., 2005). In contrast, low-temperature inorganic synthesis of dolomite is problematic (Land, 1998). Kelleher and Redfern (2002) modified numerous earlier synthesis experiments of CaMg-carbonate under defined laboratory conditions (see references cited by Kelleher and Redfern, 2002). They found a mineral with a composition of Ca1.056Mg0.944(SO4)0.035(CO3)1.965×0.26H2O. The structure of this mineral was found to be related to dolomite but is hydrous, retaining water to beyond 200°C on heating. They proposed that synthesized protodolomite is a likely precursor of dolomite formed in low-temperature environments. Kelleher and Redfern (2002), however, did not provide data on the oxygen isotope composition of their synthetic product.
We precisely repeated the synthesis experiments of Kelleher and Redfern (2002) and measured the oxygen isotope fractionation between the synthetic protodolomite and water. Our data suggest that the presence of variable amounts of amorphous carbonate is most likely responsible for the deviation of the protodolomite-water oxygen isotope fractionation from the (extrapolated) dolomite-water oxygen isotope equilibrium established by Northrop and Clayton (1966).
Section snippets
CaMg-Carbonate Samples
Calcium magnesium carbonate samples were synthesized according to the method described in detail by Kelleher and Redfern (2002). Mixtures of the following ionic concentrations were prepared in 30 mL sealed reaction vessels: Ca2+, 0.23 M; Mg2+, 0.28 M; Na+, 0.98 M; NO3−, 0.46 M; SO42−, 0.28 M; CO32−, 0.49 M. The reaction vessels were frequently shaken and equilibrated at temperatures of 40°, 60°, and 80°C for 1 to 23 d (Table 1). Precipitates were cleaned and dried after equilibration by 0.45 mm 
Sample Characterization
SEM observations of the synthesized protodolomites (Fig. 1a) revealed spheroidal particles similar to inorganic carbonate precipitates observed in both, natural and synthetic samples reported by other authors (Müller and Fischbeck 1973, Botz and von der Borch 1984, Carballo et al 1987, Raz et al 2000, Kelleher and Redfern 2002, Becker et al 2003). The spheroidal particles are overgrown with 100–300 nm (euhedral) crystals (Fig. 1b,c), indicating dissolution/reprecipitation processes (Kelleher
Conclusion
Despite their differences in structural order CaMg-carbonate synthesized in the laboratory at 40°, 60° and 80°C has similar mineralogical characteristics as disordered natural dolomite from the Coorong region in South Australia. Both the synthesized material and the Coorong dolomite are always associated with variable amounts of amorphous calcium carbonate. The amorphous carbonate is isotopically light and thus, the isotope composition of bulk samples consisting of both amorphous carbonate and
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