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Abstract : 
 
During the MARSITECruise expedition in November 2014 on board the RV Pourquoi Pas?, 
multidisciplinary sampling was carried out with the ROV Victor 6000 in order to investigate 
biogeochemical processes taking place at cold seep environments in the Sea of Marmara. Pore water, 
bottom water, sediment and authigenic carbonate samples were collected from two short push cores 
(MRS-DV5-PC04 − 8 cm, MRS-DV5-PC01 − 12.5 cm) at an active methane bubbling site in the 
southeastern part of the Çinarcik Basin. Sulfate sulfur and oxygen isotope data as well as sulfide 
isotope data indicate that sulfate-dependent anaerobic oxidation of methane is the dominant process in 
the sediments. This is confirmed by archaeal lipids diagnostic for anaerobic methane oxidizers detected 
with strong 13C-depletions. The available data even allows to distinguish the dominant AOM 
assemblages. Specific lipid patterns are consistent with a dominance of ANME-2 archaea within the 
microbial community. Abundant authigenic carbonates (mostly aragonite), found at all depths, show a 
narrow range in δ13C values between −27.69‰ and −33.40‰. The carbon isotopic composition of the 
dissolved inorganic carbon as well as strontium and calcium isotopes confirm that the current reaction 
zone (sulfate-methane transition zone) starts at the bottom of the core. All shallower carbonates are 
witnesses of paleo seepage activity. U-Th dating of four pure aragonite samples show the short time 
span that is preserved in core MRS-DV5-PC01 (235 ± 60 yr B.P.). Two major earthquakes of 1766 AD 
and 1754 AD in the Çinarcik Basin might potentially have triggered the increased seepage of methane 
at this location. 
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1. Introduction  

The Sea of Marmara (SoM) is strongly influenced by the northern branch of the North 

Anatolian Fault (NAF; Fig. 1). This major dextral fault system takes up about 20-25 mm/yr of 

strike-slip motion which is most of the motion between the Anatolian plate and Eurasian plate 

(Seeber et al., 2006). The SoM is characterized by three deep fault-bounded extensional 

basins with water depths of ~1.2 km (Tekirdağ, Central, and Çinarcik basins) separated by 

compressional ridges (Western High, Central High). Çinarcik Basin (Fig. 1) is a triangular half 

graben bordered to the north by the northern strand of the North Anatolian transform fault, 

which is a key element for Sea of Marmara tectonics and for seismic hazards in Istanbul and 

along this segment of the Turkish coastline (Seeber et al., 2006). Associated with these 

faults is an intensive seismicity and fluid emission activity at the seafloor. It has been 

suggested that at least some of these faults might channel fluids from deep levels and 

possibly from the seismogenic zone (Dupré et al., 2015; Zitter et al., 2008). In recent years, 

gas emissions from the seafloor into the water column of the Sea of Marmara have been 

investigated with the help of acoustic techniques (Bayrakci et al., 2014; Dupré et al., 2015; 

Géli et al., 2008). These studies have documented a strong correlation between gas 

emissions and present-day microseismic activity and between gas emissions and active 

faults although they are also associated to inactive faults (Dupré et al., 2015). The released 

gases are primarily of thermogenic origin in the western part of the sea, while mainly 

biogenic gases have been sampled in Çinarcik Basin and the Gulf of Izmit (Bourry et al., 

2009; Ruffine et al., this issue). Related to the faults are cold seeps on the seafloor that are 

characterized by emanating gases and fluids. Associated with these environments are 

distinct geochemical gradients, microbial communities, macrofauna and authigenic 

carbonates. The latter ones have been sampled in the SoM on the seafloor but also from 

within sediment cores (Çağatay et al., this issue; Chevalier et al., 2011; 2010; Crémière et 

al., 2013; 2012). Molecular investigations of a seafloor carbonate from Çinarcik Basin 

confirmed that anaerobic oxidation of methane (AOM) associated with sulfate reduction 

appears to be a major biogeochemical process and that the microbial assemblage was 

dominated by ANME-2 archaea (Chevalier et al., 2013).  
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In this study, we sampled two push cores from the southeastern Çinarcik Basin at high 

resolution to investigate the biogeochemical processes in the shallow subsurface related to 

methane bubbling at the seafloor. We intend to identify the responsible microorganisms 

metabolizing the provided hydrocarbons and the evidence for this process in the pore waters. 

Authigenic carbonates precipitate within the sediments due to microbial activity and are 

therefore witnesses for microbial turnover processes. These will be investigated as archives 

not only for sub-recent but also past processes. 

 

2. Study site 

The study site (N 40°42.93520, E 29°06.83289) is located in the southeastern part of 

Çinarcik Basin (Fig. 1), in the Sea of Marmara. It is associated to en echelon normal faults 

that trend ~N130°-N140° and are distributed in a 2-4 km wide swath oriented N100° (Dupré 

et al., 2015). The water depth is 1239 m and the bottom water temperature was 14.5 °C at 

the time of sampling. The push cores were taken at a site of active gas bubbling through 

numerous holes of about 1-2 cm in diameter in the seafloor (Fig. 2). The color of the 

sediments was black indicating a sulfidic, anoxic environment and yellowish polychaetes 

(Fig. 3) were seen on the seafloor and later in the surface sediments (~1 cm long). Gas 

bubbling has been observed in this region also in previous studies (Dupré et al., 2015; Géli et 

al., 2008).  

 

3. Materials  

3.1 Sampling 

The samples for this study were collected from two sediment push cores taken by the 

Remotely Operated Vehicle (R.O.V.) VICTOR 6000 on board the R/V Pourquoi Pas? during 

MARSITECruise in 2014. Both push cores were taken about 15 cm apart during dive MRS-

DV-596 (Fig. 1). The push core liners are 30 cm in length and 5.5 cm in diameter. MRS-DV5-

PC01 with 12.5 cm length was sampled for pore water and sediment analyses while MRS-

DV5-PC04 with 8 cm length was subjected to biomarker analyses. After core retrieval from 

the R.O.V. onboard the R/V Pourquoi Pas? the cores were transferred to the cold room at 

8°C and immediately processed.  

 

3.2 Pore and bottom water 



4 
 

Pore waters were extracted from push cores using Rhizon samplers (Seeberg-Elverfeldt et 

al., 2005) connected to pre-evacuated and pre-cleaned 10 ml syringes. Sampling was 

performed with a depth resolution of 1 cm by inserting the Rhizon samplers through pre-

drilled holes into the sediment. The holes were covered with tape during coring. The volume 

obtained for each sample was transferred into 15 ml HDPE vials. Subsamples for major and 

minor ion analyses and for determining the isotopic compositions of strontium and calcium 

were acidified with 15 µl of concentrated HNO3. All samples were kept refrigerated at 4°C for 

onshore analyses. Bottom water samples were taken from the supernatant water of the core 

and filtered with a sterile 0.2 µm Whatman filter. 

 

 

3.3 Sediment and authigenic carbonates 

Sediment samples from MRS-DV5-PC01 were collected immediately after pore water 

extraction in 1.5 cm slices. Afterwards the depth of the samples was corrected for the 

sediment volume reduction after pore water extraction. Samples were kept refrigerated at 

4°C for onshore analyses. Before further processing, sediments were freeze-dried and 

authigenic carbonates were then hand-picked. Afterwards, sediments and authigenic 

carbonates were ground. 

 

3.4 Lipid biomarkers 

Sediment samples from MRS-DV5-PC04 (8 cm length) were collected immediately on board 

in 2 cm slices. All sediment samples were stored at -20°C on board, during ice transport, and 

on shore before lipid analyses. 

 

4. Methods 

4.1 Total alkalinity 

Total alkalinity measurements were performed onboard directly after sampling by titration 

with 0.1 N HCl using a potentiometric titrator (Titrino DMS 716). The pH-meter was regularly 

calibrated with buffered solutions pH=4 and pH=7. A seawater standard (standard 123) was 

measured for each set of analyses in order to assess the repeatability of the method. The 

measurements were performed to pH=4.3 for all samples. 
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4.2 Major and minor elements 

Concentrations of pore water minor elements (Sr2+, Ca2+) were determined by High 

Resolution Inductively Coupled Plasma Mass-Spectrometry (HR-ICP-MS) and Ion 

Chromatography (IC), respectively. Sr analyses were carried out with an Element 2 from 

Thermo Scientific at the Pôle Spectrométrie Ocean (PSO/IUEM). Pore waters were diluted 

25-fold with 0.28N nitric acid ULTREX II Ultrapure Reagent (J.T. Baker, Phillipsburg, NJ, 

USA), in a clean lab. Calibration was done by standard addition using a mono-elemental 

PlasmaCAL Sr standard (SCP Science, Québec, Canada) and NASS-5 Seawater Reference 

Material. The overall estimated accuracy was within ± 4% of the Sr molar concentration. Ca 

analyses were done with a Thermo Scientific ICS-5000 instrument at Ifremer. Pore waters 

were diluted 500 times on shore and ionic separation was performed with a 2 mm CS-12A 

column in a flow of metansulfonic acid (MSA). Concentration was calculated using IAPSO 

(International Association for Physical Sciences of Oceans) Seawater, which was analyzed 

at the beginning of each run and checked every five samples. The estimated accuracy on the 

concentration measurements was within ± 3% of the molar concentration. 

 

4.3 Hydrogen sulfide concentration and isotopy 

Concentrations of pore water hydrogen sulfide were determined onboard by 

spectrophotometry as methylene blue complex following the method of Cline (1969). 

Depending on expected concentrations, 0.1 – 1.2 ml of pore water were subsampled and 

directly transferred into Eppendorf vials with 100 µl of gelatinous zinc acetate solution to 

stabilize the sulfide. Different dilutions were prepared (1:1, 1:10, 1:100, 1:200) with oxygen-

free water. Subsequently, 100 µl of color reagent (N, N-dimethyl-p-phenylenediamine 

dihydrochloride solution) and 100 µl of catalyst (Fe(III) solution) were added. After 1 hour, 

absorbance was measured using a Thermo Scientific Genesys 10uv Scanning 

spectrophotometer at 670 nm using 1 cm cuvettes.  

Sulfide sulfur was released from the gelatinous zinc acetate precipitates as hydrogen sulfide 

via reaction with acidic chromium chloride solution following Canfield et al. (1986). Hydrogen 

sulfide was trapped as zinc sulfide in a 3% acetic acid zinc acetate solution and 

subsequently transferred to silver sulfide via reaction with 0.1 M silver nitrate solution. 

Precipitates were filtered (<0.45 µm cellulose nitrate filter) and dried at 40 °C.  

For sulfur isotope measurements 200 µg of silver sulfide precipitate and 300-600 µg of 

vanadium pentaoxide (V2O5) were homogenously mixed in tin capsules. Isotope analyses 

were performed with a ThermoFinnigan Delta Plus interfaced to an elemental analyzer. 
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Results are reported in the standard delta notation (δ34S) as per mil difference to the Vienna 

Canyon Diablo Troilite (V-CDT) standard.  

 

4.4 Sulfate concentration and sulfur and oxygen isotopes 

For sulfate sulfur and oxygen isotope analyses, dissolved sulfate was precipitated as barium 

sulfate at pH ≤ 2 and sub-boiling conditions using an 8.5% BaCl2 solution following 

Dogramaci et al. (2001). Precipitates were recovered via filtration (cellulose nitrate 

membrane filter, pore size 0.45 µm) and dried at 40°C overnight. Sulfate concentrations were 

determined gravimetrically based on the BaSO4 yield. 

For sulfur isotope analyses (δ34S), 200 - 220 µg of barium sulfate precipitate was 

homogenously mixed with 300 - 600 µg of vanadium pentoxide (V2O5) and placed in a tin 

cup. Isotope measurements were performed in continuous-flow mode via EA-IRMS using a 

Carlo Erba elemental analyzer interfaced to a ThermoFinnigan Delta Plus isotope ratio mass 

spectrometer. Results are reported in the standard delta notation as per mil difference to the 

V-CDT standard. Reproducibility as determined through replicate measurements was 

generally better than 0.3 ‰. Analytical performance was monitored using international 

reference materials IAEA S1, S2, S3, NBS 127 and lab reference materials Ag2S and CdS.  

For oxygen isotope analyses (δ18O), 200 - 220 µg of barium sulfate precipitate was placed in 

a silver cup. Isotope measurements were carried out in continuous-flow mode using a high-

temperature combustion unit (TC/EA) interfaced to a ThermoFinnigan Delta Plus XL. Results 

are reported in the standard delta notation as per mil difference to V-SMOW. Reproducibility 

as determined through replicate measurements was generally better than 0.5 ‰. 

International reference materials IAEA SO-5, SO-6, NBS 127 and a lab BaSO4 reference 

material were measured to monitor analytical performance. 

 

4.5 Carbon isotopic composition of dissolved inorganic carbon 

The carbon isotopic composition of dissolved inorganic carbon (δ13CDIC) was measured in a 

continuous flow-mode using a GasBench-II interfaced to a ThermoFinnigan Delta Plus XL. 

Briefly, DIC was liberated as CO2 with phosphoric acid which was subsequently transferred 

to the mass spectrometer in a helium stream. Water vapor was removed in two nafion water 

traps. 
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Results are reported in the standard delta notation as per mil difference to the V-PDB 

standard. Analytical performance was monitored using a sodium carbonate lab standard. 

Reproducibility as determined via replicate measurements was generally better than ± 0.2‰. 

 

4.6 Strontium isotopic composition 

Authigenic carbonate (aragonite) samples were dissolved in 1N acetic acid (ultrapure). For 

Sr-separation shrink Teflon columns were filled with 100 µl Sr-spec resin (50 – 100 mm 

mesh, Eichrom). Each pore water or supernatant sample was loaded in 3N HNO3, the matrix 

was washed out in 3N HNO3 and the strontium washed out with ultra-pure water. Strontium 

was measured on a Thermo-Fisher TritonTI Thermal Ionization Mass Spectrometer (Institut 

für Mineralogie, Universität Münster, Germany) in static mode. Aliquots of the samples (300 

– 500ng) were loaded with 6N HCl and TaF5 on tungsten filaments in sandwich technique 

(c.f., Arning et al., 2009). Mass correction is based on a 86Sr/88Sr ratio of 0.1194. Total 

procedural blanks for strontium were less than 0.1 ng. Repeated runs of NBS standard 987 

yielded average 87Sr/86Sr ratios of 0.7102087 ±0.000007 (2σ, n=8). The sample data were 

normalized to a NBS standard 987 value of 0.710248.  

 

4.7 Calcium isotopic composition 

For calcium isotope analyses, pore water samples were mixed with a 42Ca-43Ca double-spike 

(Gussone et al., 2011) to correct for isotope fractionation during ion chromatography and 

data acquisition in the mass spectrometer. Calcium in the sample was isolated using a 300 

ml column volume HCl-chemistry with MCI Gel CK08P, 75–150 µm (Ockert et al., 2013). Of 

the purified solution, about 300 ng calcium recovered in 2.5 N HCl were loaded on an 

outgassed Re-single filament with a Ta-activator in sandwich technique. Calcium isotope 

ratios were determined using a Thermo-Fisher TritonTI Thermal Ionization Mass 

Spectrometer (Institut für Mineralogie, Universität Münster, Germany). Fractionation 

correction was carried out using the exponential law and the data reduction follows the 

description in Heuser et al. (2002). Replicate procedural blank measurements were usually 

below 1% of total calcium and never exceeded 3%. The calcium isotope values are 

expressed as δ44/40Ca values (δ44/40Ca [‰SRM915a] = ((44Ca/40Ca)sample/ 
44Ca/40Ca)standard-1) x 

1000) relative to SRM915a from the U.S. National Institute of Standards and Technology 

(NIST). Analyses of IAPSO seawater standard yielded a mean value of 1.87‰ SRM915a 

with a 2 s.d. of 0.05‰ (n=2). This value lies within the range of previously published values 

for seawater (1.77 - 2.08 ‰; Tipper et al., 2016). The average 2 s.d. of the samples was 

determined to be 0.09‰ by replicate measurements. 
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4.8 U-Th measurements and age calculations 

The chemical procedure used in this study followed that described in Bayon et al. (2015). 

Each sample was dissolved in 7.5 M HNO3 after addition of a mixed 236U/229Th spike, and 

digested in concentrated HNO3 on the hotplate. At this stage, sample digestion was 

incomplete due to the presence of substantial amounts of terrigenous material in the studied 

samples, typically between 5-8 wt% residues. Because substantial detrital contamination 

may cause problems for carbonate U-Th dating, these residues were discarded by 

centrifugation prior to subsequent U-Th chemical purification. U and Th were separated after 

Fe-oxide co-precipitation using conventional anion exchange techniques. U and Th 

concentrations and isotope ratios were measured with a MC-ICPMS (Neptune) at the Pôle 

Spectrométrie Océan (PSO, Ifremer). U-Th carbonate age calculation was performed by the 

isochron method using the ISOPLOT program (v. 3.71, Ludwig, 2008) in order to correct 

measured ratios from detrital contamination. The mean isochron age was determined using 

results obtained for the 4 studied samples and a theoretical end-member at the secular 

equilibrium (activity ratios = 1.0±0.5). The obtained mean isochron age was given an 

arbitrary 25% error based on previous estimates (Bayon et al., 2013). 

 

4.9 Total sulfur, total carbon and total inorganic carbon 

The abundances of total sulfur (TS), total carbon (TC), and total inorganic carbon (TIC) were 

measured using a CS-Mat 5500 carbon–sulfur analyzer. Total organic carbon (TOC) 

abundances were determined as the difference between TC and TIC. Reproducibility was 

generally better than 5%. 

 

4.10 Organic carbon isotopic composition 

Organic carbon isotopic compositions were determined via sealed tube combustion (Strauss 

et al., 1992). Briefly, freeze dried finely ground sample powder was weighed into quartz 

tubes that were sealed at one end. Sample powders were decarbonated with 25% HCl, 

subsequently washed to neutrality using deionized water, and then dried at 40°C in a drying 

oven for one week. Samples were mixed with 1.5 g CuO, sealed under vacuum and 

combusted at 850°C for three hours. Liberated CO2 was cryogenically purified and collected 

in break-seal tubes. Isotope measurements were performed using a ThermoFinnigan 

DeltaPlus mass spectrometer at the Institut für Geologie und Paläontologie, Westfälische 

Wilhelms-Universität Münster, Germany. All values are expressed in the standard δ-notation 
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relative to the Vienna-Peedee Belemnite Standard (V-PDB) and reported in per mil (‰) 

relative to V-PDB. 

 

4.11 XRD 

The qualitative and semi-quantitative mineralogical composition of the authigenic carbonate 

samples was analyzed by X-ray diffraction (XRD). Mineralogy was measured on randomly 

oriented samples using CuKα radiation on a Phillips X’PERT powder diffractometer at the 

Institut für Mineralogie, Münster, Germany. Scans were run from 20° to 55° 2θ, with a scan 

rate of 1.5° 2θ/min at 40 kV/30 mA. All of the samples contained some quartz which was 

used as internal standard. The shift in the d(104) calcite peak was used to determine the Mg 

content in calcite (Lumsden, 1979). 

 

 

 

4.12 Carbon and oxygen isotopic composition 

The carbon and oxygen isotopic composition of authigenic carbonates was measured using 

a Gasbench II coupled to a ThermoFinnigan Delta Plus XL mass spectrometer at the Institut 

für Geologie und Paläontologie, Münster. At a temperature of 70°C 200 to 300 µg of sample 

powder were reacted with a 105% phosphoric acid (H3PO4) after Wachter and Hayes (1985), 

liberating carbon dioxide. This was transferred in a stream of helium to the mass 

spectrometer for isotope measurements. Analytical precision was monitored with three 

standards (NBS19, IAEA CO-1, IAEA CO-8). Their reproducibility was better than ±0.15‰ for 

δ18O and ±0.13‰ for δ13C. All values are given in the standard δ-notation in per mil (‰) 

relative to the Vienna Peedee Belemnite Standard (V-PDB).   

 

4.13 Lipid biomarker analyses 

Freeze-dried sediment samples from core MRS-DV5-PC04 were finely ground and lipids 

were extracted from ca. 3-5 g of sample with a mixture of dichloromethane:methanol (3:1, 

v/v) by ultrasonication (3x). Elemental sulfur was removed from total lipid extracts (TLE) by 

addition of activated copper and stirring samples overnight. An aliquot of the TLE was 

saponified with 6% KOH in MeOH following the protocol of Elvert et al. (2003). Subsequently, 

the neutral lipids were extracted (4x) with n-hexane from the basic solution, which was 

acidified to pH 1 by addition of concentrated HCl; the fatty acids (FAs) were then extracted 
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(4x) with n-hexane. Neutral lipids were separated into hydrocarbon and alcohol fractions on a 

solid phase extraction (SPE) silica–NH2 glass cartridge using previously reported procedures 

(Hinrichs et al., 2000). FAs were converted to methyl esters (FAMEs) using 14% BF3 in 

MeOH. Alcohols were derivatised with N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) and 

pyridine to form trimethylsilyl-(TMS)ethers. Hydrocarbons, alcohols (as TMS-ethers) and fatty 

acids (as FAMEs) were analyzed by gas chromatography (GC) and gas chromatography-

mass spectrometry (GC-MS). Detailed GC and GC-MS conditions are given in Chevalier et 

al. (2013). Quantification was based on the GC-FID (gas chromatography-flame ionization 

detector) response of individual peaks relative to known amounts of internal standards 

(perdeuterated n-tetracosane, androstanol, heneicosanol and nonadecanoic acid). 

Compound-specific stable carbon isotope composition (δ13C) was determined, at interval 

depth for each fraction where concentrations are maximum, by isotope ratio monitoring-gas 

chromatography-mass spectrometry (IRM-GC-MS) using a ThermoFinnigan Delta Plus XL 

instrument. The GC was a ThermoFinnigan Trace GC, and the analytical conditions were 

identical as those for GC and GC-MS. δ13C values are in the δ notation relative to the VPDB 

standard, and reported in ‰. All values have been corrected for the addition of carbon during 

derivatization, and have an analytical standard deviation of less than ±1.0‰. 

 

 

 

5. Results 

5.1 Pore and bottom water geochemistry 

Pore water alkalinity is generally increasing with depth towards values around 26 mol/l (Table 

1). The sulfate concentration is showing an opposite trend with decreasing values down to 

about 1.2 mmol/l. The corresponding sulfide profile exhibits values around 1 mmol/l at the top 

and bottom of the core and a maximum concentration of 2 mmol/l between 4.5 and 10.5 cm. 

Both Sr2+ and Ca2+ concentrations show a distinct decrease in the first pore water sample at 

1.5 cm relative to seawater with 65.1 µmol/l (seawater: 91 µmol/l) and 8.1 mmol/l (seawater: 

10.3 mmol/l), respectively. The depth profile of the Sr2+ concentration shows little variation 

while the Ca2+ concentration exhibits a distinct decrease to a minimum value of about 5 

mmol/l.  

Sulfate sulfur has a seawater-like isotopic composition in the bottom water (+20.8 ‰) but 

varies around +30 ‰ in the pore water throughout the core including a low value (+27.5 ‰) 

at the bottom of the core (Table 1, Fig. 4). The oxygen isotopic composition of sulfate 
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parallels the sulfate sulfur isotope depth trend (Table 1). Because of low sulfide 

concentrations, samples for sulfur isotopic composition of sulfide were pooled. The three 

values indicate a positive trend from top to bottom of the core from negative (-8.9 ‰) to a 

slightly positive value of +1.9 ‰ (Table 1, Fig. 4). 

The carbon isotopic composition of the dissolved inorganic carbon is starting with seawater-

like values (-1.7 ‰) at the top of the core and decreases towards lighter values with depth up 

to about -32 ‰ with the exception of a positive excursion at 8.5 cm with about -14 ‰ (Table 

1). The calcium isotopic composition of bottom water is slightly elevated (2.03 ‰) with 

respect to normal seawater (1.89 ‰; Tipper et al., 2016). The downcore values are similar to 

bottom water and range between 2.08 and 2.16 ‰ (Table 1). Only the two lowermost 

samples show slightly elevated values with up to 2.26 ‰. The Sr isotopic composition of the 

bottom water is seawater-like and shows a trend towards slightly more radiogenic values with 

depth from 0.709173 to 0.709190. 

 

5.2 Sediment and authigenic carbonate geochemistry 

The depth of the sediment samples differs slightly from the pore water samples because 

during pore water sampling of the core, the sediment dewatered involving a volume 

reduction. The TC, TOC and TIC values of the sediments have to be treated with caution 

because macroscopic authigenic carbonates were subsampled before sediment analysis. 

Consequently, these values rather reflect the fine-grained sediments (smaller than sand-

size). While authigenic carbonates were found at all depth intervals in the core, a change in 

mineralogy and habit can be observed. The upper about 7 cm of the core are dominated by 

thin crusts composed of pure aragonite (Table 2). This core interval is characterized by a 

slightly higher TIC content in the fine fraction, and low TS and TOC contents between 2 and 

4 wt.%. The isotopic composition of the sedimentary organic matter shows extremely light 

values in the shallowest part with about -61 ‰ while values increase with depth to -26 ‰ 

(Table 2).  

Below 8 cm in the core, authigenic carbonates show a mixed mineralogy with aragonite 

dominating over high-Mg calcite (20-21 Mol% MgCO3) or vice versa (Table 2). The habit is 

mostly nodular. The carbon isotopic composition of all authigenic carbonates varies between 

-28 and -33 ‰ (Table 2). The oxygen isotopic composition is between 1.4 and 3.38 ‰ (Table 

2). Ca isotope ratios were only measured on pure aragonitic samples. The δ44/40Ca values 

vary from 0.64 to 0.93 ‰ with the highest value at the bottom of the core (Table 2). The 

87Sr/86Sr values of the same set of samples used for Ca isotopes show values ranging 

between 0.709184 and 0.709192 (Table 2). 
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5.3 Lipid Biomarkers 

Sediment samples from push core MRS-DV5-PC04 (8 cm depth) contained high amounts of 

isoprenoid glycerol diethers of archaeal origin, namely archaeol (2,3-di-O-phytanyl-sn-

glycerol) and sn-2-hydroxyarchaeol (Koga et al., 1998) (Fig. 5b). The concentrations reached 

up to 26.1 µg/g dry weight (dw) with sn-2-hydroxyarchaeol being predominant at the 2-4 cm 

interval sediment depth (Table 3). The irregular isoprenoid hydrocarbons (Elvert et al., 2000, 

and references therein), crocetane (2,6,11,15-tetramethylhexadecane) and PMIs 

(2,6,10,15,19-pentamethylicosenes; polyunsaturated irregular C25 isoprenoid alkenes with 1 

to 4 unsaturations) were further important archaeal lipids (Fig. 5a), with concentrations up to 

0.82 µg/g dw and 4.68 µg/g dw, respectively (Table 3). At interval sediment depth where 

concentrations are maximum, archaeal glycerol diethers and isoprenoid hydrocarbons were 

strongly depleted in 13C with δ13C values as low as -114 ‰ (Table 3). 

Among the bacterial lipids, substantial amounts of fatty acids indicative of sulfate reducing 

bacteria were detected (Fig. 5c), such as iso- and anteiso-C15:0 (i-, ai-C15), C16:1ω5, Me-C16 

and cyC17:0ω5,6 (Niemann and Elvert, 2008, and references therein). The i- and ai-C15:0 

concentrations were between 4.20 µg/g and 14.1 µg/g dw, respectively (Table 3). C16:1ω5, Me-

C16 and cyC17:0ω5,6 occurred at up to 43.3 µg/g dw. At the 2-4 cm interval sediment depth, 

bacterial FAs assigned to SRB were 13C-depleted with δ13C values ranging from -95 ‰ to -86 

‰, albeit enriched by 20 ‰ relative to archaeal lipids (Table 3). 

 

6. Discussion 

6.1 Sulfate-driven anaerobic oxidation of methane 

The downcore decrease in pore water sulfate concentration and a parallel increase in sulfate 

sulfur isotopic composition from a seawater-like value of +20.8 ‰ for the bottom water to 

more positive, i.e. 34S-enriched values, at depth indicates progressive microbial reduction of 

sulfate (e.g., Canfield, 2001). Support for this stems from a parallel increase in δ18OSO4, again 

from seawater-like value of +8.7 ‰ to an 18O-enriched value of +17.5 ‰. In fact, both 

isotopes exhibit a clear linear correlation (r2=0.92) (Fig. 6).  

In the marine realm, remineralization of sedimentary organic matter proceeds via a sequence 

of microbially driven redox reactions (e.g., Froelich et al., 1979; Canfield and Thamdrup, 

2009), with aerobic respiration being followed downwards in the anoxic part of the 

sedimentary column by organoclastic sulfate reduction (OSR): 
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2 CH2O + SO4
2- → H2S + 2 HCO3

- 

Sulfate, serving as the terminal electron acceptor, is derived from pore water. Progressive 

sulfate reduction results in a progressing depletion of pore water sulfate concentration, if 

sulfate reduction exceeds sulfate replenishment. Resulting hydrogen sulfide is commonly 

scavenged by iron and ultimately precipitates pyrite, whereas resulting bicarbonate forms 

diagenetic calcium carbonate, thereby cementing the pore space.  

Microbial sulfate reduction is associated with a strong kinetic isotope effect. Sulfate reducing 

bacteria preferentially reduce the 32SO4 resulting in 32S-enriched hydrogen sulfide. A range in 

sulfur isotopic fractionation of 20-40 ‰ between parental sulfate and resulting hydrogen 

sulfide is commonly observed in natural settings (e.g., Canfield, 2001), but maximum values 

of 60-70 ‰ have been measured in nature and confirmed by experimental work (Sim et al., 

2011; Wortmann et al., 2001). With 32S-enriched hydrogen sulfide being scavenged by iron 

and precipitated as 32S-enriched sedimentary iron sulfide, the progressively depleting 

residual pore water exhibits a unidirectional Rayleigh-type enrichment in 34S towards more 

positive δ34SSO4 values. 

In addition to OSR, sulfate reduction can be coupled to the oxidation of methane, a paired 

reaction termed sulfate-driven anaerobic oxidation of methane (AOM): 

CH4 + SO4
2- → HS- + HCO3

- + H2O 

Below the zone of sulfate reduction, microbial remineralization of sedimentary organic matter 

continues via methanogenesis. Resulting biogenic methane diffuses upwards through the 

sedimentary column where it can be utilized by sulfate reducing bacteria as electron donor. 

The respective paired reaction, i.e. sulfate driven anaerobic oxidation of methane, consumes 

both upwards diffusing methane and pore water sulfate, defining the so called sulfate-

methane transition zone (SMTZ). Pore waters in the SMTZ exhibit a near-linear downward 

decrease in sulfate concentration and an upward decrease in methane concentration (e.g., 

Borowski et al., 1996). Rapid and frequently near quantitative consumption of sulfate results 

in a strong 34S-enrichment of the residual dissolved sulfate. Moreover, iron sulfide 

precipitates also display a 34S-enriched sulfur isotopic signature (e.g., Peketi et al., 2012; Lin 

et al., 2016; 2017). Similarly diagnostic carbon isotope signatures characterize authigenic 

carbonates that form via AOM (see below). 

The sulfur isotopic composition of pore water sulfate from push core MRS-DV5-PC01 

displays a range in δ34S values between +27.5 and +35.9 ‰ over the entire depth interval 

(Fig. 4) that is distinctly different from the seawater-like value of +20.8 ‰ for sulfate in the 

bottom water at the site of the shallow push core MRS-DV5-PC01. Three samples of pore 

water sulfide, pooled over depth intervals of 2-4 cm, are depleted in 34S compared to the 
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parental sulfate. Samples from the two shallow intervals are depleted by as much as 40 ‰ 

and in the deepest interval by around 25 ‰. In addition, the sulfate sulfur and sulfate oxygen 

isotopic compositions correlate well (Fig. 6). A calculated slope of 0.55 is above the slope  

range of 0.24-0.4 of Antler et al. (2015) that was defined as characteristic for AOM with 

“methane in excess”, i.e. free methane bubbling out of the sediment as typical for cold seep 

areas (e.g., Judd and Hovland, 2007; Solomon et al., 2009; Suess et al., 1999). A similar 

observation was made by Feng et al. (2016). They also investigated a site with AOM at 

shallow sediment depth. Their slope of 0.53 indicated, although methane was available in 

excess, a rather “methane diffusion-limited” environment after Antler et al. (2015). The study 

of Feng et al. (2016) and our results indicate that these discrepant observation require further 

investigation. 

In the nearby sediment core (MRS-DV5-PC04), the detection of diagnostic archaeal lipids of 

anaerobic methane oxidizers (isoprenoid alkanes and alcohols) and specific bacterial lipids 

of sulfate-reducers (fatty acids) detected with strong 13C-depletions (-86 ‰ to -114 ‰) 

indicate that AOM activity occurs in association with bacterial sulfate reduction in the upper 

few centimeters of the seafloor. Moreover, available data from methane-rich environments 

allow us to distinguish dominant AOM assemblages on the basis of specific lipid patterns (for 

a review see Niemann and Elvert (2008)). Accordingly, the predominance of sn-2-

hydroxyarchaeol over archaeol (ratio 1.9), together with the presence of crocetane, are 

consistent with a dominance of ANME-2 archaea within the microbial community. The same 

ANME community was detected at this location by Chevalier et al. (2013). The presence of 

13C-depleted cyC17:0 FA, as well as the low ratio of ai-C15:0 relative to i-C15:0 (between 1.2 

and 1.6) typify SRB eco-types from the Desulfosarcina/Desulfococcus (DSS) cluster that 

have been found in association with ANME-2 archaea (Niemann and Elvert, 2008 and 

references therein).  

In summary, bacterial lipids, sulfate sulfur and oxygen isotope data clearly indicate microbial 

sulfate reduction. A positive correlation between sulfate sulfur and oxygen isotope data with 

a slope of 0.55 as well as 13C-depleted microbial lipids strongly suggests sulfate-driven 

anaerobic oxidation of methane. Further evidence is provided by authigenic carbonates and 

their geochemical and isotopic characteristics. 

 

6.2 Controls on authigenic carbonate formation  

6.2.1 Carbon source and formation process 

The carbon isotopic signature of carbonates provides important information about the carbon 

source and therefore also on the process of authigenic carbonate formation. In core MRS-
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DV5-PC01, abundant carbonates (Fig. 3) were found in each sediment sample (1.5 cm 

interval). The δ13C values of all these samples show a narrow range from -27.69 to -33.40 ‰ 

(Table 2, Figs. 7, 8). No clear depth trend is discernible except that the two samples with the 

lowest values are found at the bottom of the core (Fig. 7). The analyses of hydrocarbon gas 

in the Çinarcik Basin has shown that it is mainly composed of biogenic methane (99.74 %) 

with an isotopic signature of δ13Cmethane between -62.1 and -63.8 ‰ (Ruffine et al., this issue). 

Authigenic carbonates precipitate from the dissolved inorganic carbon (DIC) in the pore 

water which might be a mixture of different sources like e.g. seawater dissolved inorganic 

carbon, marine/terrestrial organic matter, methane. Therefore, the isotopic composition of the 

DIC identifies the process responsible for carbonate formation. One carbon source, biogenic 

methane, has already been identified in the Çinarcik Basin (Ruffine et al., this issue). Its 

typical isotopic composition ranges between -50 and -110 ‰ (Whiticar, 1999). Other carbon 

sources may be the dissolved inorganic carbon from seawater (δ13C ~ 0‰) or marine organic 

matter (about -17 to -22 ‰). The δ13C values of the DIC of MRS-DV5-PC01 are variable and 

decrease from -1.68 to -31.67 ‰ (Table 1, Fig. 7). The value in the shallowest sample at 1.5 

cm depth shows a seawater-like signature probably due to intensive mixing of seawater and 

pore water in the fluffy layer. The steady decrease with depth to a value as low as -31.67 ‰ 

indicates that a carbon source depleted in 13C is becoming more prominent. Organic matter 

can be excluded since the δ13C values are lighter than typical marine organic matter (see 

above). Instead, the strongly 13C depleted carbon isotope values down to -31.67 ‰ suggest 

methane to become the main carbon source. These results therefore support the idea that 

authigenic carbonate precipitation was induced by a strong increase in alkalinity (Table 1) 

due to AOM. The AOM activity is also confirmed by the presence of ANME-2 biomass in the 

nearby sediment core MRS-DV5-PC04 revealed by specific 13C-depleted archaeal lipids, 

which is consistent with the study of Chevalier et al. (2013). 

Because of negligible fractionation of carbon isotopes during incorporation into authigenic 

carbonate, a recently precipitated carbonate is characterized by a δ13C value that matches 

the δ13C value of the DIC of the pore water. When comparing the δ13C values from DIC and 

from authigenic carbonates (Fig. 7), it becomes evident that only at the bottom of the core 

carbonates are currently forming. The maximum in alkalinity (Table 1), the decrease in 

sulfate concentration and high δ34SSO4 values (Fig. 4) as well as lipid biomarker evidence in 

MRS-DV5-PC04 collectively point to a shallow sulfate-methane transition zone (SMTZ) 

around 12 cm sediment depth where AOM is the main process inducing the precipitation of 

authigenic carbonates.  

Additional support comes from the Sr isotopic composition of carbonates and pore waters. 

The strontium isotopic signature is archived in carbonates during their growth without isotopic 
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fractionation compared to ambient water and have been used in the past to reconstruct the 

formation depth of authigenic carbonates (Meister et al., 2007; Teichert et al., 2009). The 

lowest carbonate sample at 12 cm depth mirrors the pore water isotopic composition within 

error (Fig. 9A). This is not the case for the shallower samples and provides strong evidence 

for current authigenic carbonate precipitation at the proposed SMTZ.  

Support comes also from the Ca isotopic composition of pore waters and carbonates. During 

carbonate precipitation we expect to see a strong decrease in Ca concentration together with 

increasing δ44/40Ca values (Teichert et al., 2009). The measured bottom water Ca isotopic 

composition is slightly elevated (2.03 ‰, Table 1) with respect to previously published 

seawater values (~ 1.89 ‰, Tipper et al., 2016). Although we could expect to see the 

influence of the riverine input into the SoM, this is not the case. The Ca isotopic composition 

of rivers is distinctly lighter as seawater (0.67 - 1.25 ‰; Tipper et al., 2016). Although there is 

very sparse data yet for the Sea of Marmara, we can speculate that the pore water 

represents a source of a rather heavy δ44/40Ca that is being released to the bottom water of 

the SoM. In the upper 10 cm of the sediments, the δ44/40Ca scatters around a mean value of 

2.12 ‰. Then, Ca concentrations decrease to about half the seawater concentration 

combined with an increase in δ44/40Ca of 0.23 ‰. The strong decrease in Ca concentration in 

shallow marine sediments has commonly been attributed to authigenic carbonate formation 

(e.g. Teichert et al., 2009; Wallmann et al., 1997). Previous studies have shown that heavy 

Ca isotopes are depleted in carbonates relative to the fluid (e.g. Gussone et al., 2005; 2003; 

Lemarchand et al., 2004; Marriot et al., 2004). A Ca isotopic composition heavier than 

seawater in the pore water is therefore consistent with carbonate formation. Experimental 

studies on inorganic aragonite have provided fractionation factors for specific temperatures 

(Gussone et al., 2003). For a bottom water temperature of 14.5 °C we would expect a 

1000lnα of about -1.7 ‰ (δ44/40Cacarbonate = 0.56 ‰). The carbonate at 12 cm depth has, 

however, a higher δ44/40Ca of 0.93 ‰, which is 0.37 ‰ heavier than expected (Table 2). This 

observation cannot be explained with a Raleigh-type fractionation during precipitation 

because the Δ44/40Caaragonite-fluid will increase during ongoing precipitation. There might 

however be other factors leading to a decrease in the fractionation factor like precipitation 

rate, stoichiometry (Ca : CO3) and supersaturation (Lemarchand et al., 2004; Nielsen et al, 

2013; 2012; Tang et al., 2008). In a similar environment, in the presence of gas hydrates at 

Hydrate Ridge (Oregon, USA), the same observation of a reduced fractionation factor for 

aragonite has been made. Authigenic aragonite, precipitated due to AOM in the shallow 

subsurface, has shown δ44/40Cacarbonate values 0.35 - 0.74 ‰ heavier as expected (Teichert et 

al., 2005). It is however not possible to differentiate if this observation is a coincidence or 

attributed to e.g. high precipitation rates and/or supersaturation in AOM dominated 

environments.  
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6.3 Indicators for a paleo-SMTZ close to the seafloor 

Based on pore water and carbonate data, the current SMTZ at MRS-DV5-PC01 is starting at 

about 11 cm depth and probably extends down to a little further than 12.5 cm depth which is 

the length of the core (Fig. 4). Compared to many other world-wide methane seep sites, this 

is a very shallow SMTZ depth (e.g. Borowski et al., 1996; Kastner et al., 2008; Yoshinaga et 

al., 2014). However, there are indications that in the past the SMTZ was located even 

shallower within the sedimentary column. Possible evidence for the presence of paleo-

SMTZ’s comes from authigenic carbonates which can serve as archives for past seepage 

events (e.g. Bayon et al., 2013; Teichert et al., 2014; 2003). The carbonates found in the 

upper about 10 cm of core MRS-DV5-PC01 (Fig. 7) have not been precipitated from today’s 

pore waters. This means they are older than the carbonates precipitated at the current 

SMTZ. A first age approximation are sedimentation rates. In Çinarcik Basin, Çağatay et al. 

(2004) have presented an approximate sedimentation rate of 1.9 mm/yr. Armijo et al. (2005) 

give a range for the deep basin part of 1-3 mm/yr. According to these sedimentation rates, 

the sediments of MRS-DV5-PC01 would have been deposited within less than 42-125 years. 

This is a rough approximation since we do not have sedimentation rates of the coring 

location which is at the SE border of the deep basin part (Fig. 1). Additional age information 

comes from U-Th dating of 4 pure aragonite samples (Table 4). Due to the high detrital 

content of 232Th and the young age of the samples it was unfortunately not possible to derive 

reliable ages for each sample. Yet it was possible to derive an isochron age by considering 

the 4 samples together. The mean age of 235 ± 60 yr B.P. is somewhat higher than the 

estimated ages from the sedimentation rates. Still, this shows that in the very recent past the 

SMTZ was almost right at the seafloor and methane emanation rates were most probably 

higher than during the time of sampling.  

The proposed paleo-SMTZ almost right at the seafloor is also supported by the mineralogical 

composition of the authigenic carbonates. In the upper 8 cm, authigenic carbonates are 

composed of pure aragonite (Fig. 7, Table 2). Aragonite has been shown to precipitate 

preferentially in the presence of sulfate and high Mg2+/Ca2+ ratios (Burton, 1993). Such an 

environment is found close to the seafloor. At low sulfate concentrations calcite is favored 

over aragonite (Burton, 1993). The HMC component of the samples below 8 cm depth might 

therefore represent deeper precipitates relative to the aragonites. These HMC samples are 

high in Mg and have 20-21 Mol% MgCO3 which is typical for methane seeps and often found 

near the seafloor (e.g. Gieskes et al., 2005; Naehr et al., 2007; Peckmann and Thiel, 2004; 

Teichert et al., 2014; 2005). Often, the HMC occurs also in paragenesis with aragonite 

(Crémière et al., 2012).  
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Supporting a very near seafloor precipitation is the oxygen isotopic composition of the 

carbonates. The aragonites show δ18O values close to the calculated equilibrium value after 

Grossman and Ku (1986) of 2.80 ‰ with a bottom water temperature of 14.5 °C and a δ18O 

for bottom water of 1.6 ‰ (Fig. 8; Aloisi et al., 2015). Since the samples are very young we 

assume no major changes in these two parameters over time. All aragonites are however 

between 0.2 and 0.3 ‰ lighter than the equilibrium value (Fig. 8). Crémière et al. (2012) 

made the same observation on samples from the Çinarcik Basin and interpreted this as 

possible influence from brackish waters from below. We see, however, no evidence for the 

influence of brackish waters at this depth (12.5 cm core length). Possibly a slightly elevated 

temperature of 1°C would fit with the measured values or a pore water isotopic composition 

that slightly deviates from the bottom water (1.4 ‰). Since we do not have in situ 

measurements of these two parameters we cannot differentiate between the influence of 

temperature or pore water composition. For the carbonate samples with HMC, either with 

HMC as main component and aragonite as minor component and vice versa, the picture is 

similar. Oxygen isotope equilibrium values calculated after Anderson and Arthur (1983) and 

Kim and O’Neil (1997), both corrected for the amount of Mol% MgCO3 (Tarutani et al., 1969), 

give a δ18O of 3.17 ‰ and 2.86 ‰, respectively (Fig. 8). These values show that the 

equilibrium values span a wide range depending on which formula is used. The value by 

Anderson and Arthur (1983) fits the HMC-dominated samples quite well while the aragonite-

dominated samples are closer to the equilibrium value for aragonite (Fig. 8). A calculated 

equilibrium value following Kim and O’Neil (1997) does not fit the HMC-dominated sample 

very well (Fig. 8). It therefore remains difficult to clearly interpret the oxygen isotope data of 

the HMC-bearing samples. 

 

6.4 Conceptual model of a highly dynamic methane bubbling site 

The study location in the Çinarcik Basin shows a complex picture of methane seepage 

activity preserved in the studied push cores. Based on overall sedimentation rates for 

Çinarcik Basin, the sediments span a time frame from 42 to 125 years (Armijo et al., 2005; 

Çağatay et al., 2004) and based on our U-Th dating from 175 to 295 years. There is no 

overlap but since we do not have precise sedimentation rates for the studied location, the 

sedimentation rates can only be regarded as a rough estimate. The U-Th ages should be 

regarded as more reliable. Support comes also from a nearby Calypso core (N 

40°42.977194, E 29°06.703129) of 10 m length. From onboard core description (pers. com. 

M.M. Blanc-Valleron) the transition from marine to lacustrine sediments starts at 6 m depth. 

Based on our sedimentation rates from U-Th dating (0.5 mm/yr) the transition that started 

about 12.000 years ago (Vidal et al., 2010) corresponds to a sediment depth of 6 m. 
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With a shallow SMTZ around 12 cm depth this site can be regarded as a very active 

methane seepage locality. This conclusion is supported by the observation of methane 

bubbling out of the sediment and polychaetes growing at the seafloor (Fig. 2, 3). Further 

evidence is provided by authigenic carbonate precipitation (Fig. 3), the presence of clams in 

the sediments as well as a microbial mat in the upper ca. 4 cm of the sediments (Table 2) 

showing highly negative δ13C values of the organic matter (-61 ‰). Still, the presence of 13C-

depleted authigenic carbonates in the sediments above the SMTZ shows that the SMTZ has 

been even shallower in the past, and evidence of variable methane flux. This or these rather 

fast shifts in the SMTZ depth over time make it extremely difficult to reconstruct the 

chronology of carbonate precipitation in the sediments. It is possible that the SMTZ shifts up 

and down in an oscillatory way. Indeed, the area is characterized by high seismic activities. It 

has been suggested that such events are responsible for the change of methane flux within 

the sedimentary column, and accordingly in fluctuations of the SMTZ (Ruffine et al., 2015).  

This means that carbonates may have precipitated e.g. in the order: 10 cm, 40 cm, 20 cm. It 

is important to keep this in mind when looking at MRS-DV5-PC01 with carbonates in all 

depth intervals. Very likely, the present depth order is not a chronological order. 

Unfortunately, it is not possible to reconstruct all the details because of the short time scale 

involved and limited dating possibilities. The available dataset is also not consistent enough 

to constrain this reconstruction by modeling neither. 

Considering all data, we propose the following scenario. Methane seepage and authigenic 

carbonate formation have been active at this location for at least the last 175 to 295 years 

B.P. This time span coincides with two major earthquakes 1766 (M~7) and 1754 in Çinarcik 

Basin (Ambraseys and Jackson, 2000) that potentially triggered the increased seepage of 

methane (Fig. 10). Of importance might have also been the 1894 Yalova (M~7) earthquake 

which most probably produced a large fault at the southern edge of Çinarcik Basin south of 

the study site (Armijo et al., 2005). If this earthquake initiated or enhanced methane seepage 

at the MRS-DV5-PC01/PC04 location can only be speculated. In the following years, the 

SMTZ might have frequently shifted up and down leading to authigenic carbonate 

precipitation at various depths. The most recent carbonates seem to be located at about 1 

cm depth. This corresponds to an age of about 10 years based on the slow sedimentation 

rates. This implies that the SMTZ has shifted downwards about 10 years ago from a position 

basically at the seafloor to now about 12 cm depth.  

 

Conclusions 
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A high resolution multi-proxy study was conducted for two short sediment push cores from 

the SE Çinarcik Basin in an active methane bubbling area. Results provide insight into the 

dynamics of methane seepage and microbial communities and the connected 

biogeochemical responses. Both cores show a complex history of methane seepage in a 

short time span. The major conclusions of our study are: 

1) A steep sulfate gradient together with the presence of ANME-2 biomass revealed by 

specific 13C-depleted archaeal lipids show that methane is rising by advection at the studied 

location. 

2) The results indicate that slight fluctuations up and down (cm-scale) in the depth of the 

SMTZ can happen over short time scales (ca. 200 years). These fluctuations are most 

probably related to changes in methane emanation which might be coupled to earthquake 

activity or the fault movement such as ground shaking.   

3) The deposits of seeps have to be investigated with great care regarding chronology. When 

looking at authigenic precipitates the law of superposition is not necessarily valid. 
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Figures 

Figure 1. Bathymetric map of the Sea of Marmara showing the tectonic framework and the 

coring location. NAF: North Anatolian Fault. 

Figure 2. Seafloor photograph from ROV VICTOR6000 of the sampling location of MRS-

DV5-PC01 and 04. White spots on the seafloor are microbial filaments. Bubbles indicated by 

white arrows emanate from holes in the ground. 

Figure 3. Photograph of push core MRS-DV5-PC01 showing black, sulfidic sediments on top 

and light gray at the bottom. Photographs on the right side show the depth distribution of 

authigenic carbonates found in the sediments of the push core and their mineralogy (HMC = 

high Mg-calcite). 

Figure 4. Sulfate and sulfide concentrations and sulfur and oxygen isotopic compositions of 

pore water sulfate of MRS-DV5-PC01. Note that for sulfide sulfur isotopic composition 

samples were pooled (dotted line). Samples at 0 cm depth are bottom water samples.    

Figure 5. Reconstructed gas chromatograms from core MRS-DV5-PC04 (Çinarcik basin in 

the Sea of Marmara) at 2-4 cm sediment depth. a) Hydrocarbon fraction showing the 

presence of crocetane and unsaturated pentamethylicosenes (PMIs). is: perdeuterated n-

tetracosane. b) Alcohol fraction showing archaeol and sn-2 hydroxyarchaeol (sn-2-OHAr). is: 

heneicosanol. c) Fatty acid (methyl ester) fraction showing i/ai-C15:0, C16:1ω5, Me-C16:0 and 

cyC17:0 FAs. is: nonadecanoic acid. 

 

Figure 6. The δ18OSO4 versus δ34SSO4 pore water values of MRS-DV5-PC01 in comparison 

with data from Feng et al. (2016) derived from carbonate-associated sulfate from aragonites 
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of a seep location in the Gulf of Mexico. VCDT-Vienna Canyon Diablo Troilite; VSMOW-

Vienna Standard Mean Ocean Water. 

Figure 7. Stable carbon isotopic composition of dissolved inorganic carbon (DIC) and of 

authigenic carbonate carbon with depth from MRS-DV5-PC01. Age indicated is mean 

isochron U/Th age of four aragonite samples. HMC: high-Mg calcite; SMTZ: sulfate-methane 

transition zone. 

Figure 8. Stable carbon and oxygen isotopic composition of different authigenic carbonate 

mineralogies of MRS-DV5-PC01 and MRS-DV5-PC04. Dotted, stippled and solid line 

indicate the equilibrium value for aragonite and calcite corrected for the amount of Mol% 

MgCO3 (Tarutani et al., 1969). HMC: high-Mg calcite. 

Figure 9. Strontium (A) and calcium (B) isotopic composition of pore water, bottom water and 

authigenic aragonite from MRS-DV5-PC01 with depth. Black dots and line show Sr2+ and 

Ca2+ pore water concentration. SMTZ: sulfate-methane transition zone. 

Figure 10. Major earthquakes (black circles) in the Marmara region from Ambraseys and 

Jackson (2000). Red circles are earthquakes in Çinarcik Basin. Gray area indicates age of 

aragonites from U-Th ages and proposed start of methane seepage at the studied location. 

Ms-surface wave magnitude. 

 

 

 

 

 

 

 

 

Table 1. Alkalinity, sulfide, sulfate, Ca2+ and Sr2+ concentrations and carbon isotopic 

composition of dissolved inorganic, Ca2+ and Sr2+ isotopic composition, sulfur and oxygen 

isotopic composition of sulfate and sulfur isotopic composition of sulfide of pore and bottom 

waters. 
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Table 2. Carbon and sulfur content and organic carbon isotopic composition of sediments 

and description, mineralogy, carbon, oxygen, calcium and strontium isotopic composition of 

authigenic carbonates. 
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-

26.07 
 

nodule 
aragonite, 

calcite 
-

32.05 
2.
79 n.d. n.d. 

       

thin 
crust aragonite 

-
33.40 

1.
40 0.93 

0.709
185 

12.5 
      

nodule 
aragonite, 

calcite 
-

33.16 
2.
80 n.d. n.d. 

                          

             n.d.: not 
determined 

            

 

Table 3. Concentrations and carbon isotopic compositions of microbial lipids detected in 

sediment core MRS-DV5-PC04. 

  
0-2 
cm 

  2-4 cm   4-6 cm   6-8 cm   

  
µg/g   µg/g 


13

C, 
‰ 

  µg/g 


13
C, 

‰ 
  µg/g 


13

C, 
‰ 

Archaeal lipids                     

Archaeol nd   13.4 −114   nd nd   nd nd 

Sn2-hydroxyarchaeol nd   26.1 −112   nd nd   nd nd 

Crocetane 0.21   0.81 nd   0.82 −111   0.69 −96 

PMI:1
a
 0.26   0.82 nd   0.58 nd   0.24 nd 

PMI:2 1.30   1.68 nd   1.13 −114   3.27 −113 

PMI:3 0.95   2.66 nd   3.12 −108   4.68 −109 
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PMI:4 0.27   0.48 nd   0.75 −91   1.58 −109 

                      

Bacterial lipids                     

i-C15:0 FA 7.24   8.87 −92
b
   5.26 nd   4.20 nd 

ai-C15:0 FA 11.5   14.1 −92
b
   6.68 nd   5.15 nd 

C16:1ω5 FA 33.1   43.3 −86
c
   15.6 nd   10.3 nd 

10Me-C16:0 FA 4.84   6.91 −95   1.96 nd   2.08 nd 

cyC17:0ω5,6 FA 6.11   8.08 −93   2.96 nd   2.18 nd 

                      

nd: not determined                     
a
 Unsaturated pentamethylicosenes and the numeral refers to the number of double bonds.   

b
 coelution of i-C15:0 FA and ai-C15:0 FA 

 
                 

c
 coelution with C16:1ω7 FA                     

 

 

 

Table 4. Measured U-Th data (+ 2 s) for authigenic carbonates (only pure aragonite) and 

activity ratios used for isochron age calculation. 

 

 
 

                            

Sam
ple 

W
ei
g
h
t 

238
U 

232
Th 

(
230

Th / 
232

Th) 
(
238

U / 
232

Th) 
(
234

U / 
238

U) 
(
232

Th / 
238

U) 
(
230

Th / 
238

U) 

Mean 
isoch
ron 
age 


234

U 

 

(
m
g
) (ppm) (ppb) 

(activity
) 

(activit
y) 

(activity
) 

(activity
) 

(activity
) 

(yr 
B.P.) 

(initial
) 

 

 
 

                            

MRS
-05-
01_0
cm 

7
5
.
8 

3
.

5
7
4 ± 

0
.
0
0
4 

8
8
2
.

9 ± 

1
.
3 

0
.

7
0
0 ± 

0
.
0
0
3 

1
2
.

3
6 ± 

0
.
0
2 

1
.

1
3
4 ± 

0
.
0
0
1 

0
.

0
8
0
9 ± 

0
.
0
0
0
2 

0
.

0
5
6
5 ± 

0
.
0
0
0
3 

2
3
5 

± 
6
0 

1
4
5 

± 
1
6 

MRS
-05-
01_2
.5cm 

6
2
.
8 

3
.

3
7
9 ± 

0
.
0
0
4 

8
1
2
.

4 ± 

1
.
6 

0
.

7
0
5 ± 

0
.
0
0
5 

1
2
.

7
0 ± 

0
.
0
3 

1
.

1
3
4 ± 

0
.
0
0
3 

0
.

0
7
8
7 ± 

0
.
0
0
0
2 

0
.

0
5
5
3 ± 

0
.
0
0
0
4 

MRS
-05-
01_4
.5cm 

5
8
.
6 

1
.

9
7
3 ± 

0
.
0
0
3 

1
2
7
6
.

8 ± 

2
.
9 

0
.

6
8
3 ± 

0
.
0
0
3 

4
.

7
2 ± 

0
.
0
1 

1
.

1
2
1 ± 

0
.
0
0
1 

0
.

2
1
1
8 ± 

0
.
0
0
0
6 

0
.

1
4
4
4 ± 

0
.
0
0
0
7 
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MRS
-05-
01_7
.5cm 

2
4
.
7 

2
.

9
6
1 ± 

0
.
0
0
4 

9
3
7
.

7 ± 

2
.
3 

0
.

7
2
9 ± 

0
.
0
0
6 

9
.

6
5 ± 

0
.
0
1 

1
.

1
3
5 ± 

0
.
0
0
1 

0
.

1
0
3
7 ± 

0
.
0
0
0
2 

0
.

0
7
5
3 ± 

0
.
0
0
0
6 

 

 
 

                            All calculations have used the 
half-lives measured by Cheng 
et al. (2013). 

                     A mean isochron age (N=4) was calculated using a 
sediment end-member at secular equilibrium (i.e. 

activity ratio = 1 ± 0.5),  

              and given an arbitrary 25% error 
based on previous estimates (Bayon 
et al., 2013).  

                   Initial 
234

U = ([
234

U/
238

U]activity – 1)x1000, based 
on isochron 

230
Th age and corrected from detrital 

contamination.   
               B.P. stands for “Before Present” where 

the “Present” is defined as the year 1950 
A.D.   
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