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Abstract : 
 
Two ~1000 cm long sediment cores were recovered from the Sea of Marmara, one with the occurrence 
of gas hydrates in the Western High, and the other without hydrates in the Cinarcik Basin. Differences in 
mineralogical and chemical compositions have been identified between the two sediment cores. Based 
on the results of the mineralogical and geochemical analyses, the main sources of the sediments are 
quite similar for both investigated areas, but the authigenic components are different, particularly iron 
sulfides and carbonates. Authigenic Fe(II) carbonate are much higher in Core MRS-CS-05 in the 
Western High, while crystalline Fe(III) phases are more abundant in Core MRS-CS-16 in the Cinarcik 
Basin. Notably, the enrichments of greigite (Fe3S4), a metastable ferromagnetic iron sulfide mineral and 
intermediate polysulfide, as well as iron carbonates are identified at 400 cmbsf with the maximum iron 
content in Core MRS-CS-05. These indicate the presence of a more reducing and acidic environment in 
the Western High, mainly due to higher organic matter content and seepage of heavy hydrocarbons in 
the sediments. 
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intermediate polysulfide, as well as iron carbonates are identified at 400 cmbsf with the 

maximum iron content in Core MRS-CS-05. These indicate the presence of a more reducing 

and acidic environment in the Western High, mainly due to higher organic matter content and 

seepage of heavy hydrocarbons in the sediments. 
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1. Introduction 

On continental margins, cold seeps are places where hydrocarbon-rich fluids, especially 

methane, are transferred from the sedimentary sequence into the water column. The fluids 

migrating within the sedimentary column undergo partial physical and (bio-)chemical 

transformations, and the remaining fluid is discharged at the seafloor, allowing for the 

development of very diverse ecosystems (Zitter et al., 2008; Suess, 2014). Cold seep system 

may contain gas hydrates when an appropriate thermal regime is encountered in the 

sedimentary column (i.e., low temperature and high pressure) and the interstitial fluid is 

saturated with hydrate-forming gases like methane (Kvenvolden, 1988; Leifer and Patro, 

2002; Tary et al., 2010). Natural-gas hydrate deposit represents an important site for 

hydrocarbon accumulation in the shallow sedimentary column, and the release of methane 

through gas seeps is often found associated with fractures. 

In cold seeps, iron is a key reactive element in marine sediments and thus, it is highly 

subject to phase transformations by redox processes which change its valences according to 

the local conditions. Iron has different redox states (−2 to +7), although Fe(II) and Fe(III) are 



the most common in nature. it occurs as iron (oxyhydr)oxide (Fe
III

5HO8·4H2O ,γ-Fe
III

OOH, 

α-Fe
III

OOH, Fe
III

2O3, and Fe
II
Fe

III
2O4), carbonate (Fe

II
CO3), sulfide (Fe

II
S2, Fe

II
S, and 

Fe
II
Fe

III
2S4), phosphate [Fe

II
3(PO4)2·8H2O], silicate minerals (Fe

II
 and/or Fe

III
 in illite, 

smectite, and chlorite), etc. (Stumm and Sulzberger, 1992; März et al., 2008; Raiswell and 

Canfield, 2012; Rickard and Luther, 2013; Egger et al., 2015a). Usually, the transitions 

between each species depend on electron activity (pE) and pH, which are described in a 

diagram showing the various particulate and dissolved phases (Glasby and Schulz, 1999). 

Under anoxic conditions, the solubility of Fe(II) may greatly exceed the solubility of Fe(III) 

in seawater (Worsfold et al., 2014). The redox conditions in shallow marine sediments are 

generally related to the organic matter degradation in sediments (Berner, 1980; Wallmann et 

al., 2006). It is also closely associated with intensity and duration of the local flux of 

hydrocarbons (Claypool and Threlkeld, 1983; Boetius et al., 2000), especially at gas seeps 

(Malinverno and Pohlman, 2011). The redox conditions would change in response to the 

variations of hydrocarbon flux during the sedimentary history (Cappellen and Wang, 1996; 

Anbar and Knoll, 2002; Lyons and Severmann, 2006). The redox states of Fe, as well as other 

redox-sensitive elements, e.g., Mn and Ce, might change during different stages of the 

sedimentary process, and thus they are considered as potential proxies of the redox conditions 

in sediments (Brookins, 1988; German and Elderfield, 1990; Thomson et al., 1996, 1998). 

Several methods have been developed to study the speciation of iron in soils and 

sediments (Table 1). In marine sediments, the most common agent for extracting 

Fe(II)-containing minerals including ferrous (oxyhydr)oxides and carbonate phases is 1 mol 

L
−1

 HCl (Raiswell et al., 1994; Poulton et al., 2004). HCl-soluble iron represents a good 



geochemical proxy for pyrite formation in organic carbon-enriched sediments (Raiswell et al., 

2001). Considering the properties of gas- and hydrate-bearing sediments, samples are 

subjected to a sequential extraction procedure for iron using methods reported by using 

Poulton and Canfield (2005), and Egger et al. (2015b). By referring to the results of 

sequential extractions of elements in sediments, the geochemistry of the 

environmental-sensitive elements can be used as proxies to understand the environmental 

factors controlling the chemistry of seeping fluid (redox condition, pH, etc.), gas composition, 

hydrate occurrence, and organic matter in sediments. Firstly, early diagenetic reactions 

(degradation of organic compounds and reduction of Fe-Mn oxyhydroxides) in marine 

sediments lead to a strong enrichment of trace elements (e.g., rare earth elements and 

metalloids) in pore waters (Bayon et al., 2004; Wang et al., 2014). Secondly, diagenetic Fe 

oxyhydroxides in sediments is always similar with Mn phases. Both Fe and Mn are present in 

the soluble in reduced form and the insoluble form as oxyhydroxides, and these redox states 

can interconvert in the vicinity of a redox boundary (Belzile et al., 1989; Lovley, 1991; 

Burdige, 1993; Davison, 1993). Finally, mineral precipitation at cold seeps may exhibit a 

wide range of mineralogical compositions. Consequently, studies of mineralogical 

compositions and chemical speciation of environment sensitive elements are important for 

elucidating the formation mechanism of mineralogy and trace elements in the sediments 

encountered at cold seeps. 

Elemental geochemistry was investigated in two sediment cores collected from the Sea 

of Marmara during the MarsiteCruise Expedition, which was led by IFREMER (Institut 

Français de Recherche pour l'Exploitation de la Mer) in November 2014 on the R/V Pourquoi 



pas?. In this research, sediment analyses include measurements of TOC content, selected 

major and trace elements of the bulk solid, determination of the chemical speciation of Fe, 

Mn and Ce with sequential extraction methods, X-ray diffraction study of mineralogical 

compositions in sediments. A special emphasis is laid on the iron geochemistry. It is 

discussed primarily by combining its mineralogy, especially for the sulfide minerals, its 

speciation, and its relations with manganese, organic matter, and the flux of gases within the 

upper sedimentary layer. 

 

2. Geological setting 

The Sea of Marmara is an inland sea located within the Turkish territory that connects 

the Mediterranean Sea with the Black Sea. It is an active subsiding marine basin that is 

crossed from east to west by the North Anatolian Fault (NAF) (Armijo et al., 2005; Géli et al., 

2008), one of the most seismically active faults on earth (Gasperini et al, 2001; Gasperini et 

al, to be submitted; Karabulut et al., 2001; Çağatay et al., 2012). The fault systems in the Sea 

of Marmara act as preferential conduits for the occurrence of multiple seeps, emitting fluids 

into seawater at the seafloor (Bourry et al., 2009; Ritt et al., 2010, Dupré, 2015; Ruffine et al., 

to be submitted). 

Geologically, the Sea of Marmara contains three sub-basins known from east to west as 

the Tekirdag Basin, the Central Basin, and the Cinarcik Basin. These basins are separated 

from each other by two shallower topographic highs called the Western High and Central 

High (Fig. 1). According to CTD profiles in the Sea of Marmara, the temperature at the 

seafloor is approximately 15°C with a salinity of approximately 20−38‰ (Marsite Cruise 



Report, 2014; Bourry et al. 2009). Based on previous studies of free gases and gas hydrates in 

the Sea of Marmara, the gases emitted at the Western and Central Highs were of thermogenic 

origin, whereas the gases emitted from the Cinarcik Basin were primarily microbial (Bourry 

et al., 2009; Ruffine et al., 2012; Ruffine et al, in press). The thermogenic gases come from 

the hydrocarbon reservoirs of the Thrace Basin and are partially stored as hydrates in the 

Western High, whereas the microbial gases of the Cinarcik Basin were derived from CO2 

reduction at low temperatures (Gürgey et al., 2005; Bourry et al., 2009, Ruffine et al., to be 

submitted). Moreover, the gas hydrate deposit is closely associated with active seeps from 

which gas and oil are discharged (Ruffine et al., in press). To date, gas hydrates have not been 

discovered in the eastern part of the Sea of Marmara. This finding provides us an opportunity 

to compare the Fe geochemistry in the sediments with and without gas hydrates, and its 

relationships with gas seep activities. The samples studied here were collected from two sites 

during Leg 2 of Marsite expedition, Core MRS-CS-05 in the Western High, a site with strong 

gas seepage and hydrate occurrence, and Core MRS-CS-16 in Cinarcik Basin, a hydrate-free 

site. 

 

3. Materials and Methods 

3.1 Site description and sample collection 

The main objectives of the MarsiteCruise expedition were (1) to deploy geodesic 

instrumentation for long-term monitoring of the NAF displacement, and (2) to investigate the 

geochemical dynamics of fluid discharged from seeps along the NAF and the secondary fault 

network. The map of the studied area and locations of the samples are shown in Fig. 1, and 



the coordinates of the sediment cores are provided in Table 2. Sediment cores were recovered 

with a CALYPSO® piston corer on the Western High (MRS-CS-05) and in the Cinarcik 

Basin (MRS-CS-16). The sediments were generally clayey silt and greenish-gray in color. In 

contrast to the Core MRS-CS-16, a strong odor of H2S and yellow tar spots characterized 

Core MRS-CS-05. The cores were cut to 1 m length and subsampled about 1 sample per 

meter for further analysis on board; the collected samples were stored at −20°C. Totally 21 

samples, 10 from Core MRS-CS-05 and 11 from Core MRS-CS-16, were used for this study. 

 

3.2 Experimental and analytical methods 

3.2.1 Sample preparation and mineralogical analysis 

Twenty-one sediment samples were freeze-dried and then were ground in an agate 

mortar to approximately 75-μm particles in an N2 gas-filled glove box for further analyses. 

Sediment mineralogy was investigated by Powder X-ray diffraction (PANalytical X’Pert Pro) 

with Cu Kα radiation (40 kV × 40 mA) at the Analytical Instrumentation Center of Peking 

University in Beijing. The total carbon (TC) and total sulfur (TS) contents were determined 

after dry combustion using the Analytikjena C/S elemental analyzer at the Analytical 

Instrumentation Center of Peking University. The total organic carbon (TOC) content was 

measured with the oxidative pyrolysis potential method after the inorganic carbon was 

removed with 1 mol L
−1

 HCl. The total inorganic carbon (TIC) content was calculated as the 

difference between the total carbon (TC) and total organic carbon (TOC) contents. 

3.2.2 Compositional analysis of bulk sediments 

For the elemental analysis of bulk sediment, samples, standard reference sediments and 



one blank were digested with a concentrated acid mixture (HNO3, HCl, HF, and HClO4) 

according to United States Environmental Protection Agency Method 3050B, and the whole 

process was controlled by a microwave-assisted program (USEPA, 1996). 

The Al, Mg, Ca, Na, K, Fe, Cr, P, Ti, and V contents were determined using inductively 

coupled plasma optical emission spectrometry (ICP-OES, IRIS Intrepid II, ThermoScientific), 

and the Cd, Ce, Co, Cu, Mn, Ni, Pb, Sb, Sc, and Zn contents were measured using inductively 

coupled plasma mass spectrometry (ICP-MS, X Series II, ThermoScientific) at the Analytical 

Instrumentation Center of Peking University. The accuracies of the measurements were 

examined using standard reference sediment materials (GSD6, GSD7a, and GBW07335). 

Because the contents of elements in sediments are in different ranges, different units have 

been applied (for the major element, weight percentage are presented in %). The 

concentrations of these elements were within the certified ranges, with a precision greater 

than 5%. SPSS statistical software was used for the correlation analysis between elements. 

 

3.2.3 Sequential extraction of elements in sediments 

The sequential extraction protocol for Fe and Mn described by Kasten et al. (1998), 

Poulton and Canfield (2005), and Egger et al. (2015b) was adopted for this research, and a 

brief summary of the Fe and Mn species that were extracted at each step is shown in Table 3. 

The Fe and Mn contents in each extraction solution were determined using inductively 

coupled plasma mass spectrometry (ICP-MS, X Series II, ThermoFischer, Germany) at the 

Analytical Instrumentation Center of Peking University. 

The sequential extraction procedure aims to dissolve the solid phases targeted by each 



extractant and allows mineral phase separation from the sediment (Table 1 and Table 3). Iron, 

a redox-sensitive element, occurs in different mineral phases. Therefore, a well-designed 

sequential extraction protocol is critical for determining the redox states of Fe and their host 

phases in the sediments from the Sea of Marmara. 

For the sequential extraction method, the data quality and method reliability were 

assessed by the yield, the sum of individual extraction fractions for each element divided by 

its content in the bulk sediment. Generally, the results are acceptable when the yield is 

between 80 and 120% (Poulton and Canfield, 2005; Larner et al., 2006; Claff et al., 2010). 

The yield for Fe, Mn, and Ce in the studied sediments range from 91 to 108%, 80 to 120%, 

and 82−160%, respectively. A yield of 160% for Ce is not acceptable, probably caused by 

either the dilution of solution or the heterogeneity of the sediments. The unacceptable high 

yield of Ce is found with a layer where the content of Ce is the lowest. So the yield of Ce for 

this layer might be compromised by dilution when the same dilution for sample with 

relatively high content of Ce was applied. Although the test specimens for both total digestion 

and sequential extraction were collected from the same layer, they might be suffered from the 

heterogeneity of Ce distribution in the sediments. 

 

3.2.4 Sequential analysis of iron sulfides 

Iron sulfides are reported to be the most significant sink of reduced sulfur and 

iron-related minerals in marine environment. The operationally defined sedimentary 

components of acid volatile sulfide (AVS, i.e., amorphous FeS, mackinawite, and greigite) 

and chromium reducible sulfur (CRS, mostly pyrite) were determined using the two-steps 



sequential extraction method. 200 mg sample powder was reacted with HCl-based extractant 

and the experimental setup was a closed system as shown by Gröger et al (2010). It is 

noteworthy that all the reaction processes were under the N2 atmosphere to avoid the possible 

oxidation of iron and sulfur. Besides, a pure pyrite standard reference sample was employed 

to verify the quality of the analysis of the sediments, and the yield of the parallel replicate 

pure pyrite standard was 93.5%. 

 

4. Results 

4.1 Mineralogical composition 

As shown in Fig. 2 and Fig. 1S of the supplementary materials, the mineralogical 

compositions of bulk sediments contain quartz, carbonates, clay minerals, mica minerals, Fe 

sulfides and Fe (hydr)oxides. Carbonate minerals include calcite, aragonite, vaterite, and 

possibly trace amounts of dolomite and siderite. The dominant clay minerals include chlorite, 

illite, and kaolinite.  

Iron sulfides include pyrite and metastable Fe sulfides of mackinawite and greigite, and 

Fe hydroxides mainly are hematite, akageneite, lepidocrocite, and goethite. Notably, greigite 

(Fe3S4) was identified at the layer of 400 cmbsf for the Core MRS-CS-05 in the Western High 

(Fig. 3). 

 

4.2 Geochemistry of bulk sediments 

The vertical distributions of Fe, Mn, Ce, and other associated elements in the two 

sediment cores are shown in Fig. 4. The values for Cd, Co, Cr, Cu, Ni, Pb, Sb, Sc, Ti, V, Zn, 



Al, Mg, Ca, Na, and K were fairly constant, therefore they are not displayed here but are 

presented in the supplementary data (Fig. 2S and Table 1S). 

The Al/Ti ratio is used as an index of detrital aluminosilicates (Toyoda and Masuda, 

1990; Bayon et al., 2004), because Al- and Ti-containing minerals are generally stable in 

diagenetic processes. As shown in Fig. 5a, the Al/Ti ratios for all the sediments obtained from 

the two sites were approximately 18. As discussed previously, Fe and Mn might have 

undergone state changes due to the changing redox conditions of their surrounding 

environments during the sedimentary history, and this change is reflected in the Fe/Al and 

Mn/Al ratios. The trends in the Fe/Al and Mn/Al ratios along the two sediment profiles are 

shown in Fig. 5b and Fig. 5c. The Fe/Al ratios for the sediments from the two sites are 

generally similar; however, significant Fe enrichments are identified at the interval of 

400−600 cmbsf for Core MRS-CS-05. The Mn/Al ratios of the sediments are nearly constant 

along the full length of the Core MRS-CS-05, with the exception of 400 cmbsf, where a 

positive anomaly is observed. For the Core MRS-CS-16, the Mn/Al ratios in the sediments 

are generally higher than those at site MRS-CS-05 and are more variable with depth. 

Fig. 4 shows the distributions of TIC along the two sediment profiles. TIC values are 

much lower for Core MRS-CS-05 than for Core MRS-CS-16 within the first 600 cmbsf. Both 

cores exhibit similar values at approximately 800 cmbsf. At greater depths, the values 

increase up to 9% for the Core MRS-CS-05. 

As shown in Fig. 4, the TOC contents remain fairly constant along Core MRS-CS-16, 

with an average of 1.2%, but higher values are measured for Core MRS-CS-05. In Core 

MRS-CS-05, detailed observations indicate that TOC contents increase slightly with depth in 



the upper 200 cmbsf (1.8%), decrease to the lowest values at 400 cmbsf (1.2%), and then 

exhibit enrichment from 400 to 1000 cmbsf, with two peaks at 600 cmbsf (2.2%) and 1000 

cmbsf (2.1%). 

The total sulfur (TS) contents in both cores are depicted in Fig. 4. The TS contents in the 

Core MRS-CS-05 are generally higher than the contents in the Core MRS-CS-16, particularly 

for samples collected from the upper part of the sedimentary column. The TS values for Core 

MRS-CS-05 range from 1.0 to 1.5%, with an exceptional peak of 2.1% at 600 cmbsf. The TS 

contents in the Core MRS-CS-16 are generally less than 1.0% and are even less than 0.2% in 

the topmost 200 cmbsf. 

Cerium is sensitive to the environmental redox conditions (Liu et al., 1988; German and 

Elderfield, 1990). The distribution of Ce along the two sediment cores is shown in Fig. 4. The 

Ce contents in the sediments of Core MRS-CS-05 and Core MRS-CS-16 are generally 

approximately 60 mg kg
−1

. However, an exceptionally low value of 33 mg kg
−1

 is found at 

600 cmbsf in the Core MRS-CS-05. 

To summarize the results presented above, significant changes in the Fe, Mn, Ce, TIC, 

TOC, and TS contents are observed in Core MRS-CS-05 within the sedimentary intervals of 

400−600 cmbsf. 

 

4.3 Chemical speciation of Fe, Mn, and Ce in sediments 

The Fe and Mn contents determined by sequential extraction in the two sediment 

profiles are shown in Fig. 6a−d, and the Ce contents are shown in Fig. 3S. The differences in 

the yield for Fe, Mn and Ce are related to their overall contents in sediments: Fe represents > 



4% of the sediment content and is considered as a major element. Mn ranges from 0.03 to 0.4% 

and is a minor element, while Ce is < 0.0063% and is a trace element. As a result, the 

discussion of the geochemical environments at the Western High and the Cinarcik Basin are 

mainly based on the results of Fe speciation observed in sediments, underpinned by the data 

on the speciation of Mn. 

For Core MRS-CS-05, the concentrations of Fe are 665−4078 mg kg
−1 

(corresponding to 

1.6−7.4% of the bulk sediment) in the carbonate-associated fraction (siderite and ankerite), 

891−6124 mg kg
−1

 (2.2−11%) in the easily reducible fraction (amorphous oxides: ferrihydrite 

and lepidocrocite), 775−1486 mg kg
−1

 (1.7−3.5%) in the reducible fraction (crystalline oxides: 

goethite, hematite, and akageneite), 1275−1872 mg kg
−1

 (2.3−4.2%) in the recalcitrant oxide 

(magnetite), and 33576−45454 mg kg
−1

 (69−97%) in the residual fraction (mainly silicates). 

For Core MRS-CS-05, the concentrations of Mn vary between 64 and 390 mg kg
−1

 

(corresponding to 12−42% of the bulk sediment) in the carbonate-associated fraction 

(MnCO3 and Mn-Ca carbonates), from 15 to 403 mg kg
−1

 (2.7−26%) in the easily reducible 

fraction (amorphous oxides: birnessite, vernadite, nsutite, and pyrolusite), 1.5−7.7 mg kg
−1

 

(0.24−1.3%) in the reducible fraction (crystalline oxides: manganite and bixbyite), 8.0−41 mg 

kg
−1

 (1.0−6.0%) in the recalcitrant oxide (hausmannite), and 236−635 mg kg
−1

 (27−80%) in 

the residual fraction. 

For Core MRS-CS-16, the concentrations of Fe change from 423 to 1834 mg kg
−1

 

(corresponding to 1.0−4.0% of the total Fe in bulk sediment) in the carbonate-associated 

fraction, 1545−2515 mg kg
−1

 (3.5−5.8%) in the easily reducible fraction (amorphous oxides), 

2107−9980 mg kg
−1

 (4.9−21%) in the reducible fraction (crystalline oxides), 1153−3556 mg 



kg
−1

 (2.5−7.8%) in the recalcitrant oxide fraction, and 28913−39750 mg kg
−1

 (62−89%) in 

the residual fraction. 

For Core MRS-CS-16, the concentrations of Mn range from 646 to 3379 mg kg
−1

 

(corresponding to 48−87% of the total Mn in bulk sediment) in the carbonate-associated 

fraction, 35−105 mg kg
−1

 (2.1−5.2%) in the easily reducible fraction, 5.6−69 mg kg
−1

 

(0.4−3.0%) in the reducible fractions (crystalline oxides), 10−55 mg kg
−1

 (0.5−4.2%) in the 

recalcitrant oxide, and 207−427 mg kg
−1

 (7.6−46%) in the residual Mn fraction. 

 

4.4 Distribution of iron sulfides 

In addition to the above species of iron, the contents of iron sulfides (AVS and CRS) in 

Core MRS-CS-05 and Core MRS-CS-16 are presented in Fig. 7. Values of AVS (amorphous 

FeS, mackinawite, greigite, etc.) are generally lower than CRS (mainly pyrite) in the 

sediments. The results obtained reveal that amorphous FeS, mackinawite, and greigite 

contents remain relatively consistent (~0.05% on average) with increasing depth in these 

cores, while it seems AVS are somewhat higher in the top of Core MRS-CS-05 than the top 

of Core MRS-CS-16. The contents of pyrite vary from 0.1−0.98% in the two cores, with two 

sharp increases at depth 400 cmbsf and 600 cmbsf in the Core MRS-CS-05, and most of the 

samples of Core MRS-CS-05 are with higher pyrite contents than those of Core MRS-CS-16. 

5. Discussion 

5.1 Effect of seeping hydrocarbons on geochemical environment in sediments 

From the Al/Ti ratio, the sources for detrital materials of sediments are similar in the 

Western High and the Cinarcik Basin. However, significant differences can be identified in 



the contents of Fe, Mn, TIC and TOC, the chemical speciation of iron and authigenic 

minerals in sediments between the two sites. These differences can be summarized as that, 

compared with the Cinarcik Basin (1) the contents of Fe, Mn and TIC are generally lower, 

with exceptions of Fe enrichment around 400 cmbsf and 600 cmbsf, (2) TOC and TS are 

much higher, (3) iron in the carbonate-bound fraction are higher, and (4) a metastable iron 

sulfide mineral, greigite, is identified at 400 cmbsf in the Western High. Obviously, all these 

differences are associated with the diagenetic processes in sediments: Fe, Mn, TOC, and TS 

could be involved in the redox reactions; carbonate bound iron (in the form of siderite) are 

from authigenic carbonate formation; and greigite is an authigenic sulfide mineral which 

could have been formed in special geochemical environment. 

As the sediment cores are only of about 10 m long, they should have primarily 

experienced early diagenesis. In marine sediments, early diagenetic reactions are mainly a 

sequence of microbial metabolic activity, involving redox reactions of reducing oxygen, 

nitrate, manganese and iron oxides, sulfate and carbon dioxide (Burdige, 1993; Roberts and 

Weaver, 2005). Organoclastic sulfate reduction (Eq. 1) is the most important redox reaction 

occurring in shallow marine sediments (Claypool and Kaplan, 1974, Berner, 1980; Lovley, 

1991). However, anaerobic oxidation of methane (Eq. 2) is also significant and can play an 

even more important role in sulfate depletion when there is a large flux of hydrocarbons 

(mainly methane) (Reeburgh, 1976; Borowski et al., 1996; Ruffine et al., 2015; De Prunelé et 

al, 2017).  

CH2O + SO4
2−

 → H2S + 2HCO3
−
    (Eq. 1) 

CH4 + SO4
2−

 → HCO3
−
 + HS

−
 + H2O   (Eq. 2) 



Intensive hydrocarbon seepages were observed at both studied sites, although the 

compositions of the seeping gases were quite different between the two sites (Ruffine et al., 

in press). In the Western High, the methane was the major components of the gases, and 

account for less than 90%, the remaining components being heavy hydrocarbons with ethane 

(1.0−3.5%), propane (2.5−4.0%), butane (~1.0%), and pentane (~0.2%), and CO2 (~4−9%). It 

should be noticed the occurrence of seepage of petroleum oil in the Western High, and part of 

the CO2 was diagnosed as being the product of petroleum degradation. In the Cinarcik Basin, 

the gases were predominantly methane (> 99.6%) with trace amount of CO2 (<0.18%) and N2 

(<0.26%) while heavy hydrocarbons were generally <0.001%. Pore-water data from push 

cores displayed a deeper sulfate depletion zone in Cinarcik Basin close the Core MRS-CS-16 

(Ruffine et al., in press). Crémière et al. (2017) found that the sediments would be more 

reducing and acidic when TOC content is higher or when the hydrocarbon seepage is more 

intensive. By comparing with the Cinarcik Basin, because the TOC of the Western High were 

higher and the gases contained a relatively high content of heavy hydrocarbons, there are 

more electron receptors, leading to a sedimentary environment more reducing and acidic. As 

a result, the sulfate reduction zone would be much shallower, more iron oxides would be 

reduced, and more Fe
2+

 would migrate upward and then react with HS
−
 and S

2−
 to form iron 

sulfides. This may explain the higher TS, CRS and AVS in Core MRS-CS-05 compared to 

Core MRS-CS-16. In comparison with MRS-CS-16 in the Cinarcik Basin, MRS-CS-05 in the 

Western High sediments contain higher content of organic carbon, and seeping fluids have 

higher CO2 content along with significant content of heavy hydrocarbons. The CO2 from the 

oxidation of organic matter and in the seeping fluid will make the sedimentary environment 



in MRS-CS-05 more acidic than around MRS-CS-16. Thus, more biogenic carbonate might 

have been dissolved (Liu et al., 2017). This could help to explain why TIC in bulk sediments 

and reducible fraction of iron in Western High are lower than those in the Cinarcik Basin, 

although more evidence will be needed.  

 

5.2 Implications of the chemical speciation of Fe, Mn, and Ce in sediments 

The total Fe contents display two distinct maxima (5.5% at 400 cmbsf and 5.3% at 600 

cmbsf) in Core MRS-CS-05. The first occurs at 400 cmbsf and mainly consists of carbonate 

Fe(II) phases of easily reducible amorphous oxides, such as ferrihydrite and lepidocrocite. In 

contrast, the lowest values of total Fe content occurs at the same depth (4.0% at 400 cmbsf) 

in the Core MRS-CS-16 and mainly consists of crystalline Fe(III) phases, such as goethite 

and hematite (Fig. 6a and Fig. 6b). The second maximum observed in the Core MRS-CS-05 

occurs at 600 cmbsf and matches the highest value of the total S content (2.1%). According to 

the results presented in Table 4, the pronounced enrichment of Fe sulfides is substantiated by 

the strong correlation between the iron contents and the solid phase sulfur concentration 

profile (r = 0.785, p < 0.01). This observation might imply that, iron oxides are reduced under 

strongly reducing and acidic condition, and the produced divalent iron will form iron sulfides 

and carbonates at suitable location while migrating through sediments in the Western High. 

In marine sediments, Fe generally forms pyrite by complexing with sulfide in the sulfate 

reduction zone. However, when either Fe
2+

 is in excess or sulfide is not sufficient to sustain 

pyrite formation, monosulfides such as mackinawite (tetragonal FeS), amorphous FeS, and 

greigite are formed (Rowan et al., 2005; Morgan et al., 2012). The formation of greigite 



requires the following conditions (Roberts and Weaver, 2005; Hunger et al., 2007): (1) Fe
2+

 is 

in excess so that the reaction of Fe
2+

 with S
2−

 cannot be completed, (2) strongly reducing and 

comparatively acidic (pH<5) environment. Greigite was identified in Core MRS-CS-05 on 

the Western High but not in Core MRS-CS-16 from the Cinarcik Basin, indicating that the 

sedimentary environment of MRS-CS-05 was more reducing and acidic. The enrichment of 

greigite at ~400 cmbsf might imply a significant change in the redox conditions in sediments 

that the environment was more reducing and acidic, suitable for the formation of greigite 

(Rowan, 2005; Roberts and Broadbent, 2005; Roberts, 2015). 

The seepage occurrence and intensity of several gas streams in the Western High and the 

Cinarcik Basin were episodic (Tryon et al., 2012; MarsiteCruise Report, 2014; Ruffine et al., 

in press), leading to fluctuations in the local redox conditions. It has been shown that 

anaerobic oxidation of methane (AOM) is the main process responsible for sulfate depletion 

within the sedimentary column at gas seep area in the Sea of Marmara (Halback, 2014; 

Ruffine et al., 2015). Thus, when there was no seeping almost no hydrocarbons would flow 

upward for the reduction of SO4
2−

, and consequently the local environment would become 

more oxidizing. However, this change in the redox conditions could be mediated by the 

occurrence of gas hydrates. Indeed, the stable occurrence of gas hydrates requires that its 

surrounding pore water has to be saturated with hydrate-forming gases. When it is not the 

case, gas hydrate would be dissociated to release gases into pore water to preserve the 

thermodynamic equilibrium. As a result, the presence of gas hydrates in the sediment would 

maintain reducing conditions in core MRS-CS-05. 

The total Mn content in Core MRS-CS-16 is approximately 1−7.5 times higher than the 



values obtained in the Core MRS-CS-05. Because the reduced form of Mn(II) is soluble 

(Nealson and Saffarini, 1994), the chemical speciation and the contents of Mn should be 

related to the local redox condition in sediments. As discussed above, Core MRS-CS-05 from 

the Western High is more reducing and acidic as it is affected by higher TOC in sediments 

and high flux of heavy hydrocarbons in seeping fluid, so the lower manganese contents might 

be caused by the migration of more manganese out of the sediments in this environment.  

As indicated by the results of the selective extractions for manganese, the contents of the 

Mn(II) carbonate are much lower in Core MRS-CS-05 than in Core MRS-CS-16, while the 

contents of amorphous Mn (IV) are much higher. Equation 3 shows the reaction between 

methane and manganese oxide. Based on this equation more manganese would be reduced in 

MRS-CS-05 in the Western High, because the organic carbon content in the sediment is 

higher and the presence of heavy hydrocarbons and petroleum oil in seeping fluid can also 

get manganese oxide reduced. As a result, the sedimentary environment in sediments of Core 

MRS-CS-05 might be more suitable for the migration of manganese out of the sediment and 

that in sediments of Core MRS-CS-16 for a better formation of Mn(II) carbonate. 

CH4 + 4MnO2 + 7H
+
 → HCO3

−
 + 4Mn

2+
 + 5H2O   (Eq. 3) 

Ce is generally an effective proxy of redox variations (German and Elderfield, 1990). 

The contents of Ce are less than 60 mg kg
−1

 in the sediments from both the Western High and 

the Cinarcik Basin, so it is hard to form as minerals itself and its geochemical behaviors may 

be efficiently concentrated through the redox cycling of Fe and Mn (Braun et al., 1990; 

Pattan et al., 2005). As discussed in the Section of Methodology, the analytical results of Ce 

in this research are with comparatively large uncertainty due to several reasons, the Ce data 



of the samples cannot provide a reliable proxy of the redox conditions of the local 

geochemical environment in sediments. Consequently, the chemical speciation of Fe could 

act as a proxy for gas seepage site in the sedimentary environment. 

 

6. Conclusions 

In this study, the geochemical characteristics of Fe in the sediments from the Sea of 

Marmara were investigated. The main findings can be summarized as follows.  

(1) Although the source of the detrital materials for the sediments are similar in the 

Western High and the Cinarcik Basin, significant differences have been identified in the 

authigenic minerals, such as carbonates, iron sulfides, and some Fe (hydr)oxides.  

(2) The speciation of Fe in the sediments from the two sites is different: Sediment from 

the Core MRS-CS-05 is characterized by a large fraction of Fe(II) phases such as siderite and 

ankerite, whereas Fe(III) phases are the dominant species in Core MRS-CS-16 in the Cinarcik 

Basin. Besides, greigite (Fe3S4) was identified at the depth of the maximum iron content in 

the Core MRS-CS-05, and this is indicative of strongly reducing and acidic environment. 

(3) The differences in Fe minerals and Fe speciation in the two studied sites resultfrom 

the differences in TOC of sediments and the compositions of the gases in the seeps: higher 

TOC and presence of heavy hydrocarbons associated with the strong seepage activities 

generate more reducing and acidic conditions on the Western High and lead to the formation 

of more authigenic minerals. 
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Fig. 1. Map of the research area and the sample locations in the Sea of Marmara. 
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Fig. 2. X-ray powder diffraction patterns of the sediment samples from the Western High and 

Cinarcik Basin, the Sea of Marmara. 
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Fig. 3. XRD patterns documenting the presence of greigite at the depth with the maximum Fe 

concentration in Core MRS-CS-05 on the Western High, the Sea of Marmara. 
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Fig. 4. Vertical distributions of Fe, Mn, Ce, and other associated elements in the sediment 

cores from the Sea of Marmara. Solid circles: MRS-CS-05; empty circles: 

MRS-CS-16. 
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Fig. 5. Al/Ti ratios in the sediments and aluminum-normalized Fe and Mn distributions of the 

bulk sediments from the Sea of Marmara. Solid circles: MRS-CS-05; empty circles: 

MRS-CS-16. 

 

Fig. 6. The speciation of Fe and Mn in the sediments from the Sea of Marmara. (a): the 

speciation of Fe on the Western High; (b): the speciation of Fe in Cinarcik Basin; (c): the 

speciation of Mn on the Western High; (d): the speciation of Mn in Cinarcik Basin. 
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Fig. 7. Contents of acid-volatile sulfide (AVS) and chromium-reducible sulfur (CRS) in 

sediments from the Sea of Marmara. Solid circles: MRS-CS-05; empty circles: 

MRS-CS-16. 

Table 1. Summary of the Fe sequential extraction procedure for soil and sediment 

Iron 

fractionation 

Extractant Remark Reference 

Exchangeable 

Fe 

1 mol L
−1

 MgCl2 extracted for 1 h Both MgCl2 and CaCl2 are 

commonly used to extract 

exchangeable metal ions, including 

Fe. 

Tessier et al., 

1979 

Carbonate Fe 1 mol L
−1

 Na-acetate brought to 

pH 4.5 with acetic acid, extracted 

for 24 h 

The most suitable and effective 

extraction conditions for siderite 

and ankerite 

Chester and 

Hughes, 1967 

Amorphous 

Fe oxides 

1 mol L
−1

 hydroxylamine-HCl 

extracted for 48 h 

Easily reducible oxides, including 

ferrihydrite and lepidocrocite 

Poulton and 

Canfield, 

2005 

Organic Fe Concentrated H2O2 or 0.1 mol L
−1

 

Na-pyrophosphate (Na4P2O7), pH 

10, extracted for 16 h 

The strong oxidant H2O2 does not 

allow organic- and pyrite-bound 

iron to be distinguished and 

Na4P2O7 can dissolve some of the 

poorly crystalline iron oxides. 

Donisa et al., 

2008 

Crystalline Fe 

oxides 

0.35 mol L
−1

 acetic acid/0.2 mol 

L
−1

 sodium citrate buffer with 50 

g L
−1

 sodium dithionite (CBD), 

CBD is a strong reducing agent that 

extracts the broadest range of 

crystalline Fe oxides. 

Claff et al., 

2010 



extracted for 4 h 

Recalcitrant 

oxide 

0.2 mol L
−1

 ammonium 

oxalate/0.17 mol L
−1

 oxalic acid 

solution, extracted for 2 h 

The suitability of ammonium 

oxalate as an extractant of 

magnetite, a ferrous-ferric oxide 

mineral, was evaluated. 

Poulton and 

Canfield, 

2005 

Fe sulfide Concentrated HCl or HNO3, 

extracted for 2 h 

1 mol L
−1

 CrCl2, extracted for 2 h 

in N2 atmosphere at sub-boiling 

temperatures 

Fe monosulfide and pyrite (FeS2) 

are most commonly extracted; Fe 

sulfides also include marcasite 

(FeS2), greigite (Fe3S4) and 

mackinawite (FeS), which are 

sensitive to low pH and oxygen. 

Huerta-Diaz 

and Morse, 

1992; 

Raiswell et 

al., 1994; 

Newton et al., 

1995 

Silicate Fe Concentrated HCl 

HNO3, HCl, and H2O2, hot digest 

Divided into poorly reactive sheet 

silicate Fe and unreactive silicate Fe 

Poulton and 

Raiswell, 

2005 

Total Fe (FeT) HNO3, HCl, HF, and HClO4 Microwave digestion USEPA, 1996 

 

Table 2. The site details for this research in the Sea of Marmara 

Site Core Latitude Longitude Water depth Core Length 

Western High MRS-CS-05 N 40 49.027791 E 27 46.853486 657 m 907 cm 

Cinarcik Basin MRS-CS-16 N 40 49.977194 E 29 6.703129 1237 m 1013 cm 

 

Table 3. The sequential extraction protocol for studying the speciation of Fe and Mn in sediments 

Step Fraction Extraction Fe species
 a
 Mn species 

b
 

1 Carbonate-associated 1 mol L
−1

 Na-acetate 

brought to pH 4.5 with 

acetic acid for 24 h 

siderite (FeCO3) 

and ankerite 

MnCO3 and Mn-Ca 

carbonates 

2 Easily reducible 

(amorphous) oxides 

1 mol L
−1

 

hydroxylamine-HCl for 

48 h 

ferrihydrite 

(Fe5HO8·4H2O) 

and lepidocrocite 

(γ-FeOOH) 

birnessite 

(Na0.7Ca0.3Mn7O14·2.8H2O), 

vernadite (δ-MnO2), nsutite 

(γ-MnO2), and pyrolusite 

(β-MnO2) 

3 Reducible 

(crystalline) oxides 

Na-dithionite buffer 

brought to pH 4.8 with 

0.35 mol L
−1

 acetic 

acid/0.2 M sodium 

citrate for 2 h 

goethite 

(α-FeOOH), 

hematite 

(α-Fe2O3), and 

akageneite 

(β-FeOOH) 

manganite (γ-MnOOH) and 

bixbyite (α-Mn2O3) 

4 Recalcitrant oxides 0.2 mol L
−1

 ammonium 

oxalate/0.17 mol L
−1

 

oxalic acid solution for 

2 h 

magnetite (Fe3O4) hausmannite (Mn3O4) 



5 Residual HNO3, HCl, HF, and 

HClO4 

occur in the 

residual silicate 

phase 

mainly bound in silicates 

Note：a 
as reported by Poulton and Canfield (2005); 

b
 developed from the Eh-pH diagrams for Mn and 

its chemical similarity to Fe (Brookins 1988; Glasby and Schulz, 1999) 

 

Table 4. Correlations between the specific elements in the sediments 

M
R

S
-C

S
-0

5
 

 Fe Mn S Ce P TOC 

Fe 1 0.739* 0.785** -0.425 0.725* 0.032 

Mn  1 0.444 -0.107 0.719* -0.149 

S   1 -0.824** 0.432 0.542 

Ce    1 0.051 -0.740* 

P     1 -0.068 

TOC      1 

M
R

S
-C

S
-1

6
 

 Fe Mn S Ce P TOC 

Fe 1 0.466 -0.129 0.348 0.487 0.371 

Mn  1 -0.190 0.432 0.033 0.134 

S   1 -0.689* -0.496 0.303 

Ce    1 0.130 -0.500 

P     1 0.101 

TOC      1 

  * The correlation is significant at the 0.05 level. ** The correlation is significant at the 0.01 level. 

 




