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Abstract 

Two ~6 m long sediment cores were collected along the ~300 m isobath on the Alaskan-Beaufort 

continental margin. Both cores showed distinct sulfate-methane transition zones (SMTZ) at 105 and 120 

cm below seafloor (cmbsf). Sulfate was not completely depleted below the SMTZ but remained between 

30 and 500 µM. Sulfate reduction and anaerobic oxidation of methane (AOM) determined by radiotracer 

incubations were active throughout the methanogenic zone. Although a mass balance could not explain 

the source of sulfate below the SMTZ, geochemical profiles and correlation network analyses of biotic 

and abiotic data suggest a cryptic sulfur cycle involving iron, manganese and barite. Inhibition 

experiments with molybdate and 2-bromoethanesulfonate (BES) indicated decoupling of sulfate 

reduction and AOM and competition between sulfate reducers and methanogens for substrates. While 

correlation network analyses predicted coupling of AOM to iron reduction, the addition of manganese or 

iron did not stimulate AOM. Since none of the classical archaeal anaerobic methanotrophs (ANME) were 

abundant, the involvement of unknown or unconventional phylotypes in AOM is conceivable. The 

resistance of AOM activity to inhibitors implies deviation from conventional enzymatic pathways. This 

work suggests the classical redox cascade of electron acceptor utilization based on Gibbs energy yields 
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does not always hold in diffusion-dominated systems, and instead biotic processes may be more strongly 

coupled to mineralogy. 
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1. INTRODUCTION 

Marine sediments on continental shelves and margins commonly feature a clear vertical 

separation between a sulfate-reducing and a methanogenic zone (Claypool and Kaplan, 1974). 

Sulfate-reducing bacteria have a high affinity to hydrogen (Kristjansson et al., 1982) and acetate 

(Schönheit et al., 1982), which maintain the concentrations of the substrates at levels too low for 

methanogens to prosper concomitantly. Consequently, methane does not accumulate in 

sediments before sulfate supply is nearly exhausted. Between these zones, where opposing 

fluxes of methane and sulfate meet, lies the zone of anaerobic oxidation of methane (AOM) 

(Knittel and Boetius, 2009). Here, sulfate and methane may be consumed simultaneously 

according to the equation (Barnes and Goldberg, 1976): 

        
           

        (1) 

This typically narrow zone of just a few centimeters, which features steep sulfate and methane 

gradients, is termed the sulfate-methane transition zone (SMTZ) (e.g., (Iversen and Jørgensen, 

1985; Niewöhner et al., 1998; Treude et al., 2005a). 

This general understanding of process organization based on the spatial decoupling of sulfate 

and methane has been revised by recent discoveries. For example, sediments in the Baltic Sea 

(Dale et al., 2008) and Black Sea (Knab et al., 2009) show a broad (1-2 m) SMTZ with extensive 

tailing of methane into the sulfate zone and inefficient methane consumption by AOM. The 

phenomenon in the Black Sea was interpreted to be the result of historic change between 

marine anoxic sediments and brackish oxidized clay caused by sea level rise and fall, respectively 

(Knab et al., 2009). Dale et al. (2008) argued that the interplay of thermodynamic and kinetic 

factors could also explain such tailing effects. In another study from the Baltic Sea, sulfate was 

not completely exhausted within the methanogenic zone, allowing sulfate reduction to 

penetrate below the conventional SMTZ (Holmkvist et al., 2011). A cryptic sulfur cycle including 

oxidation of downwardly diffusing sulfide with deeply buried iron was postulated to provide a 

sulfate source in these sediment layers. The source of iron was identified as iron-rich post-glacial 

sediment underlying Holocene marine mud. In both the Black Sea and the Baltic Sea studies, the 

presence (LeLoup et al., 2009; LeLoup et al., 2007) and activity (Holmkvist et al., 2011; Knab et 

al., 2009) of sulfate-reducing bacteria within the methanogenic zone has been confirmed. 
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In recent years, our understanding of methane oxidation in sediments has been extended. In the 

traditional paradigm, microbial methane oxidation is accomplished by either aerobic 

methylotrophic bacteria with oxygen (Hanson and Hanson, 1996) or by a consortium of 

anaerobic methanotrophic (ANME) archaea and sulfate-reducing bacteria with sulfate as the 

terminal electron acceptor (Boetius et al., 2000; Orphan et al., 2001). However, different studies 

demonstrated that anaerobic methane consumption is more diverse with respect to electron 

acceptors, organisms, and syntrophic relationships than previously thought. Besides sulfate, also 

nitrate (Ettwig et al., 2010; Pernthaler et al., 2008) and iron/manganese (Beal et al., 2009; 

Wankel et al., 2012) can serve as electron acceptors for methane oxidation. In fresh water 

environments, where sulfate is minimally abundant, AOM with nitrate, performed by oxygenic 

bacteria instead of archaea, can be an important mechanism for methane removal (Ettwig et al., 

2010). The syntrophic relationship between methanotrophic archaea and sulfate-reducing 

bacteria has been questioned in a recent study, which demonstrated that ANMEs are capable of 

reducing sulfate to elemental sulfur during AOM by an unknown pathway (Milucka et al., 2012). 

In this process, sulfate reducers, acting as sulfur fermenters, likely play a neutral commensal role 

rather than being an obligatory partner in AOM. Furthermore, studies indicate participation of 

non-sulfate reducing bacteria in AOM consortia, including members of the Betaprotobacteria 

(Pernthaler et al., 2008).  

Here we present data from two sediment cores obtained from an east-west transect along the 

~300 m isobath on the Alaskan-Beaufort continental margin (Coffin et al., 2013), both showing 

sulfate reduction and AOM activity below the SMTZ (i.e. within the methanogenic zone). Sulfate 

was never completely exhausted below the SMTZ, but remained at values between 30 and 500 

µM. Our data suggest that the primary supply of sulfate could be provided by iron reactions 

according to the cryptic sulfur cycle proposed by Holmkvist et al. (2011); beyond that we suggest 

advanced sulfur re-cycling including reactions with manganese and barite. The mechanism of 

AOM and the relationship between AOM, sulfate reduction, and methanogenesis below the 

SMTZ was studied using inhibition (molybdate, 2-bromoethanesulfonate) and addition 

(manganese, iron) experiments. 
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2. MATERIALS AND METHODS 

2.1 Sediment coring, core description, and core sub-sampling 

Samples were collected on board the USCGC Polar Sea, on 25 September 2009 within a 

multidisciplinary, cross-shelf investigation on Methane In the Arctic Shelf/Slope (MITAS). Two piston 

cores, PC13 (71° 31.86300' N, 152° 04.75420' W, 280 m water depth, core length 602 cm) and PC12 

(71° 32.97120' N, 152° 03.68110' W, 342 m water depth, core length 598 cm) were collected north 

and east of Barrow Alaska, approximately 70 km north of Cape Halkett (Coffin et al., 2013). Detailed 

sedimentological and mineralogical analyses of PC13 and PC12 are published in Rose et al. (2012). In 

short, PC13 was primarily composed of 45-65% clay, 20-30% quartz, and 5- 15% feldspar. Carbonates 

were present throughout the core in trace amounts. Calcite was identified at 354 cmbsf. Other 

possible trace minerals at 123 cmbsf included pyrite. PC12 was dominated by the primary lithology 

(see PC13), except at the bottom of the core (594 cmbsf), where quartz and clay quantities 

decreased slightly and feldspar and trace minerals became more abundant. Dolomite was identified 

throughout the core and calcite was identified at 29 cmbsf, 450 cmbsf, and 594 cmbsf. Other 

possible trace minerals in PC13 included pyrite, particularly at 231 cmbsf and 594 cmbsf. 

Piston cores (PC) (Coffin et al., 2013; Hamdan et al., 2013) were collected with a steel core barrel 

lined with 3 x 300 cm long cellulose acetate butyrate liners with an inner diameter of 6.7 cm. After 

retrieval, liners were removed from the core barrel, capped on each end, and sub-sampled 

(sediment and pore-water) at a resolution of 20-70 cm along the length of cores. Methane samples 

were obtained by drilling 2 cm holes into core liners and extracting 3 mL sediment plugs, which were 

immediately transferred into gas-tight 20-mL serum vials (Coffin et al., 2013). Each core was divided 

into 1 m sections and capped on each end. Sections were split horizontally using a core splitter 

(GEOTEK). The surface of the split core was scraped away and sterile polypropylene tubes were used 

to collect approximately 10 g of sediment for phylogenetic analysis from one half. Approximately 2 g 

of sediment from the same half was placed in pre-weighed snap tight petri dishes for porosity 

analysis. These were stored at -80 °C and -20°C, respectively, until analysis. For anaerobic oxidation 

of methane (AOM) and sulfate reduction rate measurements, samples were taken with glass tubes (5 

mL) and sealed with butyl rubber stoppers at both ends according to Treude et al. (2005a). Two 

replicates per sampling depth as well as 13 (AOM) and 5 (sulfate reduction) controls from various 

depths of PC12 and PC13 were taken. Sediment for in-vitro studies (methanogenesis, AOM, and 

sulfate reduction) was collected from several depths below the sulfate-methane transition zone 
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(SMTZ) into sterile 100 mL glass vials without headspace. These were closed with butyl rubber 

stoppers and a screw cap and stored at 0°C in the dark until analysis. Approximately 2-25 mL of 

porewater was extracted with rhizons (Seeberg-Elverfeldt et al., 2005); Rhizosphere Research 

Products) from the second split half of the core. After insertion of the rhizon sampler into the split 

core, the dead volume inside of the rhizon, tubing and syringe were flushed with approximately 2 mL 

of sample porewater that was discarded through the side port on a three-way stopcock connected to 

the syringe. 

2.2 Porewater Analyses 

2.2.1 Sulfate 

Sulfate (SO4
2–) samples were collected in 2 mL conical micro-centrifuge tubes with screw top caps 

containing a rubber gasket. Immediately prior to sample addition, a 0.8 M solution of cadmium 

nitrate was added to each tube to prevent formation of SO4
2– from sulfide under oxic conditions. 

Subsequently, 1 mL of porewater was added to the tubes. Final concentration of cadmium nitrate 

was 0.04 M. Samples were held frozen (-20°C) until analysis at the home laboratory (GEOMAR). Prior 

to analysis, samples were diluted (1:30) with H2O. SO4
2– concentration was determined by ion 

exchange chromatography (761 IC-Compact, Metrohm). Analytical precision based on repeated 

analysis of IAPSO seawater standards (dilution series) was found to be <1% with an absolute 

detection limit of ~1 µM, corresponding to a detection limit of ~30 µM for the undiluted sample.  

2.2.2 Sulfide 

Total dissolved sulfides were determined shipboard according to Cline (1969) using a Turner 

spectrophotometer. Standard curves were generated using sodium sulfide (Sigma-Aldrich) solutions 

prepared in gas tight glass ampoules. The analytical precision calculated from repeated analysis of 

standards was <10%.  

2.2.3 Total alkalinity 

Total alkalinity (TA) in porewater was analyzed shipboard by direct titration in an open cell of 0.5 mL 

of porewater dispersed in 2 mL deionized water with 0.01 N HCl using Bruevich’s method (Ivanenkov 

and Lyakhin, 1978). Calibration was carried out with standard seawater (IAPSO). The titration 

method has a precision of 0.4%. Concentrations were expressed as mEq L-1. 

2.2.4 Dissolved inorganic carbon 
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Dissolved inorganic carbon (DIC) concentration was determined shipboard with a UIC coulometer 

and quantified against certified reference seawater (Scripps Institute of Oceanography) (Coffin et al., 

2013). Up to 5 mL of porewater was transferred to 10 mL glass serum vials (Wheaton) with Teflon 

lined septa sealed with aluminum crimp caps. Phosphoric acid (85%) in a saturated CuSO4 solution 

was added to each vial to convert DIC to CO2 and to precipitate sulfide. CO2 was transferred to the 

coulometer with ultra high purity nitrogen gas. Precision based on repeated measurements of 

certified reference seawater was 2.4%. For DIC stable carbon isotope ratio (δ13C) analysis, up to 2 mL 

of porewater was transferred to 3 mL glass serum vials (Wheaton) sealed with rubber lined 

aluminum crimp caps. Samples were held frozen (-20°C) until analysis at the home laboratory. 

Immediately prior to analysis, phosphoric acid (85%) was added to convert DIC to CO2. The samples 

were subsequently shaken, and a volume of headspace was transferred using a gas-tight glass 

syringe. Separation was achieved with a ThermoElectron trace gas chromatograph (GC) equipped 

with a Varian Porapak-Q column (25 m, 0.32 mm id). δ13C -DIC was measured on a ThremoElectron 

Delta Plus XP Isotope Ratio Mass Spectrometer (IRMS). Stable isotope ratios were standardized using 

CO2 referenced to the NIST RM 8560 natural gas standard. Measured values were plotted against 

reported δ13C values to generate a normalization equation, which was applied to the Vienna Peedee 

Dee Belemnite (VPDB) scale. Data are expressed in the standard δ-notation as ‰. 

2.2.5 Trace metals 

Porewater samples (1 mL) were added to acid-washed plastic vials and immediately acidified with 10 

µL 36% HCl. Samples were stored refrigerated until analyses. Concentrations of Fe, Mn, Mg2+, Ca2+, 

and Ba2+ were determined in the home laboratory by Inductively Coupled Plasma Optical Emission 

Spectrometry (ICP-OES, JY 170 Ultrace, Jobin Yvon). Analytical precision based on repeated analysis 

of IAPSO seawater was found to be <2% for Mg2+ and Ca2+ and 3-4% for Fe, Mn, and Ba2+. 

2.3 Methane 

Volumetric methane (CH4) gas concentrations were determined using the headspace technique 

(Hoehler et al., 2000) and quantified against certified gas standards (Scott Gas). Concentration was 

calculated using sediment porosity and dry weight data. Analysis was performed shipboard using a 

Shimadzu 14-A gas chromatograph equipped with a flame ionization detector (FID) and Hayesep-Q 

80/100 column. Gases were separated isothermally at 50°C. The analytical precision based on 

repeated analysis of gas standards was 0.4% (Coffin et al., 2013). CH4 δ
13C data were obtained from 

the same vials used for shipboard gas concentration analysis (see above). After gas analysis by FID, 
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samples were inverted and stored frozen (-20°C). δ13C-CH4 was determined in the home laboratory 

using a trace gas chromatograph interfaced via a GC-C III combustion unit to a ThermoElectron Delta 

Plus XP Isotope Ratio Mass Spectrometer (Coffin et al., 2013). Measured values were plotted against 

reported δ13C values to generate a normalization equation. Data were referenced to VPDB and are 

expressed in the standard δ-notation as ‰. 

2.4 Porosity and density 

Sediment porosity was measured gravimetrically in the home laboratory as described by (Hoehler et 

al., 2000). Frozen samples were thawed, equilibrated to room temperature, weighed, and dried at 

60˚C overnight, then re-weighed to determine sediment water content. Water content was 

determined assuming a water and dry sediment density of 1.035 and 2.500 g cm-3, respectively. 

Porosity together with water and dry sediment density were used to calculate wet sediment density. 

2.5 Anaerobic oxidation of methane, ex situ 

14C-CH4 dissolved in seawater (injection volume 30 µL, activity 5 kBq, specific activity 2.28 GBq mmol-

1) was injected into each sample. Samples were incubated shipboard at in-situ temperature (0.5°C) 

for 16 hrs in the dark. To terminate bacterial activity, samples were transferred to 40 mL glass vials 

filled with 20 mL sodium hydroxide (2.5% w/w) and closed immediately with rubber stoppers. The 

vials were shaken to equilibrate porewater CH4 between aqueous and gaseous phase. Controls were 

terminated with sodium hydroxide before addition of tracer. In the home laboratory, AOM rates 

were determined according to (Treude et al., 2005b) (gas chromatography, 14C-CH4 combustion, and 

calculation) and (Joye et al., 2004) (14C-CO2 trapping). Samples were regarded active only if: sample 

value > control mean + (3 x standard deviation). If a sample value passed this threshold, the control 

mean was subtracted from the sample value. 

2.6 Sulfate reduction, ex situ 

Sampling, injection and incubation procedures were similar as for AOM. To each sample, 12 µL of 

carrier-free 35S-SO4
2- (activity 400 kBq, specific activity 37 TBq mmol-1) was injected. To terminate 

bacterial activity, samples were transferred to 50 mL plastic centrifuge tubes containing 20 mL of 

zinc acetate (20% w/w). Controls were terminated with zinc acetate before tracer addition. Rates 

were determined using the cold-chromium-distillation method (Kallmeyer et al., 2004). Samples 

were regarded active only if: sample value > control mean + (3 x standard deviation). If a sample 

value passed this threshold, the control mean was subtracted from the sample value. 
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2.7 Methane production, in vitro 

Sediments for in-vitro studies from PC12 (357, 418, 513 cm below seafloor (cmbsf)) and PC13 (329, 

417 cmbsf) within the methanogenic zone (see Fig. 1 and 2) were used to determine potential rates 

of CH4 production. Experiments were started 6 months after sample collection. First, stock slurries of 

1:1 mixtures of sediment and artificial seawater medium (Widdel and Bak, 1992) with a sulfate 

concentration of 0.5 mM were prepared from the original sediment in sterile screw-neck bottles 

(Schott, Mainz) under an N2-atmosphere. Subsequently, 3 ml of stock slurry and 6 mL of medium 

were transferred into 15 mL-Hungate tubes (Dunn, Asbach; final sediment dilution 1:6). The tubes 

were closed with butyl rubber stoppers and incubated in a N2/CO2 headspace (gas mixture (80/20 

v/v)) at in-situ temperature (0.5°C) for 35 days. Headspace samples (0.1 ml) were taken repeatedly 

with gas tight syringes and analyzed for CH4 using a Hewlett Packard-5890 gas chromatograph 

equipped with a flame ionization detector and a Poropak-Q 80/100 column. Gases were separated 

isothermally at 75°C with helium carrier gas. CH4 production rates were derived from the linear 

increase in CH4 content in the headspace of each replicate over time. Data are presented per volume 

undiluted sediment after conversion with the dilution factor. 

2.8 Inhibition of sulfate reduction with molybdate, in vitro 

Inhibition experiments with molybdate (22 mM) were carried out to examine characteristics of 

sulfate reduction and its potential coupling to AOM within the methanogenic zone of PC12 and PC13. 

Molybdate is an analogue to SO4
2-, which inhibits sulfate reduction competitively (Oremland and 

Capone, 1988). We used combined sediment slurries from the methane production experiment (see 

2.7) after termination of the incubation to ensure presence of methanogenic activity. Two sets of 

sediment slurries, with and without 22 mM molybdate, were prepared for each depth and core (see 

2.7) under an N2 atmosphere using artificial seawater medium (Widdel and Bak, 1992), SO4
2-

concentration 0.5 mM), achieving a final sediment dilution of 1:10. The dilution was higher 

compared to the method described in section 2.7, due to limited sediment quantities. Subsequently, 

six subsamples were prepared from each set of slurries: 5 mL Hungate tubes were filled bubble free 

with slurry and closed gas tight with butyl rubber stoppers. This transfer was done under an N2 or 

CH4 atmosphere (final CH4 concentration ~1.48 mM; (Yamamoto et al., 1976) and in triplicate for the 

determination of either methane-independent sulfate reduction or AOM rates, respectively. Finally, 

6 µL carrier free 35S-SO4
2- radiotracer (activity 200 kBq, specific activity 37 TBq mmol-1) was injected 

into sulfate reduction vials and 15 µL 14C-CH4 radiotracer (activity 2 kBq, specific activity 2.28 GBq 
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mmol-1) into AOM vials. All vials were incubated for 3 days in the dark at 13°C. Details of the 

incubation setup are provided in Table 1. After experiment termination, sulfate reduction and AOM 

samples were treated and analyzed according to section 2.6 and 2.5, respectively. All rates were 

presented per volume of undiluted sediment after conversion with the dilution factor. Student’s t-

test was applied (independent, two-tailed, α=0.05) to detect significant differences between mean 

rates with and without molybdate. 

2.9 Inhibition of AOM and methanogenesis with 2-bromoethanesulfonate (BES), in vitro 

Inhibition experiments with 2-bromoethanesulfonic acid (BES, 60 mM; Hoehler et al., 1994), were 

carried out to examine characteristics of AOM and its coupling to sulfate reduction within the 

methanogenic zone of PC13 and PC12. BES is an analogue of coenzyme-M (Gunsalus et al., 1978) in 

methanogenic archaea, which blocks CH4 formation as well as reverse methanogenesis (AOM). BES 

was added to a final concentration of 60 mM (Hoehler et al., 1994). Experimental setups, analyses, 

and calculations were identical to as described in section 2.8. 

2.10 Addition of manganese and iron, in vitro 

The potential coupling of AOM to manganese and iron reduction (Beal et al., 2009) below the SMTZ 

was investigated in combined sediment slurries retrieved from the methane production experiments 

(2.7). Radiotracer techniques for AOM and sulfate reduction rates described in section 2.8 were 

applied. Slurries (1:10 final sediment dilution) were prepared with artificial seawater medium 

(Widdel and Bak, 1992), sulfate concentration 0.5 mM) under an N2 atmosphere achieving a final 

sediment dilution of 1:10 (see 2.8). Reducible iron and manganese were added separately in the 

forms of ferric oxyhydroxide (Lovley and Phillips, 1986) and Na-birnessite (Feng et al., 2000), 

respectively. Before incubations, minerals were sterilized with 70% ethanol for 30 minutes, washed 

with filter sterilized (Whatman 0.2 μm) ultra-purified water, and air-dried at 20°C. The final 

concentration of ferric oxyhydroxide and Na-birnessite in sediment slurries was 10 mM. To inhibit 

either sulfate reduction or AOM/methanogenesis, 22 mM molybdate (see 2.8) and 60 mM 2-

bromoethanesulphonate (BES, see 2.9), respectively, were added to replicates. Slurries without the 

addition of iron or manganese served as "background" controls. Each approach was done in triplicate 

in the dark at 13°C. Preparation of Hungate tubes, injection of radiotracers, and analyses of AOM and 

sulfate reduction samples was identical to 2.8, except that all incubations were conducted with CH4-

saturated slurries. "Medium" controls (5 each for background, +molybdate, +BES) were first 
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terminated before addition of radiotracers. For an overview of incubation setups and 

replicates/controls see Table 2. 

To test whether mean AOM and sulfate reduction rates differed between experimental treatments, 

one-way Analysis of Variance (ANOVA) with a significance level of 5% was applied. Tukey’s post-Hoc-

test was used to identify mean values that differed significantly (p = 0.05). For each depth, means of 

the three inhibitor-free treatments as well as all means of all nine treatments were compared. 

2.11 Molecular biology 

Genomic DNA was extracted from sediment using the FastDNA® SPIN kit for soil (MP Biomedicals 

Inc.). Approximately 10 ng of DNA was used as polymerase chain reaction (PCR) template. Samples 

were analyzed first by Length Heterogeneity-PCR (LH-PCR) as a quality control for linear amplification 

and to normalize PCR yield before pooling (Hamdan et al., 2013). Hypervariable regions V1 and V2 of 

the small subunit rRNA were amplified using the primers 6-FAM-27F and 355R for bacteria and 1HK 

and 589R for archaea (Hamdan et al., 2013). Positive (E. coli and S. solfataricus) and negative 

controls (diethylpyrocarbonate-treated water) were measured alongside. The PCR mixture and run 

conditions are described elsewhere (Hamdan et al., 2013; Hamdan et al., 2011). The product was 

quantified on an agarose gel with ethidium bromide, diluted, mixed with ILS-600 (Promega) and HiDi 

formamide, and analyzed on an ABI3130.  

Multitag Pyrosequencing (MTPS) was performed using barcoded forward bacterial and archaeal 

primers (27F and 1HKF respectively), the emulsion PCR-A titanium adapter, reverse fusion primers 

(355R and 589R) and the emulsion PCR-B titanium adapter as described in detail in (Hamdan et al., 

2013). The amplified product was quantified, diluted for normalization and pooled. The pooled 

product was quantified by the Quant-iT PicoGreen assay (Invitrogen) on a Beckman Coulter DTX 880 

and diluted for 454 emulsion PCR. Sequencing was performed on the Roche GS-FLX Jr. Data were 

analyzed by the GS run browser with signal processing for shotgun or paired end and processed in 

the QIIME pipeline (qiime.sourceforge.net). Sequences < 200 bp long, with quality scores < 25, with 

multiple Ns and chimeras were excluded. Operational taxonomic units (OTUs) were clustered with 

CD-HIT at 97% similarity. Sequences were aligned with PyNAST against the Greengenes core set and 

phylogeny was assigned with RDP. BLAST searches against GenBank were also performed to provide 

information on OTUs not classified by RDP.  

2.12 Correlation network model 
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To explore direct and indirect interactions between microorganisms and abiotic parameters from 

PC13, correlation distance network analysis was employed. This approach has been used in 

numerous recent investigations to (a) provide information on covariance patterns between biotic 

and abiotic variables, (b) better describe the manner in which organisms are interacting with their 

local environment, and (c) understand how the local environment shapes these communities 

(Barberan et al., 2012; Gilbert et al., 2012; Steele et al., 2011). To create these networks, data on (a) 

the relative abundance of OTUs in each sample, (b) porewater and sediment geochemistry, and (c) 

AOM and sulfate reduction rates were analyzed using the Spearman’s correlation function in a 

custom R module operated on George Mason University Microbiome Analysis Center’s Galaxy Portal 

(http://mbac.gmu.edu). The Spearman’s correlation is a nonparametric measure of statistical 

dependence between two variables. The analysis results in a correlation matrix describing the nature 

of the relationship (positive or negative) and statistical dependence (ρ = +1 to -1) of paired variables. 

The correlation matrix data file was filtered for correlations with a Spearman’s coefficient (ρ) greater 

than 0.4 that were statistically significant (p <0.05). The correlation matrix was imported into 

Cytoscape (v. 2.8; http://www.cytoscape.org), an open source software program for visualizing 

interactions, as a network so that the correlations could be mapped. Each variable in the network 

appears as a discrete node (a position on the map). Any correlations between variables (nodes) are 

indicated as edges (lines connecting variables), and the nature of the correlation (positive or 

negative) between variables (nodes) was identified by edge color (green = negative; purple = 

positive). Because the approach incorporates the totality of data in a correlation matrix, and 

summarily depicts all of the interactions of any single variable with all other variables, it is an ideal 

means to explore the complex relationships between sediment microorganisms and the 

biogeochemical environment.  

2.13 Calculation of solute fluxes derived from porewater concentrations 

To assess the potential coupling of iron oxyhydroxide reduction by H2S to sulfate reduction and AOM 

(Table 3), fluxes of dissolved and solid phases were calculated. As a point of reference, fluxes were 

determined at the depth of SMTZ, defined as the depth where the linear SO4
2– and CH4 

concentration gradients overlap. This depth was estimated at 105 cm for PC13 and 120 cm for PC12 

(see Results).  

Diffusive fluxes (J, mmol cm–2 yr–1) of solutes (C, mmol cm–3) into or out of the SMTZ were calculated 

using Fick’s first law: 
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   (2)         

where φ (cm3 porewater (cm3 wet sediment)-1) is sediment porosity at the SMTZ, DS (cm2 yr–1) is the 

bulk sediment diffusion coefficient and ∂C/∂z is the concentration gradient of the linear part of the 

concentration profile above or below the SMTZ. DS values were calculated from free diffusion 

coefficients in seawater (DSW, cm2 yr–1) by correcting for the sediment tortuosity (Boudreau, 1997): 

   
   

        
   (3) 

Porosity decreased only gradually with depth in both cores, being 0.67±0.02 (1 σ) at PC12 and 

0.66±0.02 at PC13 (1 σ) and these values were used in the calculations.  

Bulk sediment accumulation rates (Fsed, g cm–2 yr–1) were calculated as: 

Fsed = ρ ω (1– φ)    (4) 

where ρ (g cm–3) is the density of dry sediment and ω (cm yr–1) is the bulk sediment burial velocity. 

The latter was calculated from the mean linear burial velocity reported for core JPC8 (Darby et al., 

2009) sampled close to PC13. This value is based on numerous 14C analyses on shell fragments 

sampled at depths between 51 and 1153 cm throughout that core. No information is available for 

the burial velocity in PC12, and so we assume the same value for this site. Uncertainty in the burial 

velocity has a minor impact on our calculated importance of reactive iron to AOM rates (see later 

section). Fluxes of individual elements due to sediment burial were calculated by multiplying Fsed by 

the corresponding elemental content. 

Depth–integrated rates of sulfate reduction (ΣSR) and AOM (ΣAOM) in mmol cm–2 yr–1 were 

calculated from the SMTZ down to the bottom of the core by trapezoid integration considering the 

measured rate and porosity at each depth. 

The sum of AOM and methanogenesis reactions is stoichiometrically equivalent to sulfate reduction 

(Table 3). The ratio of the upward diffusive flux of DIC and downward diffusive flux of SO4
2– above 

the SMTZ was therefore used to estimate the number of moles of DIC produced per mole of SO4
2– 

reduced during sulfate reduction, rC:S (Table 3). The DIC flux was corrected for carbonate 

precipitation using the diffusive flux of Ca2+, above the SMTZ. For PC13, Ca2+ data were insufficiently 

resolved over depth to determine the flux, and the Ca2+ flux at PC12 was used as an approximation. 
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Following (Burdige and Komada, 2011), rC:S was then used to calculate the oxidation state of carbon 

being mineralized in the sediment, ox: 

ox = 4–8/rC:S    (5) 

The inferred value of ox enables the reaction stoichiometry of methanogenesis to be derived (Table 

3).
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3. RESULTS 

3.1 Geochemical parameters and ex situ turnover rates 

3.1.1 PC13, 280 m water depth 

Geochemical parameters and ex situ turnover rates in PC13 are shown in Fig. 1. SO4
2- concentrations 

linearly decreased from the top of the core (15 cmbsf, 26.7 mM) to 110 cmbsf (0.138 mM). Below 

this depth, SO4
2-remained low (0.034-0.456 mM) but never reached the detection limit. CH4 

concentrations were high (10.4-14.2 mM) between 260 and 551cmbsf, marking the methanogenic 

zone. Since concentrations in the methanogenic zone were above atmospheric saturation levels 

(Yamamoto et al., 1976), we cannot exclude that degassing occurred during core recovery leading to 

an underestimation of in situ concentrations. Above 260 cmbsf, CH4 steadily decreased reaching 

values <0.03 mM at 70 cm. The sulfate-methane transition zone (SMTZ) was located at 

approximately 105 cmbsf (Table 4). Sulfate reduction rates were elevated at the shallowest 

measured depth (34 cmbsf, 0.54 nmol cm-3 d-1) and peaked below the SMTZ between 173 and 268 

cmbsf (max. 1.73 nmol cm-3 d-1). Below the SMTZ, sulfate reduction was still detectable at rates 

between 0.04 and 0.45 nmol cm-3 d-1 until the bottom of the core (571 cmbsf). AOM rates were low 

above the SMTZ (≤ 0.05 nmol cm-3 d-1 until 83 cmbsf) and increased considerably below the SMTZ to 

the base of the core (0.24 - 2.40 nmol cm-3 d-1). Total sulfide concentration showed considerable 

scatter throughout the core. The highest sulfide concentration (27µM) was measured at the SMTZ; 

several secondary peaks between 7.3 and 11 µM, interrupted by zero values, were detected deeper 

in the core. We cannot exclude underestimation of sulfide concentrations due to potential 

concomitant degassing of sulfide with methane (see above). Dissolved inorganic carbon (DIC) and 

total alkalinity (TA) had nearly identical profiles, demonstrating that TA was dictated by DIC with 

little contribution from sulfide. Both parameters increased sharply between 15 and 110 cmbsf, and 

more gradually between 110 cmbsf to the bottom of the core. Maximum DIC concentration was 

detected at 546 cmbsf (79.4 mM) while TA peaked at 526 cm (69.8 mEq L-1). δ13C-CH4 decreased 

from the top of the core (-48.2‰) to a minimum of -100‰ at 130 cmbsf. Below 130 cmbsf, values 

steadily increased, with a change in steepness at 240 cmbsf reaching -83.6‰ at the bottom of the 

core. δ13C-DIC decreased from the top of the core (-3.40‰) to a minimum of -21.5‰ at 87.5 cmbsf. 

Below this minimum, values steadily increased, with a change in steepness at approximately 150 

cmbsf reaching 4.69 ‰ at the bottom of the core. Concentrations profiles of Fe, Mn, Ba2+, Ca2+, and 

Mg2+ were incomplete due to limited porewater volume; therefore partial profiles of upper (15-50 

cmbsf) and lower (321-506 cmbsf) core sections are reported. Porewater Fe and Mn were detected 
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in both sections and highest concentrations were observed in the lower section (max. 82.6 and 9.80 

µM, respectively). Ba2+ concentration was considerably lower in the upper compared to the lower 

section. Ca2+ ranged between 6 and 10 mM in both sections. Mg2+ was lowest in the upper (49.4 mM) 

and highest in the lower section (55.5 mM).  

3.1.2 PC12, 342 m water depth 

Geochemical parameters and ex situ turnover rates of PC12 are shown in Fig. 2. SO4
2- concentrations 

in PC12 remained high in the upper 50 cmbsf (between 27 and 25 mM) and linearly decreased 

below, reaching 2.5 mM at 130 mbsf. Between 130 and 345 cmbsf, SO4
2- fluctuated between 0.1 and 

1.2 mM but generally decreased with depth. Below 345 cmbsf, SO4
2- concentrations decreased below 

0.1 mM but never reached zero. CH4 concentrations were highest between 220 and 585 cmbsf with 

values fluctuating between 8.9 and 12.6 mM. As these concentrations were above atmospheric 

saturation, they may underestimate in situ concentrations (see 3.1.1). CH4 linearly increased from 0.2 

to 12.2 mM between 130 and 280 cmbsf. Above 130 cmbsf, concentrations were low reaching a 

minimum (0.006 mM) at 50 cmbsf. The SMTZ was located at approximately 120 cmbsf (Table 4). 

Sulfate reduction rates were highest at the shallowest measured depth (38.4 nmol cm-3 d-1), and 

decreased to <1 nmol cm-3 d-1 at 86 cmbsf. From approximately the SMTZ depth to 319 cmbsf sulfate 

reduction rates fluctuated between 0.02 and 16.9 nmol cm-3 d-1. Below 319 cmbsf, rates decreased 

to <2.0 nmol cm-3 d-1. AOM was relatively low (average <0.23 nmol cm-3 d-1) above the SMTZ 

compared to below where AOM rates fluctuated between 0.56 and 4.25 nmol cm-3 d-1. A peak in 

AOM of ~8 nmol cm-3 d-1 was detected at 319 mbsf. Total sulfide was detected at 87.5 cmbsf (3.7 

µM) immediately above the SMTZ, reached maxima of 11-14 µM between 220 and 325 cmbsf, and 

was undetectable at depths below 405 cmbsf with the exemption of 485 cmbsf. As mentioned above 

(3.1.1), sulfide concentrations may be underestimated due to concomitant degassing with methane. 

Similar to PC13, DIC and TA had analogous concentration profiles. The concentration of both 

increased linearly above the SMTZ from 50 to 130 cmbsf (7.5 to 38.6 mM and 3.5 to 36.8 mEq L-1, 

respectively). Below the SMTZ to the bottom of the core, DIC and TA both increased gradually 

reaching a maximum of 63.7 mM and mEq L-1, respectively. δ13C-CH4 slightly increased from the top 

of the core to 87.5 cmbsf. Between 87.5 and 150 cmbsf, δ13C-CH4 declined rapidly to a minimum of -

99.9‰. Below 150 cmbsf, δ13C-CH4 steadily increased reaching -82.7‰ at the bottom of the core. 

δ13C-DIC decreased from the top of the core to a minimum (-20.2‰) at 110 cmbsf. Below this 

minimum, δ13C-DIC steadily increased to 5.1‰ at the bottom of the core. Porewater Fe 

concentration gradually increased with depth from the minimum at the SMTZ (3.5 µM) to the 
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maximum at 465 cmbsf (60.5 µM). Below 465 cmbsf, Fe concentrations decreased towards the base 

of the core. Similar to Fe, porewater Mn concentrations generally increased between 130 and 465 

cmbsf, although two concentration peaks at 70 (5.2 µM) and 465 cmbsf (5.4 µM) were observed. 

Ba2+ concentration increased sharply between 110 and 190 cmbsf. Maximum Ba2+ concentrations 

(~13 µM) were reached at 240 cmbsf, and averaged 10 µM below. Ca2+ concentrations decreased 

from 9.2 mM to 4.9 mM in the upper 190 cm of the core indicating authigenic carbonate 

precipitation as a result of increasing alkalinity. Below 190 cmbsf, Ca2+ concentrations averaged 4.6 

mM. Mg2+ concentration was 49.8 mM at 70 cmbsf and declined with depth to a minimum (46.3 

mM) observed at 150 cmbsf. Below 150 cmbsf, concentrations steadily increased towards the 

bottom of the core, reaching 55.4 mM. 

3.2 Solute fluxes 

SO4
2– fluxes by molecular diffusion down to the SMTZ in PC12 (0.014 mmol cm–2 yr–1) were similar to 

those in PC13 (0.016 mmol cm–2 yr-1). Below the SMTZ, the flux decreased to 7.0×10–4 mmol cm–2 yr–1 

at PC12 and was essentially zero at PC13. Therefore, almost all SO4
2– that diffused down to the SMTZ 

was consumed there. CH4 fluxes directed upwards to the SMTZ were –0.0089 mmol cm–2 yr–1 at PC12 

and –0.015 mmol cm–2 yr–1 at PC13, demonstrating that AOM accounts for 66 % of the sulfate flux to 

the SMTZ at PC12 and 97 % at PC13. Organoclastic sulfate reduction in the SMTZ likely accounts for 

the remaining 34 and 3 %. It should be noted that calculations of sulfate reduction rates using linear 

sulfate concentration profiles often underestimate or even miss surface activity due to 

replenishment of sulfate by bioirrigation (Fossing et al., 2000) or molecular diffusion in the surface 

sediments (Jørgensen et al., 2001).  

A mass balance of the DIC and sulfate fluxes reveals that 1.66 and 1.46 moles of organic carbon are 

oxidized per mole of sulfate reduced (Table 4) instead of 2 moles for carbohydrate (i.e. [CH2O]). 

Consequently, from Eq. (5), the organic carbon undergoing mineralization has an oxidation state of -

0.82 (PC12) and -1.49 (PC13). The organic material is thus more reduced than simple carbohydrate 

(ox = 0). Naturally occurring organic matter in marine sediments has an oxidation state of -0.5 to -

0.7, although values as low as -2.2 have been reported (Jørgensen and Parkes, 2010). The DIC and 

sulfate fluxes are thus consistent with steady-state degradation of organic matter, although low 

inputs of methane from deeper sources cannot be ruled out (see Burdige and Komada (2011) for a 

discussion on this topic). Due to the low oxidation state, more moles of methane are produced than 

DIC during methanogenesis (Table 3), compared to 1:1 when [CH2O] is used as the substrate (e.g., 

Jørgensen and Kasten, 2006). 
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Fluxes of porewater Fe, sulfide, and Ba2+ in PC12 were four orders of magnitude lower than DIC and 

SO4
2– fluxes. In PC13 no fluxes could be calculated due to discontinuous concentration profiles. 

 

3.3 Molecular data 

3.3.1 Microbial diversity in PC13 

A total of 46538 sequences were obtained for PC13 with an average of 1486 and 376 bacterial and 

archaeal sequences, respectively, per sample (Table S1). Bacterial sequence abundance increased 

with depth; conversely, archaeal sequences were most abundant near the surface of PC13 (Table 

S1). In general, bacterial and archaeal diversity declined with depth.  

On average, 22% of bacteria were related to the Chloroflexi class (Fig. 3). The Dehalococcoides were 

most abundant among the Chloroflexi (not shown). The Obsidian Pool 9 (OP9) group was also highly 

abundant at all depths except for the surface most sample. The abundance of Coscinodiscophyceae 

(diatom) chloroplast sequences increased dramatically between 446 and 546 cmbsf.  

Deltaproteobacteria were most abundant at 15 and 406 cmbsf (~ 25% of sequences) and averaged 

~13% of sequences at all other depths (Fig. 3). From the surface down to the SMTZ (105 cmbsf) in 

PC13, the majority of Deltaproteobacteria were affiliated with the Syntrophobacterales (Fig. 4). 

These were less abundant below the SMTZ. Conversely, sequences affiliated with the 

Desulfobacterales increased below the SMTZ. The Myxococcales were also plentiful in PC13, and in 

highest relative abundance between 346 and 406 cmbsf.  

Archaeal sequences in PC13 were dominated by the Thermoplasmata, which averaged of 57% of 

sequences (Fig. 5). The majority of these were affiliated with the Marine Benthic Group D (MBG-D, 

data not shown). The second most abundant archaeal group was related to the Miscellaneous 

Crenarchaeotal Group (MCG). Sequences affiliated with the Thaumarchaeota, likely Marine Group I, 

were more abundant below the SMTZ than above it. Although sequences related to the 

Methanomicrobia, which contains the ANME-2, were observed in PC13, these were not abundant. 

Methanobacteria were most abundant above the SMTZ, accounting for up to 8% of sequences at 50 

cmbsf. Methanococci accounted for up to 2% of sequences at 366 cmbsf. 

3.3.2 Network analyses 

To visually identify the interactions between operational taxonomic units (OTUs), metabolic rates, 

and the abiotic environment, correlation distance network analysis was employed. The network for 
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PC13 was complex with 300 nodes, representative of biotic and abiotic variables included in the 

analysis, which had significant correlations with other variables, and >2800 edges, representative of 

correlations between variables. Thus, it was filtered to remove OTU to OTU only correlations. The 

resulting network diagrams include only OTU-abiotic interactions (including metabolic rate 

measurements). Negative and positive correlation networks are depicted separately for simplicity 

(Fig. S1 A and B) as well as combined (Fig. S1 C).  

In the positive network (Fig. S1 A), two primary groups of nodes centered on SO4
2- or CH4. The 

connection between the groups was sulfate reduction rates. In the negative network (Fig. S1 B), the 

primary groupings of nodes centered on SO4
2-, CH4, and DIC.  

There were limited correlations between OTUs and sulfate reduction or AOM rates (Fig. S1). This was 

possibly due to the processes being carried out by few members of the community, or the patchy 

distribution of rate data for PC13 (Fig. 1). In the positive network, sulfate reduction was linked 

indirectly to CH4 through a MCG OTU and SO4
2- through a Chlorobi OTU (Fig. S1 A). In the negative 

network (Fig. S1 B), sulfate reduction was indirectly coupled to CH4 and SO4
2- through two OTUs 

related to the Alphaproteobactera and Actinobacteria respectively. AOM was neither directly nor 

indirectly correlated with SO4
2- or sulfate reduction rates suggesting that in situ, the processes were 

decoupled. In the positive network, AOM was indirectly linked to CH4 through another 

Actinobacteria OTU (Solirubrobacterales), which was also highly correlated to Mg2+, Mn and DIC. In 

the negative network, AOM was correlated with 7 bacterial and one archaeal OTUs. The majority of 

these OTUs was highly correlated to CH4, DIC and Fe as well as Mg2+ and Mn. Two of the bacterial 

OTUs were affiliated with the Deltaproteobacteria. The archaeal OTU was affiliated with the MSBL1 

family of the Methanobacteria, which others have speculated to be involved in methanogenesis in 

high salinity, anoxic environments (Van der Wielen et al., 2005). 

Because the majority of sulfate reducing bacteria were Deltaproteobacteria, the networks were 

reduced to examine Deltaproteobacterial interactions at the order level (Fig. S2). 

Deltaproteobacteria were tightly clustered around SO4
2- in positive networks (Fig. S1a and S2 a). Two 

Deltaproteobacteria OTUs were also correlated with CH4 in the positive network (Fig. S1a). One was 

affiliated with the Desulfobacterales and the other with the Myxococcales (Fig. S2a). 

Desulfobacteriales abundance increased below the SMTZ (Fig. 4) even though SO4
2- concentrations 

below the SMTZ were at their lowest (Fig. 1). However, sulfate reduction rates (Fig. 1) and cell 

abundance (~4 x 109 cells g-1; Kirchman et al., 2014) both peaked at between ~260 and 280 cmbsf. 

The Desulfobacteriales OTU, which was correlated with CH4, Fe, Ba2+ (ρ > 0.65), and DIC (ρ = 0.50), 
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and the Myxococcales, which was correlated with CH4 and Ba2+, both peaked in abundance between 

280 and 406 cmbsf (2-10% of sequences).  

 

3.4 Microbial activity, in vitro 

3.4.1 Methane production 

Methanogenic activity was determined at in-situ temperature (0.5°C) in triplicates at two depths 

(329 and 417 cmbsf) in PC13, respectively, and at three depths (357, 418, and 513 cmbsf) in PC12. All 

investigated depths were situated below the SMTZ. Continuous CH4 production was detected in all 

depths (Fig. 6). Methane production rates, derived from linear production curves of each single 

replicate, ranged between 0.97 and 2.18 nmol cm-3 d-1 

 

3.4.2 AOM and sulfate reduction after inhibition with molybdate or BES 

Molybdate and BES (inhibitors for sulfate reduction and methanogenesis/AOM, respectively) were 

added to sediment slurries from below the SMTZ at PC13 and PC12 to study AOM in CH4-enriched 

samples and CH4-independent sulfate reduction in CH4-free samples. AOM and sulfate reduction was 

detected in all control sediments without inhibitor addition (Fig. 7, w/o BES or Mb). In samples with 

molybdate addition (Fig. 7, w Mb), sulfate reduction was completely inhibited. In contrast, AOM 

rates were reduced significantly with molybdate only in 2 samples (PC12, 418 cmbsf and PC13, 417 

cmbsf, p<0.05) while the remaining samples were unaffected. However, in PC13 at 329 cmbsf the p-

value was compromised by a high standard deviation of the replicates. 

In all incubations with BES addition (Fig. 7, w BES), sulfate reduction rates were significantly higher 

than controls (p <0.05) and increased on average by 37 - 93%. AOM remained either unaffected by 

BES addition (PC13 at 329 cmbsf and all samples from PC12, p >0.05) or was higher (PC13 at 417 

cmbsf, p <0.05) compared to controls. 

 

3.4.3 AOM and sulfate reduction after addition of manganese and iron 

Reducible manganese (Na-birnessite) and iron (ferric oxyhydroxide) were added to CH4-enriched 

sediment slurries from below the SMTZ of PC13 and PC12 to study the response of AOM and sulfate 



 21 

reduction (Fig. S3). Additionally, inhibition by molybdate and BES was tested in replicate samples. 

One-way ANOVA revealed that the addition of manganese always significantly (p <0.005) decreased 

rates of sulfate reduction. In PC13 (329 and 417 cmbsf), iron addition resulted in a significant (p 

<0.005) increase in sulfate reduction compared to the background. Similar to 3.4.2, BES lead to a 

significant (p <0.005) increase in sulfate reduction in many treatments irrespective of iron, 

manganese, or no metal addition, and did not decrease sulfate reduction in any experiment. 

Molybdate addition resulted in complete inhibition of sulfate reduction in all treatments. Relative to 

background controls, AOM was not impacted (p >0.05) by amendment with iron or manganese, or by 

the addition of molybdate or BES. Some random differences occurred between the different 

treatments (e.g., AOM in PC13 at 417 cmbsf was significantly higher (p <0.005) in treatments with 

iron compared to treatments with manganese plus BES) but these were too scattered between 

cores, depths, and treatments to draw clear conclusions. 
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4. DISCUSSION 

The two sediment cores PC13 and PC12 investigated in our study, revealed unusual geochemical 

profiles and microbial activity below the sulfate-methane transition zone (SMTZ). While in other 

diffusive settings, anaerobic oxidation of methane (AOM) and sulfate reduction typically peak within 

the SMTZ and decline to zero in the subjacent methanogenic zone (e.g., Fossing et al., 2000; Iversen 

and Jørgensen, 1985; Treude et al., 2005a), both processes were active below the SMTZ, i.e. within 

the methanogenic zone, in our study. Furthermore, (a) sulfate was never completely exhausted 

below the SMTZ (remained at minimum values between 30 and 500 µM), (b) sulfide and iron were 

coexistent in many depths below the SMTZ, (c) AOM was not inhibited by molybdate (inhibitor for 

sulfate reduction) or BES (inhibitor for methanogenesis and AOM) in most of the samples, (d) 

sulfate reduction was completely inhibited by molybdate, both in the presence and absence of 

methane, and in many cases increased after BES addition, (e) sulfate reduction declined after 

manganese addition, and (f) Deltaproteobacteria demonstrated a phylogenetic transition below the 

SMTZ. These observations provoke several questions and hypotheses about the source of sulfate 

and the relationship between AOM, sulfate reduction, and methanogenesis below the SMTZ, which 

will be elaborated below. 

4.1 Potential sources of sulfate below the SMTZ 

4.1.1 Barite and manganese 

Barite (BaSO4) accumulates in marine sediments from different sources such as the water column 

(marine barite), supersaturated pore fluids (diagenetic barite) or hydrothermal solutions 

(hydrothermal barite) (Paytan et al., 2002). Barite is usually metastable/unstable in the prevailing 

geochemical environment below the SMTZ (Riedinger et al., 2006). Sulfate-reducing bacteria have 

the capability to mobilize sulfate from barite under sulfate-limiting conditions (Baldi et al., 1996; 

Bolze et al., 1974; Karnachuk et al., 2002) and could therefore promote barite dissolution below the 

SMTZ to facilitate sulfate reduction. Barium mobilization below the SMTZ has been observed in 

different marine sediment settings (Riedinger et al., 2006; Torres et al., 1996), and was evident in 

PC12 by a steep increase of Ba2+ below the SMTZ (Fig. 2). Mobilization probably also occurred in 

PC13 (Fig. 1), although here a gap in Ba2+ data coverage between 100 and 300 cmbsf limits 

interpretation. However, the Ba2+ flux of PC12, which was derived from the concentration gradient 

below the SMTZ, was only -7.8×10–6 mmol cm-2 yr-1 compared to an integrated sulfate reduction 

rate from the SMTZ to the bottom of the core of 0.64 mmol cm-2 yr-1 (Table 4) and can therefore 
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hardly explain the observed sulfate reduction activity below the SMTZ. Nevertheless, Ba2+ 

concentrations could remain low, even during sulfate mobilization in the presence of sulfate 

reducers, if other barium compounds such as witherite (BaCO3) or barium sulfide (BaS) are formed 

concomitantly (Baldi et al., 1996). Provided that for every sulfate molecule mobilized from barite, 

one molecule of sulfide and two molecules of bicarbonate are produced during sulfate reduction, it 

is conceivable that the actual Ba2+ liberation was masked by secondary precipitation processes 

according to the following reactions: 

Liberation of sulfate from barite via organoclastic sulfate reduction: 

                                 (6) 

Reaction of hydrogen sulfide with barite (Baldi et al., 1996): 

                              (7) 

While SO2 produced in Eq. 7 may be microbiologically consumed to form sulfide (Dasu and Sublette, 

1989), elemental sulfur could form an additional source for sulfate production via manganese 

reduction driven by sulfate reducers (Lovley and Phillips, 1994): 

                  
                 (8) 

Sulfate produced in Eq. 8 could re-enter organoclastic sulfate reduction processes to produce 

sulfide, which could re-enter Eq. 7 to further promote formation of elemental sulfur from the 

reaction with barite. This cycle might proceed until either barite or reducible manganese reservoirs 

are exhausted. The presence of Mn on the micro-molar level below the SMTZ in both cores (Fig. 1 

and 2) suggests that manganese is reduced by an unknown process. Furthermore, the decrease in 

sulfate reduction observed after addition of manganese in both cores (Fig. S3) indicates that the 

sulfate-reducing community below the SMTZ is able to use manganese as terminal electron 

acceptor.  

Since the abundance of Desulfobacterales increased below the SMTZ and two OTUs were highly 

correlated with Ba2+, it is possible that members of this order are specifically adapted to utilize 

sulfate from barite under low-sulfate conditions. At least one species, Desulfobacterium macestii, is 

known to produce sulfide from barite under laboratory conditions (Karnachuk et al., 2002). Another 

member of this order, Desulfobacterium autotrophicum, has been shown to oxidize S0 with Mn(IV) 
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(Lovley and Phillips, 1994). It should be kept in mind, however, that pyrotag datasets provide little 

functional information about potential metabolisms acting in situ. 

4.1.2 Sulfur-iron-carbon reactions 

Iron is suggested to be a key player in sulfate production from sulfide below the SMTZ in the so-

called "cryptic sulfur cycle" (Holmkvist et al., 2011). This cycle could provide a sulfate source in our 

cores as well, which is supported by the abiotic correlations in the network analysis, specifically the 

highly significant (negative) correlation between sulfide and Fe in PC13. Prerequisite for this 

pathway of sulfate production is the downward delivery of sulfide to react with deep-buried iron 

(Holmkvist et al., 2011). The reaction of sulfide with Fe(III) leads to the production of Fe2+ and 

thiosulfate (S2O3
2-). While thiosulfate is disproportionated into sulfide and sulfate, Fe2+ further 

reacts with sulfide to form iron sulfide (FeS) and finally pyrite (FeS2). This last step is coupled to the 

simultaneous reduction of CO2 to CH4 with H2. The coexistence of sulfide and Fe below the SMTZ of 

both PC13 and PC12 could be evidence for a continuous re-supply of sulfide and ferrous iron at a 

rate so high that spontaneous FeS formation does not deplete the pool of dissolved constituents. 

Pyrite, however, was detected only in traces of selected samples from PC13 (123 cmbsf) and PC12 

(231 and 594 cmbsf) (Rose et al., 2012). 

An alternative pathway for sulfate production could be iron-driven oxidation of elemental sulfur 

according to the following equation (Lovley and Phillips, 1994): 

                    
                  (9) 

Elemental sulfur could be provided through reactions of sulfide with barite (Eq. 7) or AOM (see 

below). The above reaction provides a potential source for Fe observed in the porewater below the 

SMTZ (Fig. 1). An OTU related to the Desulfobacterales was highly correlated with Fe below the 

SMTZ of PC13. However, in laboratory experiments D. autotrophicum, which is an effective iron 

reducer among the Desulfobacterales, performed no oxidation of S0 in the presence of Fe(III) (Lovley 

and Phillips, 1994). To our knowledge, this metabolism has only been described for Desulfovibrio 

desulfuricans, a member of the order Desulfovibrionales, which was found only sporadically in PC13 

(190 and 466 cmbsf, Fig. 4). 

Another pathway to produce sulfate could be sulfur disproportionation in the presence of Fe(III) 

according to the following reaction (Thamdrup et al., 1993): 
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              (10) 

In this reaction, iron acts as a sink for sulfide thereby maintaining its concentration low enough to 

keep the disproportionation process exergonic. The process has been observed in different 

laboratory studies with members of the order Desulfobacterales (e.g., Finster et al., 1998; Janssen 

et al., 1996; Lovley and Phillips, 1994). This group revealed higher abundance below the SMTZ in 

PC13 (Fig. 4). Alternatively to iron, reducible manganese could also act as a sulfide sink during sulfur 

disproportionation (Thamdrup et al., 1993): 

                         (11) 

 

4.2 The relationship between AOM, sulfate reduction, and methanogenesis 

4.2.1 AOM and sulfate reduction 

In our in-vitro radiotracer experiments, AOM remained mostly unaffected by the addition of 

molybdate, while sulfate reduction (both in presence and absence of methane) was inhibited 

completely (Fig. 7 and S3). This observation suggests that the two processes were not entirely 

coupled. The results are further supported by molecular analyses. The correlation network, 

specifically, the lack of direct coupling of AOM to sulfate or sulfate reduction, the dominance and 

structure of bacterial associations with AOM and abiotic variables (Fig. S1), as well as the minimal 

abundance of ANME in PC13 (Fig. 3) suggest that AOM could be coupled to manganese and iron 

reduction in PC13 and involve phylotypes not commonly described in studies of AOM in marine 

sediments. Although sulfate-dependent AOM generally occurs at a faster rate than experimental 

manganese- and iron-dependent AOM (Beal et al., 2009), the energy yield from the latter two is 2-4 

times greater. However, in our experiments with 14C-labelled methane, AOM was not stimulated by 

addition of either manganese or iron (Fig. S3). Either AOM was not coupled to any of these electron 

acceptors or natural background concentrations of reducible manganese or iron compounds were 

not limiting for AOM. 

A recent publication demonstrated that members of the ANME group (ANME-2) reduce sulfate 

during AOM without the direct involvement of sulfate-reducing bacteria (Milucka et al., 2012). As an 

intermediate, elemental sulfur (S°) is formed, which further reacts to disulfide: 

      
 

 
    

   
  

 
   

 

 
   

  

 
        

   (12) 
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  (13) 

Disulfide is finally disproportionated into sulfate and sulfide by sulfate-reducing bacteria: 

    
           

                (14) 

Although the enzymatic mechanisms for this archaeal sulfate reduction to elemental sulfur are 

unknown, it was suggested to be different from the bacterial pathway (Milucka et al., 2012). If in 

our study, sulfate reduction below the SMTZ was coupled to AOM, AOM should be similarly 

responsive to molybdate, since molybdate addition completely inhibited sulfate reduction. Due to 

its stereochemical similarity to sulfate, molybdate inhibits the first step in sulfate reduction, i.e., the 

activation of sulfate to adenosine 5'-phosphosulfate (Peck, 1959; Taylor and Oremland, 1979). 

Molybdate is also a known inhibitor of sulfur disproportionation (Finster et al., 1998) and references 

therein) and might therefore also inhibit sulfate reducers involved in sulfur dispropotionation during 

AOM (Eq. 14) or in combination with iron (Eq. 10) and manganese reactions (Eq. 11). However, if 

AOM was conducted via the pathways proposed by Milucka et al. (2012), it remains unclear, why 

methane turnover continued in the presence of molybdate, when at the same time all sulfate 

reduction was interrupted. Furthermore, 35S-S0 produced during this alternative process should still 

be detectable via the cold chromium distillation technique (Kallmeyer et al., 2004). 

One possible mechanism could be methane oxidation with elemental sulfur as the terminal electron 

acceptor. In this case, methane oxidation would proceed even if sulfate reduction was inhibited, as 

long as sufficient reservoirs of elemental sulfur were available. Similar to acetate oxidation with 

elemental sulfur (Pfennig and Biebl, 1976), the reaction with methane would be: 

                   
             (15) 

However, following Gibbs free energy caclulations by Thauer et al. (1977) the reaction is endergonic 

under standard conditions (ΔG° = +24.08 kJ mol-1), and possibly even at in situ conditions below the 

SMTZ (e.g. PC12, 346 cmbsf: T = 273.5K, H2S = 18 µM, DIC = 72.6 mM, CH4 = 11.65 mM, ΔG = + 8.6 kJ 

mol-1) assuming a pH of 7.2-7.4 for the methanogenic zone (Treude et al., 2005a). 

Another potential mechanism could be the oxidation of elemental sulfur with manganese or iron 

according to Eq. 8 and 9, respectively. In this scenario, the sulfate pool would be balanced, because 

for every sulfate consumed during AOM one molecule of sulfate would be produced via iron or 

manganese oxidation. Hence, the reaction would remain untraceable in radiotracer experiments 
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using 35S-sulfate. A prerequisite for this reaction would be the metabolic immunity of both methane 

and iron/manganese oxidizers to molybdate inhibition. 

The correlation of Myxococcales with CH4 and Ba2+ between 280 and 406 cmbsf in PC13 (Fig. 4) is 

interesting with respect to carbon cycling below the SMTZ. Myxococcales are generally strict 

aerobes, which form fruiting bodies under nutrient limited conditions (Treude et al., 2003b). 

However, some of the group members have been found to be iron and nitrate reducers (Edlund et 

al., 2008; Treude et al., 2003b). Although not known as methanotrophs, experimental reactor 

studies (Murase and Frenzel, 2007) provide direct evidence of incorporation of CH4-derived carbon 

by members of the Mxyococcales, which may explain correlations between this order and CH4 (Fig. 

1).  

Surprisingly, AOM, sulfate reduction, and sulfide (Fig. 1 and 2) of both cores revealed no distinct 

peak within the SMTZ. Since samples were taken in large increments of 20 - 60 cm, hot spots of 

AOM activity could have easily been missed (Treude et al., 2005a). Nevertheless, the presence of 

such hot spot within the SMTZ was evident from carbon isotopic signatures of methane and DIC, 

showing enriched δ13C-CH4 in correlation with depleted δ13C-DIC as a consequence of carbon 

isotope fractionation during AOM (Hinrichs et al., 1999). Interestingly, there was the drawdown of 

δ13C-CH4 just below the SMTZs in both cores, which correlated with a simultaneous drawdown in 

δ13C-DIC. We believe that the observed decline in δ13C was the result of AOM-mediated carbon 

isotope equilibration between methane and DIC at low sulfate concentrations (<0.5 mM, Yoshinaga 

et al., 2014).  

4.2.2 Sulfate reduction and methanogenesis 

In the present study, sulfate reducers where found active within the methanogenic zone in both ex-

situ (Fig. 1 and 2) and in-vitro (Fig. 7 and S3) radiotracer experiments. At the same time, 

methanogens were found active in in-vitro studies at sulfate levels of 500 µM (Fig. 6). Both findings 

were surprising, as sulfate reducers usually outcompete methanogens in marine sediments due to a 

higher substrate affinity with respect to H2 (Kristjansson et al., 1982) and acetate (Schönheit et al., 

1982), unless non-competitive substrates are available (Oremland et al., 1982) or competitive 

substrates are present in excess (Treude et al., 2009). Sulfate reducers that utilize hydrogen and 

acetate are still able to compete with methanogens at sulfate levels between 60 and 150 µM 

(Lovley and Klug, 1983). In lakes, methanogens were found to outcompete sulfate reducers at 

sulfate concentrations below 30 µM (Kuivila et al., 1989), which corresponds to the lowest 
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concentration measured in our study. The various potential sources for sulfate below the SMTZ 

were discussed in detail above. A remaining question is the relationship between sulfate-reducing 

bacteria and methanogenic archaea. Interestingly, during in-vitro incubations, sulfate reduction was 

often higher in presence of the methanogen inhibitor BES (Fig.7 and S3). We have no confirmation 

of a successful methanogen inhibition and BES is not an inhibitor to all methanogens (Santoro and 

Konisky, 1987); however, stimulation of sulfate reduction during BES addition (Fig. 7 and S3) 

indicate that sulfate reducers took advantage of the inhibitor. Possibly, liberation of sulfate from 

mineral sources was limiting creating a strong competition between sulfate reducers and 

methanogens for electron donors. Consequently, sulfate reducers were probably able to increase 

their turnover rates while methanogens were inhibited. 

The dramatic decline in sulfate reduction rates after manganese addition (Fig. S3) provokes three 

hypotheses. First, active sulfate reducers preferred electron acceptors with a higher energy gain 

when offered, maybe not only to yield more energy but also to compete with methanogens. 

Desulfotomaculum reducens (Tebo and Obraztsova, 1998), order: Clostridiales), and Desulfovibrio 

(Coleman et al., 1993), order: Desulfovibrionales) are examples of bacteria capable of switching 

between sulfate and manganese or iron reduction, respectively; however, members of Clostridiales 

were not present in PC13 and Desulfovibrionales represented only a minority below the SMTZ. 

Second, classical manganese reducers outcompeted sulfate reducers by keeping substrate 

concentrations at levels lower than thresholds required by sulfate-reducing bacteria (compare with 

Chapelle and Lovley, 2005). Third, manganese addition stimulated manganese-dependent sulfide 

oxidation (King, 2006). As a consequence, continuous re-oxidation of 35S-sulfide to 35S-sulfate 

masked sulfate-reduction activity during the radiotracer incubations. 

As recently observed by others (LeLoup et al., 2009; LeLoup et al., 2007) sulfate-reducing bacteria 

may be as abundant in deep sulfate depleted sediments as they are in surface sediments, where 

sulfate concentrations are highest, and display distinct phylogenetic zonation with respect to depth 

and sulfate concentration. In our study, the SMTZ marked a distinct transition in 

Deltaproteobacteria composition (Fig. 4). Sequences related to the sulfate-reducing 

Syntrophobacterales were highly abundant above the SMTZ, while sequences related to the 

Desulfobacterales were more abundant below. This transition, the relatively high abundance of 

sulfate-reducing bacteria related OTUs in the methanogenic zone, and the direct evidence of sulfate 

reduction at depth in PC12 and PC13 provide supporting evidence for the occurrence of sulfate 

reduction in sediments with low sulfate concentration. As has been noted elsewhere, such 
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observations of high abundance of sulfate-reducing bacteria and sulfate reduction rates in deep 

sediments equal to or even exceeding that in surface sediments, suggest that sulfate-reducing 

bacteria may have a more expansive role in the utilization of organic matter in methane containing 

sediments (LeLoup et al., 2007). 

4.3 Mass balances and postulation of a complex sulfur cycling network below the SMTZ 

The potential significance of different sulfate sources discussed under 4.1 with regard to measured 

sulfate reduction and AOM rates below the SMTZ can be estimated. The stoichiometry in Table 3 

shows that 8 moles of ferric iron are required to oxidize 1 mole of H2S to SO4
2– or 1 mole of CH4 to 

DIC. From the sum of sulfate reduction (ΣSR) (Table 4), an iron flux of 5.1 and 1.5 mmol cm–2 yr–1 at 

PC12 and PC13, respectively, is therefore needed to produce an amount of SO4
2– equivalent to ΣSR. 

Similarly, additional iron fluxes of 3.6 and 1.5 mmol cm–2 yr–1 at PC12 and PC13, respectively, would 

be required to account for the sum of AOM (ΣAOM). The theoretical fluxes of iron to the sediment 

can be obtained by multiplying the iron content (2.3 %; (Trefry et al., 2003) by the bulk sediment 

mass accumulation rates, Fsed, in Table 4. The resulting values are approximately 0.1 mmol cm–2 yr–1 

for PC12 and PC13. These are only 1.9 and 6.9 % of the required iron fluxes to sustain the sulfate 

reduction below the SMTZ in PC12 and PC13. With regards to AOM, the iron flux could account for 

only 2.7 % (PC12) and 6.5 % (PC13) of ΣAOM. Mass balances match even less for manganese and 

barium, which have much lower concentrations in the sediment (manganese ~294 µg g-1, barium 

~460 µg g-1(Trefry et al., 2003). Here, manganese and barium fluxes could account for only a per mill 

or less to either ΣSR or ΣAOM. 

The mismatch of measured methane and sulfate turnover rates with fluxes of iron, manganese, and 

barium could have several possible explanations: 

(A) Sulfate reduction rates were overestimated, because sulfate concentrations measured after 

rhizon extractions were higher than in situ due to oxidation of sulfide to sulfate during sampling. 

We are confident that we can exclude this possibility, because rhizon samplers were flushed 

with sample prior to collection, and samples for sulfate measurement were preserved in 

cadmium nitrate to prevent sulfide oxidation during storage. Furthermore, even if sulfate 

reduction rates were overestimated, AOM rates, which were calculated independently from 

sulfate concentrations via methane, would have remained unaffected. 

(B) The observed AOM was only the enzymatic re-reaction of methanogenesis. Radiotracer 

turnover data provides only little information about the involved process. Methanogenic 
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cultures were shown to turn 14C-labelled methane into carbon dioxide during methanogenesis 

(Zehnder and Brock, 1979). The process accounted for 0.001-0.3 % of methane production. In 

methanogenic sludge, the percentage increased to 8% (Zehnder and Brock, 1980). The 

possibility that AOM below the SMTZ of PC13 and PC12 was only part of methanogenesis as a 

form of an enzymatic re-reaction seems evident; however, in-vitro methane production (Fig. 6) 

and ex situ AOM (Fig. 1 and 2) rates were similar (0.5-2 nmol cm-3 d-1). Therefore 

methanogenesis can hardly explain the observed methane turnover. 

(C) Sulfate reduction and AOM rates were overestimated in depth-integrated calculations, because 

the activity was in reality too patchy. Since rates were determined only in selected depth 

sections, values of missing depth sections had to be interpolated to achieve full depth 

integration. If, however, the activity below the SMTZ was distributed non-uniformly, which is 

indicated by the heterogeneity of rates, integrated rates could be overestimated. 

Overestimation is implied by the mismatch between integrated AOM and DIC fluxes (Table 4). If 

we assume the extreme case that sulfate reduction and AOM were active only in the measured 

depths and inactive in the gaps, integrated rates below the SMTZ would drop by 1 to 2 orders of 

magnitudes: 0.001 (sulfate reduction) and 0.004 (AOM) mmol cm-2 yr-1 in PC13 and 0.03 (sulfate 

reduction) and 0.02 (AOM) mmol cm-2 yr-1 in PC12. In this case, sulfate supply could be easily 

provided by iron reactions alone. Since we are unable to predict the actual rates in non-

measured depths, true sulfate demand below the SMTZ remains unknown.  

 

Irrespective of whether we missed an alternative sulfate source, our study indicates that sulfate 

may be entering and exiting reactions at different stations in a complex sulfur cycle below the 

SMTZ. Reactions consuming sulfate may include (1) organoclastic sulfate reduction with barite 

(Eq. 6), (2) reaction of barite with sulfide (Eq. 7), and (3) sulfate-dependent AOM (Eq. 1 or 12). In 

contrast, (4) reaction of sulfide with iron (Holmkvist et al., 2011), (5) sulfur oxidation with 

manganese (Eq. 8) or iron (Eq. 9), (6) sulfur dispropotionation with manganese (Eq. 11) or iron 

(Eq. 10), and (7) disulfide dispropotionation (Eq. 14) represent potential sulfate sources. On the 

basis of the iron-based cryptic sulfur cycle proposed by Holmkvist et al. (2011), we therefore 

attempt to extend this model by incorporating reactions with barite and manganese, allowing 

for more diverse sulfur cycling below the SMTZ (Fig. 8). It should be kept in mind that barite and 

manganese rarely reach the magnitude of iron deposits in most ordinary marine sediments 

(e.g., McManus et al., 1998; Trefry et al., 2003; Windom et al., 1989) and can therefore probably 

explain only a minor fraction of sulfate reduction below the SMTZ. However, aside from the 
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meager pelagic origin, massive barite deposits are known to form at cold-seep (Greinert et al., 

2002; Torres et al., 2003) and hydrothermal systems (Hein et al., 2000; Koski et al., 1985; Moore 

and Stakes, 1990) through the reaction of advecting barium-loaded fluids with sulfate-rich 

porewater or seawater. Additional barite sources may also include the drainage of deep 

continent-related fluids (Aquilina et al., 1997). Massive manganese oxide deposits can form in 

hydrothermal systems (Cronan et al., 1982; Hein et al., 2000), in black shale basins during 

marine transgressions (Force and Cannon, 1988; Frakes and Bolton, 1992; Huckriede and 

Meischner, 1996), and related to oceanic anoxic events (Glasby, 1988) and references therein). 

Burial of manganese nodules may represent another pathway for introducing manganese 

sources into deeper sediment layers (Pattan and Parthiban, 2007). All of the above barite and 

manganese deposits bear, after burial, the potential to fuel organoclastic sulfate reduction or 

AOM below the SMTZ. 
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5. CONCLUSIONS 

In the present study, simultaneous methanogenic, methanotrophic, and sulfate-reducing activity 

were detected below the SMTZ in two sediment cores taken along a depth transect on the Alaskan-

Beaufort continental margin. In both cores, sulfate was not completely exhausted within the SMTZ. 

Although microbial key players and metabolic mechanisms could not be identified unambiguously, 

the data suggest the occurrence of sulfur cycling below the SMTZ potentially involving iron, 

manganese, and barite. Inhibition experiments pointed to a decoupling of AOM and sulfate 

reduction and a strong competition between sulfate reducers and methanogens. A coupling of AOM 

to manganese or iron reduction was indicated by correlation network analyses but was not evident 

from stimulation experiments. Since classical representatives of archaeal methanotrophs (ANME) 

were not abundant, the involvement of so far unknown groups in AOM should be considered. The 

predominant resistance of AOM activity against the inhibitors molybdate and BES further indicate 

deviations from known enzymatic pathways. In summary, our observations together with studies by, 

e.g., Dale et al. (2008), Holmkvist et al. (2011), Knab et al. (2009), and LeLoup et al. (2009)) 

demonstrate that the classical redox cascade of electron acceptors (Jørgensen, 2000) and strict 

vertical separation of processes according to their energy yields can be violated even in diffusion-

dominated marine sediments and might instead be more strongly coupled to mineralogy. Future 

studies should seek to quantify sources for such anomalies. Inconclusive datasets that deviate from 

the standard textbook ideology may not necessarily reflect sampling and analytical artifacts or arise 

from non-steady state diagenesis. 
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Figure Captions 

Figure 1. Ex situ (bio)geochemical profiles in the sediment core of PC13. Sulfate (zoomed out and 

zoomed in), sulfide, dissolved inorganic carbon (DIC), total alkalinity (TA), and trace metal 

concentrations are given per volume porewater. Methane concentration, and rates of sulfate 

reduction (SR) and anaerobic oxidation of methane (AOM) are given per volume sediment. R1 and R2 

are replicates. Carbon δ13C values are normalized against the Vienna Pee Dee Belemnite (VPDB) 

standard.  

Figure 2. Ex situ (bio)geochemical profiles in the sediment core of PC12. Sulfate (zoomed out and 

zoomed in), sulfide, dissolved inorganic carbon (DIC), total alkalinity (TA), trace metal concentrations 

are given per volume porewater. Methane concentration, and rates of sulfate reduction (SR) and 

anaerobic oxidation of methane (AOM) are given per volume sediment. R1 and R2 are replicates. 

Carbon δ13C values are normalized against the Vienna Pee Dee Belemnite (VPDB) standard.  

Figure 3. Depth profiles of the relative abundance of bacterial classes and named environmental 

groups (Ribosomal Database Project Level 4) in PC13 estimated from multi-tag pyrosequencing of 

16S rRNA genes.  

Figure 4. Depth profiles of the relative abundance of Deltaproteobacteria orders (Ribosomal 

Database Project Level 5) in PC13 estimated from multi-tag pyrosequencing of 16S rRNA genes. 

Figure 5. Depth profiles of the relative abundance of archaeal classes and named environmental 

groups (Ribosomal Database Project Level 4) in PC13 estimated from multi-tag pyrosequencing of 

16S rRNA genes.  

Figure 6. In-vitro methane production (ppmv in the headspace) at in-situ temperature (0.5°C) of 

sediment slurries from different depths below the sulfate-methane transition zone of PC13 and 

PC12. Error bars represent standard deviation of three replicates. 

Figure 7. In vitro inhibition experiments with 2-bromoethanesulfonate (BES; inhibitor for 

methanogenesis and anaerobic oxidation of methane (AOM)) and molybdate (Mb; inhibitor for 

sulfate reduction (SR)) with sediment slurries from different depths below the sulfate-methane 

transition zone of PC13 and PC12. AOM was investigated in methane-saturated slurries; 

organoclastic sulfate reduction was investigated in methane-free slurries. Rates of AOM and sulfate 

reduction were determined with radiotracers and are given per volume undiluted sediment. Error 
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bars represent standard deviation of three replicates. w BES, w Mb = inhibitor added; w/o BES, w/o 

Mb = without inhibitor; dashed line = separator for PC13 and PC12 samples. 

Figure 8. Network of potential reactions with barite, manganese, and iron supporting sulfate 

reduction activity below the sulfate-methane transition zone. The electron donor is delivered in the 

form of either organic matter Corg or CH4 (large input arrow). Arrows are pointing at reaction 

products, which are formed from the respective substrates (base of arrow). Dashed lines indicate 

alternative products (Eq. 11) or intermediate steps (SO4
2- reduction and pyritization). For more 

details see discussion and equations in the text. 

Figure S1. Correlation networks for microbial and abiotic interactions in PC13 at Ribosomal Database 

Project Level 6. Positive interactions (r≥0.4) are indicated by green edge connectors. Negative 

interactions (r≤-0.4) are indicated by purple edge connectors. The networks display (A) only positive 

interactions, (B) only negative interactions, and (C) all significant Spearman correlations (P<0.05) 

between microbial and abiotic parameters and abiotic-abiotic interactions for all taxa (positive and 

negative). Positive and negative interactions depicted in A and B are provided separately for easier 

viewing. 

Figure S2. Correlation networks for Deltaproteobacteria and abiotic interactions in PC13 at 

Ribosomal Database Project Level 6. Positive interactions (r≥0.4) are indicated by green edge 

connectors. Negative interactions (r≤-0.4) are indicated by purple edge connectors. The networks 

display (A) only positive interactions, (B) only negative interactions, and (C) all significant Spearman 

correlations (P<0.05) between Deltaproteobacteria and abiotic parameters and abiotic-abiotic 

interactions (positive and negative). Positive and negative interactions depicted in (A) and (B) are 

provided separately for easier viewing. 

Figure S3. In vitro experiments with methane-saturated sediment slurries from different depths 

below the sulfate-methane transition zone of PC13 and PC12, testing the effect of iron (Fe) and 

manganese (Mn) addition on either anaerobic oxidation of methane (AOM) or sulfate reduction (SR). 

Background represents controls (original sediment slurry) without Fe or Mn additions. White bars = 

no inhibitor added; black bars = BES added; dashed bars = molybdate added (compare Fig 7). Rates 

are given per volume undiluted sediment. Error bars represent standard deviation of three 

replicates. 
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Treatment N2    CH4    

Mb                                

(22    mM)

BES                                

(60    mM) 35S-SO4
2- 14C-CH4

SR w Mb x x x

SR w/o Mb x x

AOM w Mb x x x

AOM w/o Mb x x

SR w BES x x x

SR w/o BES x x

AOM w BES x x x

AOM w/o BES x x

Table    1. Overview of inhibition experiments with molybdate (Mb) and 2-

bromoethanesulfonic acid (BES) for the investigation of sulfate reduction (SR) and 

anaerobic oxidation of methane (AOM) in sediments slurries from PC 13 and PC 12. 

Each experimental setup was prepared in triplicates. N2 and  CH4 denote preparation 

under nitrogen or methane atmosphere, respectively. 
35

S and 
14

C are radiotracers 

added.

Additions
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Treatment Addition Replicates

Background controls - 3

+ BES 3

+ Molybdate 3

Mn added - 3

+ BES 3

+ Molybdate 3

Fe added - 3

+ BES 3

+ Molybdate 3

Medium controls - 5

+ BES 5

+ Molybdate 5

Table    2. Overview of manganese (Mn) and iron (Fe) 

treatments for the investigation of anaerobic oxidation of 

methane (AOM) and sulfate reduction in sediments slurries 

from  PC 13 and PC 12. Each treatment was prepared under 

methane atmosphere. The entire suite of treatments was 

prepared twice for each depth, to allow separate 

incubations with 
14

C-CH4 and 
35

S-SO4
2-

.
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Table    3. Reactions considered for the mass balance.

Reaction Stoichiometry 
a

Iron reduction using sulfide 8·Fe(OH)3 + H2S + 14·H+
 → 8·Fe2+

 + SO4
2–

 + 20·H2O

Iron reduction using methane 8·Fe(OH)3 + CH4 + 15·H
+ 

→ 8·Fe
2+

 + HCO3
–
 + 21·H2O

Anaerobic oxidation of methane CH4 + SO4
2–

 → HCO3
-
 + HS

-
 + H2O 

Sulfate reduction Corg  + 1/rC:S·SO4
2–

 → HCO3
-
 + 1/rC:S·H2S

Methanogenesis Corg → (4+ox)/8·CO2 + (4–ox)/8·CH4
a
 rC:S and ox are defined in the text. For clarity, water and protons are omitted from sulfate reduction 

and methanogenesis.
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Table    4 . Input parameters for mass balance calculations and the derived fluxes. 
a

Parameters/fluxes PC13 PC12 Unit

Temperature (T) 0.5 0.5 °C

Burial velocity (ω) 0.283 0.283 cm yr
–1

Depth of SMTZ 105 120 cm

Porosity at the SMTZ (φ) 0.66 0.67 cm
3
 porewater (cm

3
 wet sed.)

-1

Dry sediment density (ρ) 2.5 2.5 g cm
–3

Bulk sediment accumulation rate (Fsed) 0.24 0.23 g cm–2
 yr–1

Diffusion coefficient for SO4
2–

 in seawater (DSW) 151 151 cm
2
 yr

–1

Diffusion coefficient for DIC in seawater (DSW)
b

157 157 cm
2
 yr

–1

Diffusion coefficient for Fe2+
 in seawater (DSW)c 102 102 cm2

 yr–1

Diffusion coefficient for H2S in seawater (DSW) 303 303 cm
2
 yr

–1

Diffusion coefficient for CH4 in seawater (DSW) 250 250 cm2
 yr–1

Diffusion coefficient for Ba
2+

 in seawater (DSW) 125 125 cm2
 yr–1

Diffusion coefficient for Ca2+
 in seawater (DSW) 111 111 cm

2
 yr

–1

Moles DIC produced per mole SO4
2–

 reduced (rC:S) 1.46 1.66 –

Oxidation state of organic carbon (ox) -1.49 -0.82 –

SO4
2–

 diffusive flux above SMTZ 0.016 0.014 mmol cm–2
 yr–1

SO4
2–

 diffusive flux below SMTZ 0 7.0×10
–4

mmol cm
–2

 yr
–1

DIC diffusive below SMTZ –0.0079 –0.0065 mmol cm
–2

 yr
–1

DIC diffusive flux above SMTZ –0.021 –0.021 mmol cm
–2

 yr
–1

Fe
2+

 diffusive flux below SMTZ undefined –8.9×10
–6

mmol cm
–2

 yr
–1

H2S diffusive flux below SMTZ undefined –6.6×10–6 mmol cm–2
 yr–1

CH4 diffusive flux below SMTZ –0.015 –0.0089 mmol cm–2
 yr–1

Ba
2+

 diffusive flux below SMTZ undefined –7.8×10
–6

mmol cm
–2

 yr
–1

Ca
2+

 diffusive flux below SMTZ undefined 0.0016 mmol cm
–2

 yr
–1

ΣSR from SMTZ to bottom of the core 0.18 0.64 mmol cm
–2

 yr
–1

ΣAOM from SMTZ to bottom of the core 0.19 0.45 mmol cm
–2

 yr
–1

a Postive diffusive fluxes are downward (into sediment)
bDiffusion coefficient for DIC assumed to be equal to that for HCO3

-

cWeighted average of HS -
 and H2S assuming a 70:30 partitioning (respectively) for a pH of 7.5
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