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Sulfate-reducing bacteria in marine sediment (Aarhus Bay, Denmark): abundance and diversity related to geochemical zonation. Solid Phase Sulfur Formation Sulfide precipitated in sediment as pyrite is stable on geological timescales, which makes the preserved sulfur isotope signatures useful as biological markers and proxies for the early
development of ocean chemistry and oxygenation of Earth’s atmosphere. A simple rate model for organic matter decomposition in marine sediments. doi: 10.1016/j.gca.2016.04.037 CrossRef Full Text | Google Scholar Revsbech, N. doi: 10.1016/0016-7037(93)90544-7 CrossRef Full Text | Google Scholar Yao, W., and Millero, F. 8:1131.
Biogeochemistry of sulfur in a sediment core from the west-central Baltic Sea: evidence from stable isotopes and pyrite textures. 55, 1338–1352. A., Trudinger, P. doi: 10.1016/j.gca.2015.12.022 CrossRef Full Text | Google Scholar Kramer, M., and Cypionka, H. doi: 10.1016/j.gca.2019.02.033 CrossRef Full Text | Google Scholar Davidson, M. Role of
sulfate reduction and methane for anaerobic carbon cycling in eutrophic fjord sediments (Limfjorden, Denmark). doi: 10.1128/aem.02948-08 PubMed Abstract | CrossRef Full Text | Google Scholar Detmers, J., Brüchert, V., Habicht, K. Of the major oxyanions, all are typically present at low, micromolar or sub-micromolar concentrations, controlled by
their rapid turnover (Zopfi et al., 2004; Findlay and Kamyshny, 2017). 47, 403–408. Estimation of biogeochemical rates from concentration profiles: a novel inverse method. 124, 78–89. The diversity decreased with depth and age in the sediment, concurrently with a shift of the total community from strong predominance of Bacteria to nearly equal
abundance of Bacteria and Archaea at depth (Chen et al., 2017). Seasonal oxygen depletion in the bottom waters of a Dansih fjord and its effect on the benthic community. doi: 10.1016/0016-7037(79)90095-4 CrossRef Full Text | Google Scholar Fry, B., Cox, J., Gest, H., and Hayes, J. B., and D’Hondt, S. 8:2551. A tool which has more recently yielded
insight into the oxidative sulfur cycle is the measurement of multiple sulfur isotopes (MSI) by which also the minor isotopes, 33S (and possibly 36S), are considered in addition to 32S and 34S. The growing data frequency and geographical resolution of global maps of these processes makes it possible to analyze the environmental factors, which
control the rates and the balance of the processes. P., and Ruddick, B. W., and Schenck, P. As an example of this from the continental shelf off West Greenland, the SRR decreased by more than 1000-fold down through a 600 cm deep sediment column, yet the VFA concentrations remained very constant: 4–9 μM acetate, 2–5 μM formate, and 0.3–0.7
μM propionate (Glombitza et al., 2015; Figure 6A). Oceanography 27, 172–183. Indeed this was observed in amendment experiments in which Mn and Fe oxides were added to sulfidic sediment. Seasonal patterns of sedimentary carbon and anaerobic respiration along a simulated eutrophication gradient. The pathways of sulfide oxidation in the
underlying, anoxic sediment are also complex and involve both abiotic reactions and microbial metabolism. Fe(III):S(-II) concentration ratio controls the pathway and the kinetics of pyrite formation during sulfidation of ferric hydroxides. E., and Wing, B. Iron reduction is limited by the reactivity of Fe(III) minerals, by the availability of electron donors,
or a combination of both (Postma and Jakobsen, 1996; Thamdrup, 2000). Contemporaneous early diagenetic formation of organic and inorganic sulfur in estuarine sediments from St. Andrew Bay, Florida, USA. doi: 10.1016/j.gca.2018.07.027 CrossRef Full Text | Google Scholar Pellerin, A., Wenk, C. Sulfur has four naturally occurring stable isotopes
with atomic weights (and natural abundances) of 32 (95.02%), 33 (0.75%), 34 (4.21%), and 36 (0.02%) (Coplen and Krouse, 1998). Figure 10. Syst. Bacteria capable of disproportionating intermediate sulfur species are widespread in marine surface sediments (Bak and Pfennig, 1987; Thamdrup et al., 1993; Finster et al., 1998). Kinetics of sulfate and
acetate uptake by Desulfobacter postgatei. Organic sulfur formation appears to continue throughout the sediment column and can represent a sink for sulfide once the reactive iron is consumed (Dale et al., 2009). Kinetics of pyrite formation by the H2S oxidation of iron (II) monosulfide in aqueous solutions between 25 and 125°C: The mechanism. A
modular method for the extraction of DNA and RNA, and the separation of DNA pools from diverse environmental sample types. are behind much of we now know about genes, cells and communities of microorganisms engaged in the marine sulfur cycle (e.g., Wasmund et al., 2017). A., Langerhuus, A. As a result, the isotopic composition of sulfate
diffusing down approaches the isotopic composition of sulfide diffusing up, thereby maintaining isotope mass balance between influx of sulfate, total sulfur burial, and outflux of sulfide (Jørgensen, 1979). (2001), Habicht et al. L. doi: 10.1038/nature15512 PubMed Abstract | CrossRef Full Text | Google Scholar Meysman, F. It should be noted that, if
the actual mean growth yield is lower than 8%, then the turnover time is correspondingly longer and the number of generations correspondingly lower. Succession of cable bacteria and electric currents in marine sediment. Stable Sulfur Isotopes The stable isotope composition of different sulfur species in the seabed provides important information
about the current and past biogeochemical sulfur cycle. L., McGlynn, S. T., and Berner, R. 83:e01547-17. doi: 10.1016/j.chemgeo.2009.10.010 CrossRef Full Text | Google Scholar Zaarur, S., Wang, D. Beulig et al., 2019). doi: 10.1007/bf00415282 CrossRef Full Text | Google Scholar Balci, N., Mayer, B., Shanks, W. U.S.A. 44, E9206–E9215. The great
quantities of 34S-depleted sulfur buried as sedimentary sulfides are also the reason why seawater sulfate is enriched in 34S (δ34S = +21‰) relative to the bulk solar system value (δ34S = 0‰). A taxonomic framework for cable bacteria and proposal of the candidate genera Electrothrix and Electronema. PLoS One 9:e101443. M., and Johnston, D. C.
Proc. Bacterial manganese and iron reduction in aquatic sediments. J., and Luther, G. The mean csSRR of marine sediments, in contrast, are generally below 0.1 fmol SO42- cell-1 day-1 and may drop far below 0.001 fmol SO42- cell-1 day-1 deep down (Figures 4D, 9; Hoehler and Jørgensen, 2013). The reactivity of sedimentary iron minerals toward
sulfide. Acta 65, 1573–1581. Furthermore, pyrite grains highly enriched in 34S form at the SMT of sediments from the South China Sea (Lin et al., 2017). J., Conley, B., Fry, X., Hu, Z., et al. The relative SRM abundances cited here for subsurface sediment are lower than data obtained for the same sediments a decade earlier by Leloup et al. Meth.
“Sulfide oxidation in marine sediments: geochemistry meets microbiology,” in Sulfur Biogeochemistry – Past and Present, eds J. The small mass differences result in isotope fractionation, i.e., differences in the isotopic composition of the product (e.g., sulfide) relative to the reactant (e.g., sulfate). Search for polythionates in cultures of Chromatium
vinosum after sulfide incubation. The power available to the microorganisms can thus be calculated from the product of the Gibbs energy and the SRR (cf. mBio 9:e00226-18. V., Høgslund, S., et al. (1987). (1982b). Among the abundant SRM, some of which do have cultured relatives, are the deltaproteobacteria Desulfobacteraceae (in particular from
the Desulfococcus and Desulfosarcina cluster) and Desulfobulbaceae. T., Farquhar, J., and Canfield, D. Methyl-compound use and slow growth characterize microbial life in 2-km-deep subseafloor coal and shale beds. doi: 10.4319/lo.1988.33.4_part_2.0725 CrossRef Full Text | Google Scholar Carr, S. The active sulfate transporters responsible for this
shift in affinity are poorly know. We here review recent progress and selected aspects of these processes with emphasis on the interactions between microbial communities and the ambient sediment geochemistry. The sulfur cycle of marine sediments is primarily driven by the dissimilatory sulfate reduction (DSR) to sulfide by anaerobic
microorganisms (e.g., Jørgensen and Kasten, 2006). Sulfur Cycling in the Anthropocene As discussed in section Sulfate Reduction Rates (SRR), sulfate reduction in the seabed is strongly focused toward near-surface sediments with high depositional rates along the ocean margins. In vitro demonstration of anaerobic oxidation of methane coupled to
sulfate reduction in sediment from a marine gas hydrate area. It has been shown that the major inorganic intermediates of sulfide oxidation (elemental sulfur, polysulfides, thiosulfate, and sulfite) can be oxidized, reduced or disproportionated, thereby forming a complex network of pathways that also involve iron-sulfur minerals and other sulfur
species (Jørgensen and Nelson, 2004). doi: 10.1038/ISMEJ.2008.20 PubMed Abstract | CrossRef Full Text | Google Scholar Bowles, M. Microbial community assembly and evolution in subseafloor sediment. SRM are distributed through all biogeochemical zones in the seabed, from the heterogeneous and chemically fluctuating surface sediment
throughout the sulfate zone and deep into the sulfate-depleted methane zone (Gittel et al., 2008; Leloup et al., 2009; Orsi et al., 2016; Jochum et al., 2017). I. M., Formolo, M. doi: 10.1111/j.1462-2920.2010.02242.x PubMed Abstract | CrossRef Full Text | Google Scholar Kallmeyer, J., Pockalny, R., Adhikari, R. The role of sedimentary organic matter in
bacterial sulfate reduction - the G model tested. 1, 457–467. The pathway from sulfide to sulfate, the coupling between sulfide oxidation and iron reduction, and the quantitative role of these processes in different types of sediment are not well understood. M., Schreiber, L., Chen, X., et al. Sulfidization of Organic Matter The incorporation of sulfide
into organic matter may represent a significant sink for sulfide in some marine sediments. doi: 10.4319/lo.1998.43.7.1500 CrossRef Full Text | Google Scholar Beulig, F., Røy, H., Glombitza, C., and Jørgensen, B. S., Canfield, D. It may therefore be inaccurate to use such laboratory-generated 34ε values for the interpretation of sulfate reduction under
in situ conditions in the seabed. doi: 10.1016/j.gca.2014.11.007 CrossRef Full Text | Google Scholar Pellerin, A., Antler, G., Findlay, A., Beulig, F., Røy, H., Turchyn, A. 600 dalton, but for polysaccharides possibly larger) to be taken up by bacteria or archaea (Arnosti, 2011; Reintjes et al., 2017). 43, 253–264. Acta 70, 5831–5841. Chemolithotrophic
growth of Desulfovibrio sulfodismutans sp. doi: 10.1038/nature08790 PubMed Abstract | CrossRef Full Text | Google Scholar Oduro, H., Kamyshny, A., Guo, W., and Farquhar, J. There is a need for more detailed studies that combine these two approaches in order to understand the reason for their discrepancy. doi: 10.1128/mBio.00530-17 PubMed
Abstract | CrossRef Full Text | Google Scholar Sørensen, J., Christensen, D., and Jørgensen, B. doi: 10.1073/pnas.1707525114 PubMed Abstract | CrossRef Full Text | Google Scholar Treude, T., Krause, S., Maltby, J., Dale, A. Oxidation of hydrogen sulfide by hydrous Fe(III) oxides in seawater. Science 359:eeam7240. In the bulk sediment below, it is
less clear which bacteria are responsible for sulfide oxidation or what their relative contribution is (cf. By oxidizing reduced sulfur and iron in the surface sediment they may prevent or delay the release of sulfide during periods of bottom water anoxia in coastal waters (Seitaj et al., 2015). U.S.A. 112, 13278–13283. While there is a large scatter, a
negative correlation exists between csSRR and sulfur isotope fractionation in pure cultures. H., Ferdelman, T. We focus on fine-grained continental shelf sediments and do not discuss advective ecosystems such as cold seeps or hot springs or the low-energy ecosystems of the deep sea. doi: 10.1111/j.1462-2920.2008.01686.x PubMed Abstract |
CrossRef Full Text | Google Scholar Glombitza, C., Jaussi, M., Røy, H., Seidenkrantz, M.-S., Lomstein, B. A., Paris, G., Katsev, S., Jones, C., Kim, S.-T., Zerkle, A. doi: 10.1146/annurev-earth-060313-054802 CrossRef Full Text | Google Scholar Findlay, A. R., Detter, J. 28b, 567–578. This enables a partial back-reaction, which provides a mechanism for
sulfur isotope fractionation (e.g., Wing and Halevy, 2014; Sim et al., 2017) (see section Stable Sulfur Isotopes). Distributions of microbial activities in deep subseafloor sediments. Figure 5 shows a case study from Aarhus Bay where sulfate penetrated to about 50 cm sediment depth below which methane accumulated (Petro et al., 2019). It is less
intuitive that in deeper sediments the isotopes of its pore water solutes are in open exchange with the sediment above and below. The acetate turnover was thus extremely slow in the deep sediment, yet the calculated mean diffusion time of acetate between cells was less than 1 s, even at 600 cm depth. In a sapropel sediment of Mangrove Lake,
Bermuda, the Δ33S of pore water sulfate was inconsistent with only sulfate reduction. E., de Keizer, A., and Janssen, A. M. S., Lavy, A., Warren, L. Science 346, 735–739. “Sulfur cycling and methane oxidation,” in Marine Geochemistry, eds H. V. F., Orphan, V. Top. Most examples are taken from coastal marine sediments of the Baltic Sea region.
Oceanogr 57, 974–988. Recently, it was shown that diverse heterotrophic and autotrophic sulfide oxidizers in this zone are responsible for a dark CO2 fixation that contributes significantly to the organic carbon budget (Boschker et al., 2014). The SRM abundance, determined from the dsrB gene copy numbers, dropped off by only 50-fold over the
same depth interval (Figure 5C). 57, 847–856. H., Jørgensen, B. (2016). In the pelagic brown and red clays underneath the Pacific gyres, mineralization is dominated by iron and manganese reduction and oxygen may penetrate very deep, even down to the basaltic crust (D’Hondt et al., 2004, 2015; Røy et al., 2012). B., Böttcher, M. doi:
10.3354/meps072271 CrossRef Full Text | Google Scholar Santos, A. Figure 8. Acta 211, 153–173. R., Risgaard-Petersen, N., Malkin, S. Acta 52, 751–765. Elemental sulfur and thiosulfate disproportionation by Desulfocapsa sulfoexigens sp. It remains unknown whether this process is significant in marine sediments. Adv. S. The isotopic difference
between pore water sulfate and sulfide is also shown (open squares). Surf. Sulfur Isotopes Recent research has refined our understanding of the intracellular processes that lead to large variations in sulfur isotope fractionation by sulfate reducing microbes (Wing and Halevy, 2014; Leavitt et al., 2015; Sim et al., 2017, 2019). A marine microbial
consortium apparently mediating anaerobic oxidation of methane. 6, 725–740. Experimental measurements of sulfate reduction showed that rates dropped by 500-fold with depth from the bioturbated surface sediment and down through the sulfate zone where the organic matter became increasingly recalcitrant with increasing age of the sediment
(e.g., Middelburg, 1989; Figure 5B). Manganese and iron reduction are focused toward the surface sediment, but Fe(III) is also buried and acts as an oxidant for sulfide in the deeper sediment layers where it partly binds the produced sulfide as iron sulfide (FeS) and pyrite (FeS2). Transport-reaction models of sulfate reduction generally assume
unidirectional conversion of sulfate to sulfide. Acta 65, 419–433. 29, 281–292. G., and Fossing, H. Acta 92, 1–13. This stimulates photosynthetic productivity and results in enhanced export of organic matter to the seafloor, often combined with low oxygen concentration in the bottom water (Rabalais et al., 2014; Breitburg et al., 2018). This process
links the complex food web of organic matter degradation to the terminal organic carbon oxidation to CO2. Estuar. doi: 10.1357/0022240943077091 CrossRef Full Text | Google Scholar Aller, R. 81, 2676–2689. P., and Willard, J. doi: 10.1080/01490457809377722 CrossRef Full Text | Google Scholar Jørgensen, B. Sulfur isotope exchange between 35Slabeled inorganic sulfur compounds in anoxic marine sediments. doi: 10.1007/bf00394618 CrossRef Full Text | Google Scholar Crowe, S. In the face of environmental perturbations and the observation that SRB adjust to such perturbations, the relationship between 34ε and csSRR is not straightforward but is rather driven by non-steady state in the
pathway of DSR. Gray bars (left axis): number of measurements in different csSRR-intervals in marine sediments. By combining the MSI signatures of sulfate reduction, disproportionation and sulfide oxidation measured in pure cultures, it was calculated that 50–80% of the sulfate reduced to sulfide returned to sulfate via reoxidation and
disproportionation (Pellerin et al., 2015b). (1988). Sci. C., and D’Hondt, S. Can. It is interesting to note that, in spite of the apparent potential for fast isotope equilibration in experiments between sulfide and elemental sulfur, non-equilibrium values are observed between the stable sulfur isotope distributions of the same species in many natural

systems (Kamyshny and Ferdelman, 2010; Lichtschlag et al., 2013). doi: 10.3354/ame017255 CrossRef Full Text | Google Scholar Poser, A., Lohmayer, R., Vogt, C., Knoeller, K., Planer-Friedrich, B., Sorokin, D., et al. Cable bacteria generate a firewall against euxinia in seasonally hypoxic basins. Continuous culture experiments at low dilution rates
that approach environmental conditions may help determine the metabolic control on VFA uptake and also on cryptic sulfate reduction below the SMT (Pellerin et al., 2018a). 12, 2738–2754. Mar. mBio 8:e01561-17. E., Teichert, B. Based on a comprehensive database on sulfate and methane in the seabed and using environmentally calibrated
algorithms for geographic extrapolation, Egger et al. Natl. For example, down to a sulfate concentration of 10 μM, Desulfovibrio vulgaris is predicted to show little or no variation in 34ε due to sulfate limitation when grown at low csSRR typically encountered in the environment (
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