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Microbial iron (Fe) reduction by naturally abundant iron minerals has been observed in many anoxic aquatic sediments in the sulfidic and methanic zones, deeper than it is expected based on its energetic yield. However, the potential consequence of this “deep” iron reduction on microbial elemental cycles is still unclear in sediments where diffusion is the dominant transport process. In this contribution, we experimentally quantify the impact of iron oxides on sulfate-driven anaerobic oxidation of methane (S-AOM) within the sulfate methane transition zone (SMTZ) of marine diffusive controlled sediments. Sediments were collected from the oligotrophic Southeastern (SE) Mediterranean continental shelf and were incubated with 13C-labeled methane. We followed the conversion of 13C-labeled methane as a proxy of S-AOM and monitored the sediment response to hematite addition. Our study shows microbial hematite reduction as a significant process in the SMTZ, which appears to be co-occurring with S-AOM. Based on combined evidence from sulfur and carbon isotopes and functional gene analysis, the reduction of hematite seems to slow down S-AOM. This contrasts with methane seep environments, where iron oxides appear to stimulate S-AOM and hence attenuate the release of the greenhouse gas methane from the sediments. In the deep methanic zone, the addition of iron oxides inhibits the methanogenesis process and hence methane gas production. The inhibition effect deeper in the sediment is not related to Fe-AOM as a competing process on the methane substrate, since Fe-AOM was not observed throughout the methanic sediments with several iron oxides additions.
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Introduction

Organic matter degradation in sediments is coupled to the microbial reduction of electron acceptors along a ladder of decreasing free energy yield. The ladder progresses from oxygen to nitrate, then manganese and iron oxides, followed by sulfate. Fermentation of organic matter or the reduction of carbon dioxide by hydrogen to methane via methanogenesis is the last energy-yielding reaction (Froelich et al., 1979). Due to the high abundance of sulfate in modern oceans, microbial sulfate reduction coupled to organic matter oxidation (organoclastic sulfate reduction) consumes a significant portion of the organic matter in anoxic sediments (Kasten and Jørgensen, 2000).

While organoclastic sulfate reduction occurs throughout the sulfate zone (Eq. 1, (Jørgensen, 2000), it is often the case that sulfate diffusing into marine sediments will react at the sulfate-methane transition zone (SMTZ) by reacting with the upwards-diffusing flux of methane (e.g., (Niewöhner et al., 1998; Aharon, 2000; Boetius et al., 2000; Sivan et al., 2007), as presented in Eq. 2 (Hoehler et al., 1994). This process of sulfate reduction by anaerobic oxidation of methane (S-AOM) consumes up to 90% of the produced methane in marine sediment and limits its release to the water column and atmosphere (Valentine, 2002).





The S-AOM process is usually catalyzed by archaeal ANaerobic MEthanotrophs (ANMEs) with syntrophic sulfate-reducing bacterial (SRB) partners (Knittel and Boetius, 2009). The metabolic process used by ANMEs is the “reverse-methanogenesis” pathway (Hallam et al., 2004), while methyl-coenzyme M reductase (Mcr) catalyzes the initial step and the gene encoding the alpha subunit of the enzyme (mcrA gene) is usually used as a marker gene for methane metabolism (Hallam et al., 2003; Wang et al., 2019). Chemical species that were found to limit the S-AOM process in sediments, besides sulfate and methane, are some of the trace metals that are required for the enzymes involved in S-AOM such as Ni, Co, Mo/W and Zn (Glass and Orphan, 2012).

Organic carbon degradation below the sulfate depletion zone is controlled by methanogenesis. However, depending on the geological setting, the depositional history and the state of biogeochemical cycling, in many circumstances some iron-oxide mineral pools may remain and can be respired in the methanic zone, resulting in elevation of dissolved ferrous iron concentrations in porewater (Sivan et al., 2007; März et al., 2008; Crowe et al., 2011; Sivan et al., 2011; Norði et al., 2013; Riedinger et al., 2014; Bar-Or et al., 2017; Egger et al., 2017; Vigderovich et al., 2019; Amiel et al., 2020). This phenomenon largely exists in continental shelf and margin sediments (Aromokeye et al., 2020). Particularly, in our former work on the SE Mediterranean continental shelf, we identified microbially mediated iron reduction in the methanic zone of the sediment (Vigderovich et al., 2019). Microbial iron reduction in methanic marine sediments may result from: 1) Successful competition of iron reducing bacteria over methanogens for substrates such as acetate and hydrogen, as was shown near the surface of sediments (Lovley and Phillips, 1987; Conrad, 1999; Roden and Wetzel, 2003); 2) A shift of methanogens or syntrophic cultures from methanogenesis to iron reduction, as was shown in culture experiments (Bond and Lovley, 2002; Van Bodegom et al., 2004; Zhang et al., 2012; Zhang et al., 2013; Yamada et al., 2014; Sivan et al., 2016; Bar-Or et al., 2017); 3) Anaerobic oxidation of methane (Fe-AOM) (Sivan et al., 2007; Riedinger et al., 2014; Treude et al., 2014; Egger et al., 2017; Liang et al., 2019; Aromokeye et al., 2020); 4) Cryptic cycling, between iron oxides and reduced sulfur species (Holmkvist et al., 2011; Treude et al., 2014; Egger et al., 2017) or ammonium (Feammox) (Li et al., 2018).

The question remains whether in some stratigraphic or geochemical settings, a deep iron oxide pool that remains unreacted at or below the SMTZ can influence S-AOM and the makeup of the microbial community. In lake sediment, incubations showed that S-AOM is supported by reduction of iron oxides via oxidation of reduced sulfur species to sulfate under sulfate-starved conditions (Su et al., 2019), a mechanism that was also proposed in marine sediments below the SMTZ (Holmkvist et al., 2011; Pellerin et al., 2018). In incubations of methane seep sediments, iron oxide reduction seemed to stimulate S-AOM and serve as a cycling mechanism that can increase methane oxidation (Sivan et al., 2014). In addition, in the presence of Fe(III) complexes (ferric citrate and ferric-EDTA), even without sulfate, stimulation of AOM activity was observed in ANME seep cultures (Scheller et al., 2016). However, the potential involvement and the specific mechanism in which iron reduction relates to S-AOM have not been shown experimentally in diffusive non-seep marine sediments.

We hypothesized that iron reduction should be significant and influence S-AOM in a variety of depositional environments that are diffusion-dominated and where iron is abundant enough. This was tested by incubating marine sediments from the SE Mediterranean shelf. Sediments were incubated from the sulfate zone as well as the deep methanic zone, where sulfate is completely depleted. Similarly to the approach used in seeps incubations (Sivan et al., 2014), 13C-labeled methane and hematite were added. Hematite is a crystalline iron oxide of relatively low reactivity that can persist in the sediment over long timescales (Canfield, 1989). A previous study (Vigderovich et al., 2019) identified hematite as the most abundant “reactive” Fe oxide (together with goethite and akaganeite) at and below the SMTZ of the SE Mediterranean continental shelf, where iron reduction was recorded in the methanogenic zone. Hematite was thus added to mimic the natural sediments and test its effect on S-AOM without shifting the system to iron reduction. Amorphous iron, a more reactive iron oxide (Poulton and Canfield, 2005), was added to the experiment from the main methanic zone to test the maximum iron-reduction potential on the AOM process.



Methods


Study site and sampling

The field work was performed in the oligotrophic Levantine Basin of SE Mediterranean shelf. The shelf margin of Israel is built mainly of Pliocene-Quaternary Nile-derived sediments. The bottom seawater across the continental shelf is well oxygenated and the sulfate concentration in the water-sediment interface is ~30 mmol L-1 (Sela-Adler et al., 2015). The sediments are mostly clay silts between 30-50 m water depth, while the clay fraction dominates at >50 m water depth (Nir, 1984; Sandler and Herut, 2000). The organic carbon content in the central and eastern regions of the Levantine Basin is relatively low (∼0.1–1.4%; (Almogi-Labin et al., 2009; Sela-Adler et al., 2015; Astrahan et al., 2017). However, biogenic methane was found at some locations in shallow sediments (Sela-Adler et al., 2015).

Sediment cores (~5 - 6 m long) were collected using a Benthos 2175 piston corer, from the undisturbed seafloor sediments of the SE Mediterranean continental shelf at water depths of 85 m from Station SG-1 (32°57.82’ N 34°55.30’ E) (Figure S1). This study site was chosen due to the shallow distinct SMTZ with sulfate driven AOM (Sela-Adler et al., 2015; Wurgaft et al., 2019) and the observed intensive iron reduction in the methanic zone (Vigderovich et al., 2019; Amiel et al., 2020). In this station there is biogenic methane and the total organic carbon content is ~1% throughout the sediment (Sela-Adler et al., 2015). The cores were sliced on board into ~30 cm segments within minutes of retrieval from the seafloor. Sediments were collected immediately from the edge of each section using cut end syringes to pre-flushed vials (for porewater extraction) and bottles (for methane measurement). Porewater was extracted by centrifugation to produce the dissolved geochemical profiles and the sediment in the segment was used for the incubation experiments. The measured porosity in this site was about 0.5 along the cores in all campaigns.



Slurry incubation experiments

A set of incubation experiments, called Mediterranean SMTZ (MS), was designed to test the influence of iron oxide addition on S-AOM, as detailed in Figure 1. The experiment consisted of sediments retrieved by six-meter piston coring at Station SG-1 in January 2017. Sediments were incubated from the SMTZ in this site (~132-142 cm below the seafloor), as indicated by the sulfate and methane concentration gradients. Within a day of core collection, pre-incubated slurries were prepared under anaerobic conditions in sterile bottles with 1:1 ratio of sediment to sterile artificial seawater containing 10 mM sulfate (details in Table S1). After nine months of pre-incubation at room temperature (20°C) in the dark, at atmospheric pressure, the slurry was transferred to several bottles at the same temperature and pressure conditions. To each N2 pre-flushed 60 mL sterile serum bottle, 22 g of slurry was transferred, and artificial seawater was added for the final 3:1 artificial seawater to sediment ratio (and final concentrations of sulfate of 8 mM). 2 mL of gaseous methane was added to the headspace of the bottle, as well as 0.5 mL of 99% 13C-labeled methane. One of the treatments (2 bottles) consisted of amending with 10 mM of 13C-labeled bicarbonate (H13CO3-) instead of 13C-labeled methane. Two of the bottles were sterilized by autoclaving and treated as a killed control. Hematite powder was added to all bottles besides two (other than the killed), which were used as the control. After 475 days, 16 mL of artificial seawater and sodium molybdate (Na2MoO4) (final concentration of 1 mM), which inhibits sulfate reduction, were added (except for the two bottles with the addition of labelled bicarbonate) to examine the influence of sulfate reduction inhibition on AOM. Sediment samples from each bottle were taken for qPCR analysis before the molybdate addition.




Figure 1 | Experimental design. Treatments for SMTZ sediments of SE Mediterranean Sea (MS) shelf; Treatments for deep iron-rich sediments of SE Mediterranean Sea (MD); Yellow bottles represent amendments of 13CCH4 (natural controls); dark blue represents amendments of 13CCH4 and 10 mM of hematite; green represents 13CHCO3, and 10 mM of hematite amendments; light blue represents 13CCH4 and 10 mM of amorphous iron; and red (marked*) the killed controls.



To investigate the effect of iron reduction on the methane cycle in the main methanic zone, another set of experiments was conducted (Figure 1). A sediment core was collected from the same site (SG-1) in November 2017, and sediment from the methanic zone was used for the experiment, where high methane and dissolved Fe2+ were observed (400-435 cm sediment depth, Figure 2). The sediment was pre-incubated for three months in sterilized crimp-sealed glass bottles under anaerobic conditions with a 1:1 ratio of sediment to artificial seawater free of sulfate (details in Table S1). The slurry was then divided into six pre-flushed 60 mL sterile serum bottles, with final sediment to artificial seawater ratio of 1:3. About 0.5 ml of 13C-labeled methane was added to all bottles to follow methane oxidation. To test the maximum potential of these sediments to perform iron reduction, we added highly reactive Fe(III) hydroxide (amorphous iron) to the incubation bottles. Amorphous iron (Fe(OH)3) was prepared and added to 4 bottles (2 killed and 2 non killed) to a final concentration of 10 mM in order to examine the influence of the addition of a highly reactive iron pool on methanogenesis. The controls were treatments without iron oxide addition (natural controls), as well as the autoclaved treatments as killed control with iron oxide addition.




Figure 2 | Depth profiles of dissolved geochemical species from SG-1 station from January and November 2017. (A) Sulfate concentrations. (B) Methane concentrations. (C) DIC concentrations. (D) δ13CDIC. (E) dissolved Fe2+ concentrations. The locations of the sediments taken for the incubations are marked in red: The SMTZ in January 2017 (for experiment MS) and the deep methanic iron-rich zone in November 2017 (for experiment MD). Both duplicates are presented when measured. The analytical error is marked if larger than the symbol.





Analytical methods

Sediments were used for headspace methane concentration measurements on a gas chromatograph equipped with a flammable ionization detector (FID) at a precision of 2 µmol CH4 L−1. Extracted porewater was filtered through a 0.22 µm filter. A subsample was measured for dissolved sulfate using a Dionex DX500 high-performance liquid chromatograph (HPLC) with an error of 3%. Dissolved Fe2+ concentrations were measured using the ferrozine method (Stookey, 1970) by a spectrophotometer at 562 nm wavelength with a detection limit of 1 µmol L−1. Dissolved sulfide was measured by addition of zinc acetate to the porewater and quantification of the precipitated ZnS colorimetry (Cline, 1969). Another subsample of filtered porewater was transferred into a He-flushed vial containing 50 µl of concentrated H3PO4 that released all DIC to the headspace as CO2. Measurements of δ13CDIC were done using a conventional isotopic ratio mass spectrometer (IRMS, DeltaV Advantage, Thermo) with a precision of ±0.1‰, and the results are reported versus Vienna Pee Dee Belemnite (VPDB) standard. In this measurement the DIC concentration was calculated as well from the peak height, using a calibration curve (by standard samples prepared from NaHCO3 in different concentrations) and an error of ±0.2 mM. For δ34SSO4 analysis, ~1 ml of filtered subsample was transferred into a vial containing 20% zinc acetate to precipitate and remove sulfides as a precaution and standard procedure for this analysis (even though no free sulfide was measured). The tubes were centrifuged at 5000 RPM for 15 minutes in order to separate any ZnS that might have formed (Pellerin et al., 2018). Then, the supernatant was transferred to a new falcon tube and BaCl2 was added to precipitate barite (BaSO4). After three rinsing steps and drying at 100°C overnight, the barite was weighed into tin capsules and combusted at 1030 °C in a Flash Element Analyzer (EA), and the resulting sulfur dioxide (SO2) was measured for its δ34S composition by continuous helium flow on a GS-IRMS (Thermo Finnegan Delta V Plus Godwin Laboratory, University of Cambridge) with a precision of ±0.3‰.

Microbial DNA was extracted from the sediment samples of Experiment MS using a Power Soil DNA Kit (MoBio Laboratories, Inc., Carlsbad, CA, USA) following the manufacturer’s instructions. Copy numbers of selected genes were estimated with quantitative PCR (qPCR) as described previously (Niu et al., 2017) using specific primers: Uni519f/Arc908R and bac341f/519r for archaeal and bacterial 16S rRNA genes, respectively, and mlas/mcrA-rev for the mcrA gene. The amplification efficiency was 92.4%, 105.3%, and 94.2% for the archaeal 16S rRNA gene, bacterial 16S rRNA gene and the mcrA gene, respectively (the respective R2 of the standard curve was 0.996, 0.998, and 0.991).




Results


Porewater geochemical profiles

The geochemical depth profiles along the sediment cores collected at SG-1 for the incubations are from January 2017 (for the experiment in the SMTZ) and from November 2017 (for the deep methanic experiment), and presented in Figure 2. On both dates sulfate decreased from seawater values at the upper sediments to near-complete depletion below 200 cm (Figure 2A), as in our other campaigns to this station (Vigderovich et al., 2019). We suggest that detectable concentrations of sulfate within the methanic zone on November 2017 are an artifact of on board methane gas release, which may result in slight advective water transport at the edge of the core segments in some cases. This may compromise sulfur isotope analyses [e.g. (Pellerin et al., 2018)] but is less crucial in this study. Sulfide was detected neither analytically (< 5 µM) nor by smell during on-board handling (as in previous campaigns to the shallow Eastern Mediterranean; Vigderovich et al., 2019), and we suggest that this is due to iron sulfide mineral precipitation.

Below the SMTZ methane started to accumulate (Figure 2B), reaching a maximum around 400 cm depth. It should be noted again that methane measurements below the potential depth of methane saturation are not accurate, due to pressure release during core collection and degassing. Therefore, the variations that we measure in the methanic zone may not reflect real concentrations but just the leftover methane in the sediment, as shown nicely by Beulig et al. (2019).

Both profiles show high (though different) concentrations of DIC along the entire profile, (Figure 2C). The δ13CDIC values (Figure 2D) in January 2017 showed dramatic decrease to a minimum value of about -25 ‰ at the SMTZ (~140cm) and then a gradual increase. The δ13CDIC values in November 2017 showed a minimum of about -16 ‰ at around 190 cm sediment depth at the SMTZ due to S-AOM and then an increase in the methanic zone (with another decrease at 650 cm depth). Dissolved Fe2+ concentrations (Figure 2E) were generally low, showing 3 peaks in the methanic zone (in the upper zone around 250 cm, in the middle at around 400 cm and in the deep part at about 620 cm depth.



Incubation experiment in the SMTZ (MS)

Experiment MS consisted of sediment slurry collected from the SMTZ (132-142 cm depth) in January 2017. Experiment MS tested whether the addition of hematite to sediment slurries from the SMTZ of the SE Mediterranean continental shelf stimulates S-AOM, as had been shown in seep-sediments (Sivan et al., 2014). In addition to hematite, the slurries were amended with 13C-labeled methane. Sulfate concentrations were around 8 mM for all bottles at the onset of the experiment and did not vary among the different treatments throughout the incubation (Figure 3A). Since sulfate reduction imparts a large sulfur isotope fractionation, evidence for net sulfate reduction can be significantly imprinted in sulfate isotopes, as more sensitive tools than sulfate concentrations (e.g. (Sivan et al., 2014). Indeed, δ34SSO4 values in all non-killed bottles increased with time, indicating active sulfate reduction. Interestingly, in the sediments amended with hematite, the δ34SSO4 values increased by about 2 ‰ (from 5.4 ‰ to 7 ‰ and 7.5 ‰) in 440 days, while in the unamended sediment, δ34SSO4 values increased by about 3 ‰ from 5.3 ‰ to 8.1 ‰ (Figure 3B). The initial value of the dead control bottles was 5.6 ‰, which remained stable within 0.1‰ over the course of the experiment.




Figure 3 | MS slurry incubations experiment. (A) SO42- concentrations; (B) δ34SSO4; (C) CH4 concentrations; (D) DIC concentrations; (E) δ13CDIC; (F) dissolved Fe2+ concentrations. In (E) the black arrow indicates molybdate addition after 475 days. Natural samples - yellow line; Addition of 10 mM Hematite - dark blue line; Labeled bicarbonate with Hematite addition - green line; Autoclaved + Hematite (killed control) - red line. Both duplicate bottles are shown, and the analytical error is marked if larger than the symbol.



Methane and DIC concentrations did not show any significant pattern in all treatments over 440 incubation days (Figures 3C, D). However, again, despite no substantial changes in concentrations, carbon isotopes were more sensitive and showed evidence for AOM by 13C transfer from the 13C-labeled methane to DIC. The δ13CDIC value was initially at c.a. -16 ‰ (except the dead control, Figure 3E), and then increased significantly throughout the incubation to +44.3 ‰ and +18.5 ‰ after 440 days in the hematite treatments (with large natural variability), and to +65.1 ‰ and +50.6‰ in the natural control bottles. Dead control bottles showed values between -4 ‰ and -10.5 ‰. Molybdate addition after 475 days of incubation stopped the δ13CDIC increase immediately, indicating that S-AOM was responsible for the transfer of the 13C label to the DIC pool. Combined C and S isotopes suggests direct effect of S-AOM with the addition of hematite, as discussed below.

In addition to the incubations described above, two additional bottles were amended with an aliquot of 13C-labeled bicarbonate to monitor the fate of the inorganic carbon pool. There was no amendment of 13C-methane in these bottles but of methane with a natural abundance of 13C (δ13C value of -70 ‰). A decrease in the δ13CDIC of the DIC pool from about ~1500 ‰ to about 1200 ‰ was observed over the 440 days incubation (Figure 3E). This indicates that the DIC pool must be turning over despite relatively stable DIC concentrations. Dissolved Fe2+ concentrations increased significantly in all the non-killed bottles immediately after the beginning of the experiments, indicating intensive microbial processes occurring naturally in the slurries in the beginning of the incubations. After 5 experimental days, dissolved Fe2+ concentrations remained relatively constant in all bottles at about ~55 µM (Figure 3F).

Quantification of archaeal 16S rRNA gene, bacterial 16S rRNA gene, and mcrA gene were conducted at the beginning (T0) and the end of Experiment MS as a tool to quantify the changes in the abundance of bacterial and archaeal biomass as well as methane metabolic gene. The qPCR of bacterial and archaeal 16S rRNA genes revealed that the abundances were 8.4×106 and 11×106 copies per gram wet sediment at the beginning of the experiment, respectively (Figure 4A). In the hematite treatment after 460 days, bacterial numbers increased slightly (9.5×106 and 1.3×107 copies per g wet sediment), and the numbers doubled for the archaea (2.2×107 and 2.6×107 copies per g wet sediment). In the natural control bottles after 460 days of incubation, the abundance of both bacteria and archaea increased dramatically (to 3.2×107 and 2.6×107 copies per g wet sediment for bacteria, and 5.5×107 and 4.9×107 copies per g wet sediment for archaea).




Figure 4 | Functional gene copy counting per gram wet sediment on T0, natural and added hematite treatments from MS experiment. (A) Bacterial, archaeal and mcrA counts, which are shown in dotted, dashed and solid lines, respectively. (B) Only the  mcrA counts.



At T0, the abundance of the mcrA gene was 3.3×105 copies per g wet sediment (Figure 4B). After 460 days, the abundance of the mcrA gene in the hematite treatment was similar to the initial abundance (3.7×105 and 7. 5×105 copies per g wet sediment), whereas the natural control bottles had one order of magnitude higher abundances of mcrA gene relative to the start (2.0×106 and 1.6×106 copies per g wet sediment). It can be seen that the microbial measurements support the geochemical data and suggest that the addition of iron oxides inhibited the growth of the S-AOM bacterial and archaeal community as well as methane metabolism indicated by the marker gene mcrA gene.



Incubation experiment in the deep methanic zone (MD)

Experiment MD consisted of sediment slurry collected from the deep methanic zone (400-435 cm depth) in November 2017. This experiment examined the possible connection between iron reduction, methanogenesis and the potential for AOM in the deep sediments (depleted with sulfate). This was achieved by adding amorphous iron as the most reactive oxide and 13C- labeled methane over 490 days of observation (Figure S2). Dissolved Fe2+ concentrations (Figure S2A) showed gradual increase with time in all bottles from about 80 µM to 120 µM in those with the amorphous iron and to about 160 µM in the natural and killed bottles, maybe due to some precipitation of magnetite with the addition of amorphous iron. The DIC concentration was around 8 mM in the killed bottles and around 5 mM in the rest throughout the experiment (Figure S2B). The δ13CDIC initial values in all bottles were between -7.8 ‰ and -11 ‰ (Figure S2C). The δ13CDIC value in natural control bottles was stable for the first 165 days and then increased to a final value of up to -2.9 ‰, probably due to the natural carbon isotopic fractionation during methanogenesis. The δ13CDIC values in the dead control bottles and in the bottles containing amorphous remained within 1 ‰ of their initial value over the 490 days of the experiment, probably due to inhibition of the methanogenesis process.




Discussion


Microbial iron reduction in the SMTZ and the methanic zone

The porewater profiles from the SE Mediterranean continental shelf show significant iron reduction below the expected zone in the upper sediment, into the sulfate reduction and methanic zone. In the SMTZ there is no buildup of porewater Fe2+, probably due to precipitation of iron with sulfide as FeS and FeS2, as we showed previously (Wurgaft et al., 2019). Below the SMTZ, where sulfide is absent, there is a large increase of dissolved Fe2+, most likely as a product of microbial iron reduction.

The observed Fe(II) in the non-killed sediment incubations also indicates significant microbial iron reduction in the SMTZ and in the methanic zone, even with the addition of hematite, which displays the slowest microbial reduction kinetics. The experimental design enabled not only observing this iron reduction, but also quantifying the influence of iron mineral assemblages on the microbial metabolisms, which is challenging based on the porewater geochemical profiles alone (Antler et al., 2014; Sela-Adler et al., 2015; Vigderovich et al., 2019; Wurgaft et al., 2019).



AOM in the SMTZ and the methanic zone

The observed dissolved Fe2+ in the non-killed sediment incubations suggest iron reduction co-exists with other processes, such as organoclastic sulfate reduction, S-AOM, and methanogenesis (Figure 3). This agrees with previous observations based solely on porewater geochemistry (e.g. Vigderovich et al., 2019). A significant AOM signal is shown in the SMTZ by the transfer of 13C-labeled methane to enriched 13C-DIC (Figure 3). The methane is likely oxidized by the process of S-AOM, which is evident by the inactivation of this process (indicated by δ13CDIC) with the addition of molybdate (Figure 3). This is also evident with the stop in sulfur isotopic fractionation (Figure 3), and the change in distribution of functional genes (Figure 4).

S-AOM reduces a large portion of the sulfate in the SE Mediterranean shelf sediments. Wurgaft et al. (2019) argued that about half of the sulfate reduction within the SMTZ is due to organoclastic sulfate reduction and the other half by S-AOM. No AOM was observed in the methanic zone below the sulfidic zone, at the deeper few meters of the core at SG-1. This can be seen in incubation experiment MD (Figure S2), where even after more than a year of incubation, the δ13CDIC value did not increase by more than 10 ‰ in the natural incubations, much less than the expected change due to any AOM activity with the addition of 13C-labeled methane. The slight increase in δ13CDIC is most likely due to the natural fractionation of methanogenesis. This is in contrast to lake methanic sediments, where, with an identical methodology and with the same order of magnitude of cells and 13C-methane labeling extremely high enrichments in 13C of the DIC pool were observed (Bar-Or et al., 2017; Vigderovich et al., 2021). These results suggest that below the SMTZ of SE Mediterranean shelf sediments, no evident AOM is taking place.

This lack of AOM activity in experiments from the deep methanic zone of diffusive marine sediments (with seawater salinity) is a significant observation but perplexing. It suggests that the iron reduction observed in the deep methanic zone of marine sediments that was previously attributed only to Fe-AOM in diagenetic models (Sivan et al., 2007; Riedinger et al., 2014; Treude et al., 2014; Egger et al., 2017) may be also related to other mechanisms. Another possibility is that Fe-AOM is present in natural conditions but not observed in long-term incubations. These results agree with another study in marine diffusive sediment, which found only slight 13C-labeled methane transfer to DIC, and hence a low AOM signal (Aromokeye et al., 2020). The low signal may relate to the rates attributed to Fe-AOM, which could be as low as 0.095 nmol cm−3 d−1 in North Sea sediment (Aromokeye et al., 2020). It may also be related to the doubling time of the microbes performing the AOM. In the case of S-AOM, the consortia doubling time was reported to be between 3 and 7 months (Yu et al., 2022). We propose thus that the significant iron reduction in the methanic zone could be mediated by alternative mechanisms, like a switch of methanogens to iron reduction due to some physiological advantages over other functional groups (such as the presence of methanophenazines in some methanogens) or due to other changes in this zone (Sivan et al., 2016; Vigderovich et al., 2019).



Iron oxide impact on AOM

The incubation experiments show that the addition of iron oxides to sediment incubations from the SMTZ affects both the δ13CDIC and the δ34SSO4 and the microbial data, thus directly the S-AOM activity. It seems that the most likely explanation for the significantly lower enrichment in both 13C-DIC and in 34SSO4 is that the addition of the hematite slows down sulfate reduction by AOM. Previous studies have suggested that the lower values of δ34SSO4 with the addition of hematite than without its addition could be also explained by higher rates of S-AOM, lowering the isotopic discrimination imparted by microbial activity (Sivan et al., 2014) or by lowering sulfate concentrations (Habicht and Canfield, 1997; Brunner and Bernasconi, 2005). However, higher rates of S-AOM would lead to enrichment in 13C-DIC (from the labeled methane), as shown in seeps (Sivan et al., 2014) but this is not the case here. A decrease in the organoclastic sulfate reduction with the addition of iron oxides could also be due to adsorption of organic compounds onto iron oxides that lead to their preservation in sediments, interfering with the availability of degradable organic compounds for sulfate reduction (Lalonde et al., 2012). This, however, would also result in a smaller imprint of light carbon isotope from organoclastic sulfate reduction and thus more enrichment in 13C-DIC.

The explanation that the addition of the hematite slows down sulfate reduction by AOM is supported by the microbial data (Figure 4). We measured in the MS experiment the abundances (qPCR) of 16S rRNA gene of bacteria and archaea and the mcrA gene (diagnostic indicator for methyl coenzyme M reductase (Hallam et al., 2003)). All were significantly higher in samples of natural bottles compared to bottles containing hematite. This reinforces that the hematite addition inhibited the growth of both methanotrophic archaea and sulfate reducing bacteria. The abundances of bacteria and mcrA gene in samples from bottles containing hematite were very similar to those of T0 samples, but the number of 16S rRNA gene copies of archaea in bottles containing hematite was twice as high as that in T0. This may indicate that different archaea, which do not have methane-related metabolism, are surviving in the bottles containing hematite, maybe due to other respiratory processes.

A rough calculation suggests that the inhibition of S-AOM by iron oxides accounts for ~40% decrease in the AOM rates in the SE Mediterranean site. The calculation was based on changes in δ34SSO4, the initial concentration of sulfate in the slurries (8.2 mM), and a fractionation factor of ~20 ‰, estimated for S-AOM in this and other areas (Avrahamov et al., 2014; Deusner et al., 2014; Sivan et al., 2014). We used the Rayleigh equation for isotopic distillation (Eq. 3), and Eq. 4 to calculate how much sulfate reacted with methane in the different treatments. In the natural bottles, 1 mM of sulfate was consumed for AOM, while only 0.6 mM sulfate was consumed in bottles containing hematite.





An important finding of this study is that there appears to be a different interplay between AOM, organoclastic sulfate reduction and iron reduction in diffusion-controlled sediments than in marine seeps, where iron addition stimulated S-AOM (Sivan et al., 2014). Inhibition of AOM by iron oxides is not trivial. We questioned why the addition of iron oxides slows down S-AOM in marine diffusive sediments. Three possible mechanisms are suggested:

1) Iron oxide addition increases the oxidation state of the sediments, impacting the S-AOM process. Iron oxide addition can increase the oxidation state by reacting with several electron donors, thereby releasing dissolved oxidized species. For example, ammonium oxidation by iron reduction (Feammox) would lower the concentrations of ammonium and release nitrite to the porewater (Li et al., 2018), increasing the redox potential. This change in the oxidation state will influence S-AOM. S-AOM was shown to be performed through the syntrophic metabolism between ANME and SRB, and extracellular electron transfer was proposed to be adopted by ANME to transfer the electrons from methane to SRB partners (Chadwick et al., 2022; Yu et al., 2022). Various electron carriers/intermediates were suggested in S-AOM process, including redox active compounds like hydrogen, formate, acetate, methylsulfides, zero-valent sulfur as well as direct interspecies electron transfer by nanowires formed by cytochrome proteins or even 9,10-anthraquinone- 2,6-disulfonate (AQDS) (Nauhaus et al., 2005; Milucka et al., 2012; Wegener et al., 2015; Scheller et al., 2016). The detailed mechanisms and factors that could influence electron transfer between ANME and SRB still remain as open questions. Since the oxidation state of the substrates or electron carriers may control microbial electron transfer pathway and process (Levar et al., 2017; Zhang et al., 2020), the elevated oxidation state of the sediments would impact S-AOM.

2) Iron reducing microbes out-compete and utilize substrates that are needed for S-AOM. This includes methane itself, hydrogen, essential metals for assimilation that are needed for S-AOM or conductive compounds. It should be noted, however, that a previous study showed no need for hydrogen for sulfate reducers in the S-AOM process (Wegener et al., 2015). Also, our experimental results do not support any Fe-AOM in the SMTZ, as the addition of iron did not cause any increase of δ13CDIC over the natural controls without its addition (Figure 2). Fe-AOM was not observed also in the deep methanic zone (Figure S2), as no enriched 13C-DIC was detected, even with the addition of highly reactive amorphous iron.

3) Sulfate reducers switch to iron reduction when iron oxides are added, and the S-AOM is inhibited due to this microbial limitation. It is known that there are bacteria that can respire both iron oxides and sulfur species (Lovley et al., 2004). These includes Desulfobulbus (Holmes et al., 2004), which was found indeed in these sediments (Vigderovich et al., 2019). A shift from the reduction of sulfate to iron reduction can cause S-AOM inhibition in case of microbial stress. Our results indicate, as mentioned above that there is no significant AOM in the main methanic zone, as there is no more than 10 ‰ increase in the δ13CDIC value (incubation experiment MD). The addition of iron oxides probably inhibits the methanogenic activity in these deep sediments and thus the increase in the δ13CDIC. Methanogenesis yields much less energy than respiration of organic matter with terminal electron acceptors such as nitrate, iron oxides or sulfate. Therefore, methanogenesis usually only dominates the degradation pathway of organic matter at low availability of these electron acceptors. The addition of poorly ordered Fe(III) oxides to the sediment is a new source of advantageous electron acceptor that will effectively compete with methanogenesis. Thus, in certain natural conditions in the methanogenic zone hematite reduction can become more favorable than methanogenesis. Two different mechanisms can result in this inhibition of methanogenesis. First, inhibition can occur because of competition of Fe(III)-reducing bacteria and methanogens for the common substrates acetate and hydrogen (e.g. Achtnich et al., 1995). Second, methanogenesis can be directly inhibited by Fe(III) by the switch of methanogens to iron reduction (Van Bodegom et al., 2004). Some methanogens may have switched to iron reduction, but the presence of Fe(III) can by itself inhibit some parts of the metabolic pathway. It was not possible with the data acquired to identify the main driving force behind the reduction in methanogensis upon addition of poorly ordered Fe(III) oxides. Given that this is a natural sediment containing iron reducing metabolisms and methanogens, it is likely that both processes led to the inhibition that was observed.




Conclusions

Incubation experiments allow us to probe the mechanisms that control biogeochemical cycling in methanic sediments. In the SE Mediterranean, it seems like the depositional history and local environment exerts a strong control on the interplay between the Fe and S cycles. The combined sulfur and carbon isotopes and functional gene analyses indicate that the reduction of hematite slows down S-AOM. The plausible explanations are that iron oxide addition increases the oxidation state of the sediments, which causes a change in the potential S-AOM intermediates and/or that sulfate reducers switch to iron reduction and the S-AOM is inhibited due to this microbial limitation. Different conclusions are reached when the influence of Fe on S-AOM is investigated in dynamic seep environments, where iron oxides may enhance AOM. In the main methanic zone we did not observe any evidence for AOM of any type. There, the addition of iron oxides probably inhibited the methanogenic activity. Our study emphasizes the importance of Fe and S cycles for methane and organic carbon mineralization in marine sediments, and the need to continue to peer into the mechanistic controls that regulate the Fe and S cycles and therefore, the cycling of carbon.
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