A model for oxygen and sulfur isotope fractionation in sulfate during bacterial sulfate reduction processes
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Abstract
We present a model of bacterial sulfate reduction that includes equations describing the fractionation relationship between the sulfur and the oxygen isotope composition of residual sulfate (δ34SSO4_residual, δ18OSO4_residual) and the amount of residual sulfate. The model is based exclusively on oxygen isotope exchange between cell-internal sulfur compounds and ambient water as the dominating mechanism controlling oxygen isotope fractionation processes. We show that our model explains δ34SSO4_residual vs. δ18OSO4_residual patterns observed from natural environments and from laboratory experiments, whereas other models, favoring kinetic isotope fractionation processes as dominant process, fail to explain many (but not all) observed δ34SSO4_residual vs. δ18OSO4_residual patterns. Moreover, we show that a “typical” δ34SSO4_residual vs. δ18OSO4_residual slope does not exist. We postulate that measurements of δ34SSO4_residual and δ18OSO4_residual can be used as a tool to determine cell-specific sulfate reduction rates, oxygen isotope exchange rates, and equilibrium oxygen isotope exchange factors. Data from culture experiments are used to determine the range of sulfur isotope fractionation factors in which a simplified set of equations can be used. Numerical examples demonstrate the application of the equations. We postulate that, during denitrification, the oxygen isotope effects in residual nitrate are also the result of oxygen isotope exchange with ambient water. Consequently, the equations for the relationship between δ34SSO4_residual, δ18OSO4_residual, and the amount of residual sulfate could be modified and used to calculate the fractionation-relationship between δ15NNO3_residual, δ18ONO3_residual, and the amount of residual nitrate during denitrification.
Introduction
The investigation of the mechanisms by which sulfate-reducing bacteria cause isotope effects in residual sulfate provides information on the pathways of dissimilatory sulfate reduction and on the relationship between sulfate reduction rates and sulfur and oxygen isotope effects. Although the analysis of sulfur isotope fractionation alone is of limited use for the determination of cell specific sulfate reduction rates (Detmers et al., 2001), a combined investigation of sulfur and oxygen isotope effects on residual sulfate could be the key to a better understanding of cell-specific sulfate reduction rates (sSRR, rate of sulfate reduction per bacterium). Such an approach has been suggested by Böttcher et al 1998, Böttcher et al 1999, who proposed that δ34SSO4_residual vs. δ18OSO4_residual relationships directly reflect sulfate reduction rates in marine sediments. The goal of this paper is to establish a mathematical framework for the investigation of dissimilatory sulfate reduction, in particular for the relationship between δ34SSO4_residual, δ18OSO4_residual, sulfate reduction rates, oxygen isotope exchange rates with ambient water, and sulfur isotope fractionation factors.
In the first part of this paper, we discuss potential oxygen isotope effects caused by bacterial sulfate reducers. We then review two proposed mechanisms for the explanation of observed δ34SSO4_residual vs. δ18OSO4_residual relationships: a model that postulates a predominance of kinetic oxygen isotope fractionation steps linked to different sulfate reduction steps and a model postulating a predominance of oxygen isotope exchange between cell-internal sulfur compounds and ambient water. We conclude that the second model best explains the observations from natural environments and experimental data. In a second part, we establish a reaction scheme for dissimilatory sulfate reduction that involves oxygen isotope exchange between cell-internal sulfur compounds and ambient water. We present the results of experiments with sulfate-reducing bacteria that were performed to evaluate the importance of reoxidation of cell-internal sulfur compounds. These results allow us to discriminate a “general case” in which reoxidation of cell-internal sulfite occurs, from a “special case,” where no reoxidation of cell-internal sulfite takes place. For both cases, we develop mathematical equations relating δ34SSO4_residual, δ18OSO4_residual, sulfate reduction rates, oxygen isotope exchange rates with ambient water, and sulfur isotope fractionation factors. In a third part, we use numerical examples to demonstrate that our model explains the observed δ34SSO4_residual vs. δ18OSO4_residual relationships and that it can be used as a powerful tool to tackle unresolved questions about dissimilatory sulfate reduction, such as the determination of cell-specific sulfate reduction rates, oxygen isotope exchange rates, and equilibrium oxygen isotope exchange factors. Finally, we speculate that our sulfate reduction model could be applied to explain oxygen isotope effects in residual nitrate affected by dissimilatory nitrate reduction (denitrification). We show that, during bacterial denitrification, oxygen isotope exchange between cell-internal nitrogen compounds and ambient water might be controlling δ18ONO3_residual vs. δ15NNO3_residual relationships.
Under normal earth surface conditions (intermediate pH and temperatures below 50°C), oxygen isotope exchange of sulfate with ambient water is extremely slow (Chiba and Sakai, 1985) and does not directly influence the oxygen isotope composition of sulfate. In natural environments, the δ18O of sulfate is strongly influenced by microbial sulfate reduction and by disproportionation and reoxidation of reduced sulfur compounds (Ku et al 1999, Böttcher and Thamdrup 2001, Böttcher et al 2001, Lu et al 2001, Aharon and Fu 2003). In interstitial waters of marine sediments, changes in δ18OSO4_residual of up to +17‰ (starting from a seawater sulfate value around 9.6‰) have been observed (Böttcher et al 1998, Böttcher et al 1999, Ku et al 1999, Aharon and Fu 2000, Aharon and Fu 2003) and from the anoxic Framvaren Fjord, Mandernack et al. (2003) report an enrichment in δ18O of sulfate from 10.4‰ to 15.5‰.
Despite the commonly accepted scheme for the pathway of dissimilatory sulfate reduction by sulfate-reducing bacteria (Rees 1973, Habicht and Canfield 1997; for a revision see Brunner and Bernasconi, 2005), the mechanisms controlling the oxygen isotope fractionation during the reduction process are still a matter of debate. In spite of the extremely slow oxygen isotope exchange of sulfate with ambient water, laboratory experiments have shown that changes in δ18OSO4_residual obviously depend on the δ18O of ambient water (Mizutani and Rafter 1973, Fritz et al 1989). Mizutani and Rafter (1973) and Fritz et al. (1989) concluded that, therefore, during bacterial sulfate reduction, intermediate sulfur compounds (i.e., sulfite or sulfate activated by the enzyme ATP sulfurylase to form adenosine phosphosulfate (APS)) do exchange oxygen with ambient water. Consequently, the overall oxygen isotope effect in residual sulfate by an individual sulfate-reducing bacterium is a combination of (Fig. 1): 
· •
Kinetic forward and backward isotope fractionation steps (Δ18Of_i and Δ18Ob_i).
· •
Oxygen isotope exchange between intermediate sulfur compounds with ambient water (δ18OH2O). This exchange (no net flux) of oxygen isotopes is strictly bidirectional, therefore, the fractionation involved (Δ18Oex) is an equilibrium isotope fractionation.
· •
Oxygen isotope effects during backward reactions (i.e. flux b3: the reoxidation of sulfite adds oxygen from an external source).
· •
Ratios between backward and forward fluxes (Xi = bi/fi).
Fritz et al. (1989) proposed that the oxygen isotope exchange between intermediate sulfur compounds with ambient water is the main driving factor for oxygen isotope effects in residual sulfate by sulfate-reducing bacteria. In particular, in their experiments, Fritz et al. (1989) observed that during progressive sulfate reduction of sulfate in waters with strongly depleted δ18O, the oxygen isotope composition of sulfate decreased and the δ34S increased. These results clearly indicated that oxygen isotope exchange with ambient water rather than kinetic factors are a dominating factor controlling δ18O of sulfate in these experiments. However, other authors (Aharon and Fu 2000, Mandernack et al 2003) identified kinetic isotope fractionation as a major factor controlling the δ18O of residual sulfate on the basis of data sets from natural environments. This implies that either the different mechanisms dominate in different circumstances (e.g., different sSSR, Xi-ratios, or bacterial species) or that the isotope equilibrium–dominated process produces δ18OSO4_residual vs. δ34SSO4_residual relationships that mimic kinetic isotope fractionation. In order to clarify this point, we discuss the differences in δ18OSO4_residual vs. δ34SSO4_residual patterns between a process dominated by equilibrium oxygen isotope exchange and a process dominated by kinetic oxygen isotope fractionation.
Kinetic oxygen isotope fractionation during sulfate reduction can be treated like kinetic sulfur isotope fractionation, the only differences being the different fractionation factors for the involved fractionation steps. Thus, a mathematical expression of the total kinetic oxygen isotope effect by a cell is equivalent to the one for sulfur isotope effects (for derivation see Brunner and Bernasconi, 2005): 
Because the ratios of backward and forward reactions (Xi) are identical for sulfur and oxygen isotope fractionation, the enrichment of both isotopes in the residual sulfate follows a linear relationship. Theoretically, in a closed system, both isotope compositions would increase towards infinity. However, the complete consumption of sulfate stops this trend. The slope of the δ18OSO4_residual vs. δ34SSO4_residual relationship equals the ratio between the total isotope effects (Δ18Ocell:Δ34Scell). A constant ratio of 1:4 for this slope (the oxygen isotope effect is one fourth of the sulfur isotope effect) has been proposed (Mizutani and Rafter, 1969) and this value has been used in the literature as diagnostic for sulfate modified by microbial sulfate reduction (for a discussion see Aharon and Fu (2000)). Aharon and Fu (2000) pointed out that δ18O vs. δ34S relationships of sulfate modified by microbial sulfate reduction have slopes in a range of 1:4 to 1:1.4. In the scenario where kinetic oxygen isotope fractionation dominates, different slopes in δ18O vs. δ34S relationships have to be explained by individual Δ18Of_3 vs. Δ34Sf_3 ratios for each isotope fractionation step that are combined by different cell-internal backward and forward fluxes to yield the observed variety of δ18OSO4_residual vs. δ34SSO4_residual slopes.
Fritz et al. (1989) carried out laboratory sulfate reduction experiments with Desulfovibrio desulfuricans in waters with different oxygen isotope compositions. They found that the δ18O of residual sulfate approached asymptotically a steady-state value equal to the δ18O of ambient water plus a temperature-dependent equilibrium fractionation factor (+25‰ at 30°C, +27‰ at 17°C, and, extrapolated, +29‰ at 5°C). In the experiments of Fritz et al. (1989), the sulfur isotope composition of residual sulfate followed a Rayleigh distillation process with kinetic isotope enrichment factors of −9‰ to −22‰.
In interstitial waters from the Mediterranean the δ18O values of sulfate approach a constant value, whereas δ34S values continue to increase with increasing depth and decreasing sulfate concentration (Böttcher et al 1998, Böttcher et al 1999). When plotted in δ18OSO4_residual vs. δ34SSO4_residual space the data first show a linear increase with different slopes for different locations and then reach a plateau in δ18O. The highest measured oxygen isotope values in the Mediterranean are about 3‰ below the proposed equilibrium values of Fritz et al. (1989). From an “equilibrium oxygen isotope exchange” point of view, the variation in the slopes of the δ18OSO4_residual vs. δ34SSO4_residual relationships can be explained by differences in the oxygen isotope exchange rates, by different equilibrium values due to variations in the temperature, and by different oxygen isotope compositions of ambient waters.
The implications of the above discussion about the differences between a process dominated by oxygen isotope exchange with ambient water and process dominated by kinetic oxygen isotope fractionation can be summarized in the following thought experiment. In a closed-system experiment with sulfate-reducing bacteria, where aliquots of the residual sulfate are analyzed for their sulfur and oxygen isotope composition, the δ18OSO4_residual vs. δ34SSO4_residual pattern reveals if oxygen isotope exchange with ambient water dominates over kinetic oxygen isotope fractionation or vice versa. In case of a dominance of oxygen isotope exchange with ambient water, the values for δ34SSO4_residual increase and the δ18O of residual sulfate approaches a constant equilibrium value. In case of a domination of kinetic oxygen isotope fractionation, the δ18OSO4_residual vs. δ34SSO4_residual relationship would be linear (constant slope) and both δ18OSO4_residual and δ34SSO4_residual would increase, without reaching a constant value. This implies, that in the second case, oxygen isotope enrichment would continue when the constant value, predicted by the oxygen isotope exchange scenario, is reached.
There are two strong arguments against a kinetically dominated oxygen isotope fractionation process. Firstly, in the experiments by Fritz et al. (1989), the decrease in δ18O of sulfate observed during progressive reduction when the δ18O of water was very negative indicates that oxygen isotope exchange was the dominant factor. The parallel experiments conducted with waters with heavier δ18O, on the other hand, showed an increase in δ18O of sulfate. Secondly, to our best knowledge, there is no report of oxygen isotope enrichment in sulfate over the postulated equilibrium values (additional experiments to test this have been carried out and are presented below). This is also strong evidence against a kinetically dominated oxygen isotope fractionation process. As we will demonstrate below, a linear δ18OSO4_residual vs. δ34SSO4_residual relation is also observed at an initial stage of equilibrium isotope exchange and is not sufficient to postulate a dominance of kinetic oxygen isotope fractionation by microbial sulfate reducers. Consequently, we introduce a bacterial sulfate reduction scheme that neglects potential kinetic oxygen isotope fractionation effects in favor of oxygen isotope exchange between cell-internal sulfur compounds (APS (sulfate) and sulfite) and ambient water (Fig. 2).
The depicted sulfate reduction scheme includes the revisions of the sulfate reduction model of Rees (1973) proposed by Brunner and Bernasconi (2005). However, the results presented here are also valid for the original model of Rees (1973), because the revisions of Brunner and Bernasconi (2005) mainly focus on a reassessment of the sulfur isotope fractionation factor (−53‰ instead of −25‰) in the reduction of sulfite to sulfide and the possibility that this process is a multi-step reaction. Both modifications have no influence on the oxygen isotope composition of residual sulfate, because oxygen isotope effects related to sulfite reduction are likely to be erased by oxygen isotope exchange between sulfite and ambient water and oxygen isotope exchange between APS and ambient water.
As pointed out above, there is strong evidence that isotope exchange between cell-internal sulfur compounds and ambient water dominates the oxygen isotope effects caused by microbial sulfate reduction. Either the kinetic isotope fractionation of oxygen is too small or it is erased by oxygen isotope exchange between sulfur compounds and ambient water. This allows us to assume that kinetic oxygen isotope fractionation effects equal zero and to establish a simplified model for the oxygen isotope effect by a sulfate reducing bacterium (Fig. 2). However, two fundamental questions remain: At which sulfate reduction step does the oxygen isotope exchange between sulfur compound and ambient water occur? And what is the influence of the reoxidation of sulfur compounds, which includes the incorporation of an external oxygen source, on the oxygen isotope composition of residual sulfate?
Fritz et al. (1989) discussed the relative importance of oxygen isotope exchange between the sulfate-enzyme complex (i.e., APS) and ambient water compared to the oxygen isotope exchange between sulfite and ambient water. They concluded that the backward reaction of sulfite to sulfate (flux b3) implies the use of water oxygen and thus the breakage of H–O bonds. They hypothesized that this breakage would cause a kinetic oxygen isotope fractionation, not being compatible to their laboratory results (Fig. 2). Therefore, Fritz et al. (1989) concluded that the oxygen isotope exchange of APS with ambient water is the significant oxygen isotope exchange process (“ex1” in Fig. 2). Laboratory investigations of anaerobic bacterial disproportionation of elemental sulfur by Böttcher et al. (2001) can be used as an analog for the oxygen isotope effect by reoxidation of sulfite to sulfate (δ18OH2O_sulfite_reox in Fig. 2). The overall reaction of this process is written as 
This equation shows that the oxygen in sulfate is derived from water. In natural environments, oxygen could also be derived from other sources with oxygen isotope composition different from ambient water, such as nitrate or iron oxides. However, in the laboratory experiment where other oxygen sources were absent, the resulting sulfate was enriched in 18O by +16.6‰ to +17.4‰ (at 28°C) compared to the δ18O of water (Böttcher et al., 2001). This value is probably the result of oxygen isotope exchange of sulfite with water (ex2 in Fig. 2) and subsequent oxidation of sulfite to sulfate with a kinetic isotope fractionation. Using the equilibrium value of Fritz et al. (1989), the oxygen isotope composition of sulfite would be calculated as δ18Osulfite = δ18Owater + 25‰ (at 28°C). By adding one oxygen atom from water (with an enrichment factor of +4‰ (Taylor et al., 1984)) sulfite is oxidized to sulfate. The resulting oxygen isotope composition of sulfate could then be approximated as ‰‰‰
This value is close to the results of Böttcher et al. (2001) and implies that in their experiments the equilibrium exchange between water and sulfite almost reached completeness. However, owing to the direct incorporation of an oxygen atom from water, which shifts the oxygen isotope value towards the light isotope composition of water, sulfite-derived sulfate cannot have been the source of the high oxygen isotope equilibrium value observed by Fritz et al. (1989). Consequently, oxygen isotope exchange of enzymatically complexed sulfate with ambient water (“ex1” in Fig. 2) is likely to be the significant process controlling their experiments. Rees (1973) suggested that sulfur isotope fractionations (Δ34Scell) smaller than −25‰ are typical for cases where no reoxidation of sulfite occurs (b3 and X3 equal zero). According to his model, a value of −22‰ would have been more accurate, but this small difference does not have consequences for the discussion below. The sulfur isotope enrichment factors in the experiments of Fritz et al. (1989) were in a range of −9‰ to −22‰. This could explain why 18O-depleted sulfite-derived sulfate did not contribute to the equilibrium value. On the other hand, the constant δ18Osulfate of about 26.4‰ in interstitial waters from the Mediterranean (Böttcher et al., 1999), which are about 2–3‰ below the predicted equilibrium (calculated to be around 29‰ for a temperature of 12°C–13°C (Shipboard Scientific Party, 1996) and δ18Oseawater of 1.4‰ (Böttcher et al., 1999)) may indicate a contribution of oxygen from sulfite oxidation. Thus, we distinguish between a case in which sulfite oxidation plays an important role and a case in which sulfite oxidation does not influence the oxygen isotope fractionation process. The limit between these cases is defined by the lack of a backward flux from sulfite to sulfate. Sulfur isotope fractionation factors larger than −25‰ require an oxidative flux from the sulfite pool to sulfate. This flux is expected to create an offset between the equilibrium oxygen isotope value and the observed values. We tested this hypothesis by performing sulfate reduction experiments with bacteria that induce sulfur isotope fractionations larger than −25‰.
Section snippets
Materials, Methods, and Culture Experiments
For our experiment, cultures of the SO42−-reducing bacterium PRTOL1 (Beller et al., 1996) were used. Here we describe the culturing conditions only briefly; for a more detailed description see Kleikemper et al. (2004). For the initial cultivation of the bacteria to be used as inoculum, SO42− was added as FeSO4 and for the subsequent culturing experiments, SO42− was added as Na2SO4. Organic acids were added from anaerobic autoclaved stock solutions to give final concentrations of 5 mM acetate,
A mathematical framework relating the oxygen and sulfur isotope composition and the amount of residual sulfate
To the best of our knowledge, no attempt has been made to put the oxygen isotope effects of sulfate reduction into a mathematical framework. Such a model is the precondition for the understanding of oxygen isotope effects and their relation to sulfate reduction rates. We present a model integrating the following major parameters controlled by sulfate-reducing bacteria: 
· •
Cell-specific sulfate reduction rate (sSRR)
· •
δ18O and δ34S of residual sulfate
· •
Amount of residual sulfate
· •
Cell-internal backward
Discussion and interpretation
Equations 3 and 4 describe the fractionation relationship between the amount and the oxygen and sulfur isotope composition of residual sulfate for bacterial sulfate reduction. The full derivation of the equations is available upon request from the corresponding author. The calculations were based on the following assumptions: 
· •
Sulfate reduction takes place in a closed system (i.e., no in- or output of sulfate and no reoxidation of produced hydrogen sulfide).
· •
The sSRR are constant.
· •
The number of
Conclusions
We present mathematical equations describing the fractionation relationship between the amount, the oxygen isotope composition, and the sulfur isotope composition of residual sulfate for bacterial sulfate reduction. One equation describes a “general case,” where the oxygen isotope effects of cell-internal reoxidation of sulfite are taken into account. A second equation is derived for a “special case,” where reoxidation of sulfite is neglected.
We demonstrate that δ18OSO4_residual vs. δ34S
Acknowledgments
We thank James Farquhar, Tim Lyons, an anonymous reviewer, and Donald Canfield for the thorough and constructive comments that greatly helped improve this paper. Kurt Hanselmann and Rolf Warthmann are acknowledged for their comments on the metabolism of sulfate-reducing bacteria. We thank Helmut Weissert, Judith McKenzie, and Michael Böttcher for constructive comments on earlier versions of the manuscript. This work was supported by ETH, Zurich.
Associate editor: Donald Canfield

