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Abstract:  
 
Gas hydrates and gas bubbles were collected during the MARNAUT cruise (May–June 2007) in the 
Sea of Marmara along the North Anatolian Fault system, Turkey. Gas hydrates were sampled in the 
western part of the Sea of Marmara (on the Western High), and three gas-bubble samples were 
recovered on the Western High, the Central High (center part of the Sea of Marmara) and in the 
Çinarcik Basin (eastern part of the Sea of Marmara). Methane is the major component of hydrates 
(66.1%), but heavier gases such as C2, C3, and i-C4 are also present in relatively high concentration. 
The methane contained within gas hydrate is clearly thermogenic as evidenced by a low C1/C2 + C3 
ratio of 3.3, and carbon and hydrogen isotopic data (δ13CCH4 of − 44.1‰ PDB and δDCH4 of − 219‰ 
SMOW). A similar signature is found for the associated gas bubbles (C1/C2 + C3 ratio of 24.4, δ13CCH4 
of − 44.4‰ PDB) which have the same composition as natural gas fromK. Marmara-af field. Gas 
bubbles from Central High show also a thermogenic origin as evidenced by a C1/C2 + C3 ratio of 137, 
and carbon and hydrogen isotopic data (δ13CCH4 of − 44.4‰ PDB and δDCH4 of − 210‰ SMOW), 
whereas those from the Çinarcik Basin have a primarily microbial origin (C1/C2 + C3 ratio of 16,600, 
δ13CCH4 of − 64.1‰ PDB). UV-Raman spectroscopy reveals structure II for gas hydrates, with CH4 
trapped in the small (512) and large (51264) cages, and with C2H6, C3H8 and i-C4H10 trapped in the large 
cages. Hydrate composition is in good agreement with equilibrium calculations, which confirm the 
genetic link between the gas hydrate and gas bubbles at Western High and the K.Marmara-af offshore 
gas field located north of the Western High. We calculate the characteristics of the hydrate stability 
zone at Western High and in the Çinarcik Basin using the CSM-GEM computer program. The base of 
the structure II hydrate stability field is at about 100 m depth below the seafloor at the Western High 
site, whereas in the Çinarcik Basin, P–T conditions at the seafloor correspond to the uppermost range 
for structure I hydrate formation from microbial gas.  
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1. Introduction 

 
Hydrocarbon gases, mainly methane, originating from the decomposition of organic matter 
by biochemical and thermal processes are common in marine sediments. Seafloor 
manifestations of hydrocarbon gas expulsions are observed on continental shelves and 
slopes worldwide, and are designated as cold seeps (Judd and Hovland, 2007; Juniper and 
Sibuet, 1987). Cold seeps are often associated with various seabed surface features such as 
pockmarks, mud volcanoes, mud diapirs (e.g. Dimitrov and Woodside, 2003; Judd and 
Hovland, 2007; Juniper and Sibuet, 1987; Le Pichon et al., 1990), or with active faults (e.g. 
Henry et al., 2002; Trehu et al., 1999; Zitter et al., 2008). However, when conditions of low 
temperature and high pressure coexist in sediments, gas and water can form a gas hydrate, 
a crystalline compound with a well-defined structure that consists of a cage network of water 
molecules with hydrocarbon guests trapped inside the cages. P-T conditions required to 
initiate the hydrate formation and to stabilize its structure are encountered in marine 
sediments, mainly in deep waters along continental margins and to a lesser extent in polar 
regions associated with permafrost (Kvenvolden and Lorenson, 2001). Since the first 
discovery of natural gas hydrates in permafrost (Makogon, 1965) and in oceanic sediments 
(Yefremova and Zhizhchenko, 1974), new gas hydrate sites are discovered regularly. 
However, to date, only 26 sites (reviewed by Sloan and Koh, 2008) could be sampled, partly 
due to their instability at ambient temperature and to the technological difficulties to recover 
natural solid samples at high depth. 
 Natural gas hydrates can form different crystalline structures depending on the nature and 
size of the guest molecules. Two hydrate structures, I and II, have been recognized since 
about 1952 (Claussen, 1951; Pauling and Marsh, 1952; Von Stackelberg and Müller, 1951), 
and a third structure, H, has been discovered by Ripmeester et al. (1987). Structure I is the 
most common conformation (Sloan, 1998) and consists in a body-centered cubic structure 
organized in two small cages (SC) (pentagonal dodecahedral) and six large cages (LC) 
(tetracaidecahedral) (McMullan and Jeffrey, 1965). The cages of the structure I are just large 
enough to include small hydrocarbons, methane and ethane, and non-hydrocarbons such as 
N2, CO2 or H2S. Structure II (sII) consists of sixteen small cages (pentagonal dodecahedral) 
and eight large cages (hexacaidecahedral) (Mak and McMullan, 1965). Methane and ethane 
can occur in sII gas hydrate, but the larger cages can be occupied by hydrocarbons such as 
propane and isobutane. The structure H (termed sH) is formed by encaging large-size 
hydrocarbon (such as isopentane) molecules in the presence of a small-size hydrocarbon 
help-gas molecules (generally methane). The unit cell contains three types of cavities, 
namely, three regular dodecahedral, two irregular dodecahedral and one irregular 
icosahedral (Ripmeester and Ratcliffe, 1990; Ripmeester et al., 1987).  
Submarine gas hydrates are generally considered as a potential energy resource, which 
could correspond to more than 50% of the world's recoverable reserve of organic carbon 
(Kvenvolden, 1999). However, they can also be a significant player in the global climate 
change (Jacobsen, 2001; Kennett et al., 2000), or in geohazards and slope instability (Dillon 
et al., 2001; Sultan et al., 2004). The structural and compositional data of natural gas 
hydrates are important for developing technologies to extract this energy resource from the 
sea floor and to establish their formation/dissociation rates and stability field. Molecular and 
isotopic composition of the main hydrate-bound gases are plentifully detailed (Milkov, 2005), 
but only few physical characterizations have been performed on natural samples from the 
Gulf of Mexico (Davidson et al., 1986; Yousuf et al., 2004), Black Ridge (Uchida et al., 1999), 
Mallik (Tulk et al., 2000), Northeast Pacific continental margin off Oregon (Gutt et al., 1999), 
Cascadia Margin (Yousuf et al., 2004), the Okhotsk sea (Takeya et al., 2006), offshore 
Vancouver Island (Lu et al., 2005), the Congo-Angola basin (Charlou et al., 2004; Chazallon 
et al., 2007) and the Nigerian margin (Chazallon et al., 2007; Bourry et al., 2007). The 
present work extends these physical and chemical studies of natural gas hydrates to new 
specimens recovered from the Sea of Marmara, during the Marnaut cruise (May-June 2007).  
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One of the purposes of the interdisciplinary MARNAUT cruise (RV L’Atalante) was the study 
of the relationships between active faults, fluid emission and landslides, which also involved 
Nautile submersible explorations. During this cruise, gas hydrates and vent-gas associated 
with high fluid outflow at active faults were sampled by sediment coring (hydrates) and during 
submersible dives (vent gas). Relations between gas emissions and active tectonics within 
the submerged section of the North Anatolian Fault zone in the Sea of Marmara are 
presented by Geli et al. (2008). One important issue for understanding the relationship 
between fluids and seismogenic faults is to determine the depth of origin of the fluids and 
particularly whether fluids originate from relatively shallow syn-tectonic sediments, or from 
the basement pre-dating the active basin, and could therefore be related to the seismogenic 
zone. The distribution of cold seeps in the Sea of Marmara and the geological context lead to 
hypothesize that at least part of the fluids expelled in the western Sea of Marmara originate 
from Thrace basin hydrocarbon source rocks (Gürgey et al., 2005), whereas the methane in 
the eastern Sea of Marmara would be of bacterial origin (Zitter et al., 2008). We report the 
gas composition and the isotopic signature of gas hydrate and gas bubbles, and the 
molecular structure of the gas hydrate. These results are compared to thermodynamic model 
predictions, in order to document the origin, formation and stability of gas hydrates in the Sea 
of Marmara. 
 

2. Geological settings 

 
The Sea of Marmara is an inland sea between the Thrace and Anatolia (Fig. 1), which 
together with the Çanakkale (Dardanelles) and Istanbul (Bosphorus) straits, connects the 
Black Sea and Mediterranean Sea. It covers an area of about 11 110 km² consisting of 
shelves, deep basins, pressure highs, gulfs and bays. The Sea of Marmara is located on the 
northern branch of the North Anatolian Fault (NAF) which exhibits about 20-25 mm/yr of 
strike-slip motion, representing most of the motion between the Anatolian and Eurasian 
plates (Armijo et al., 2002; Imren et al., 2001; McClusky et al., 2000; Meade et al., 2002). 
The physiography of the Sea of Marmara consists of an up to 45 km wide southern shelf, a 
10-20 km wide northern shelf and in between two a series of E-W trending ca 1250 m deep 
basins (Tekirdağ, Central, Çinarcik basins) that are separated by NNE-SSW trending ridges 
(Western High, Central High). Cold seeps are often associated with active faults (Henry et 
al., 2002; Trehu et al., 1999) but although seeps are frequently associated with compression, 
strike-slip faults such as the North Anatolian Fault are also involved in expulsion of deep 
fluids (Chamot-Rooke et al., 2005; Orange et al., 1999; Zitter et al., 2006, 2008). An increase 
of gas bubbles released into the water column was observed  in the Gulf of Izmit after the 
Kocaeli earthquake (1999) (Alpar, 1999; Kuscu et al., 2005) and gas bubbles were observed 
escaping from black patches while short sediment push cores were recovered during the 
MARMARASCARPS (2002) cruise (Armijo et al., 2005). The black patches are iron sulfide-
rich sediments attributed to anaerobic methane oxidation by sulfate reduction (Sassen et al., 
1993). Active seeps were detected along the main fault scarp on the southern side of the 
Tekirdağ Basin and along additional faults branching from the Central High and Western 
High strike-slip faults in the Central Basin (Zitter et al., 2008). In active areas, the seafloor 
exhibits carbonate crust pavements or chimneys, which are common features of cold seep 
sites and are considered to be by-products of the oxidation of hydrocarbons (Aloisi et al., 
2000; Kulm and Suess, 1990; Kulm et al., 1986). Black patches, and brown and white 
bacterial mats are also regularly associated with active seep areas (Zitter et al., 2008).  
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3. Sampling and analytical methods 

 
Gas hydrates from the Sea of Marmara were collected from three gravity cores (MNTKS 25, 
MNTKS 27, MNTKS 33) recovered in the vicinity of the main fault on Western High (Fig. 1). 
The gas hydrates were porous, had a yellowish tint, and a distinct smell that may be 
explained by the presence of traces of petroleum condensate in the pores. Natural yellow or 
yellow-orange gas hydrates, associated with petroleum condensate, have been previously 
observed at Barkley Canyon (Hester et al., 2007) or in the Gulf of Mexico (Sassen and 
MacDonald, 1997). Some specimens, up to 10 cm in diameter, were extracted from the 
upper part of the 7.15-m-long MNTKS 25 core (667 m water depth, 14.5°C), in the lower part 
of the 7.10-m-long MNTKS 27 (669 m water depth, 14.5°C) core and in the totality of the 10-
m-long MNTKS 33 core (658 m water depth, 14.5°C). The recovered pieces were first stored 
at –80°C in a freezer on board before being quickly shipped to France. The samples were 
placed in liquid nitrogen at –196°C to avoid further decomposition before laboratory analysis. 
Natural gas hydrate samples are inexorably associated with relatively large amount of ice. It 
is suggested that ice forms during the recovery when the hydrates are outside their p-T 
stability field, or originates from seawater that is generally attached to the gas hydrates and 
converts to ice when using liquid nitrogen for sample preservation (Bohrmann et al., 2007; 
Bourry et al., 2007). Free gas naturally venting from the seafloor was collected (PG-1659, 
PG-1662, PG-1664) (Fig. 1) using the PEGAZ sampler (Charlou et al., 2007), manipulated by 
the arm of the research submersible Nautile. Gas flow displaces ambient seawater in gas-
tight high pressure sampling cells within ~1 m of the seafloor. One gas bubbles sample (PG-
1662, 666 m water depth) was collected in the vicinity of the gas hydrates collection area on 
the Western High and this intimate association suggests that the vent gas is representative 
of the hydrocarbon pool from which the gas hydrate crystallized. Other samples of gas 
bubbles were collected from active vent on the Central High (PG-1664, 329 m water depth) 
and cold seeps in the southern Çinarcik Basin (PG-1659, 1248 m water depth) where no gas 
hydrates were found. The analytical work on the gas hydrate samples was performed 
onshore both at the laboratory Géochimie-Métallogénie at IFREMER-Brest and at TUBITAK 
Marmara Research Centre, one month after the cruise. Each cell containing the gas at in-situ 
pressure was connected to an extraction line permitting gas transfer into glass tubes at an 
appropriate pressure for gas composition and isotopic analyses. Gas hydrate specimens 
were also placed in a high pressure sampling cell for gas and isotopes measurements after 
gas hydrate decomposition.  
 We used gas chromatography to measure the composition of gas bubbles and of gas 
issued from the hydrate decomposition. Isotopic measurements are performed at Isolab 
laboratory (The Netherlands) by gas chromatography–isotope ratio–mass spectrometry (GC-
IR-MS). The 13C values are reported as parts per thousand (‰) relative to the PeeDee 
Belemnite standard (PDB), and the D values are reported as ‰ relative to the standard 
mean ocean water (SMOW) standard.  
The natural gas hydrates are analyzed by Raman spectroscopy using a LabRam HR 800 UV 
(Jobin-Yvon) equipped with a back-illuminated CCD detector in Lille. The gas hydrates are 
crushed in liquid nitrogen and loaded into a pre-cooled dedicated LINKAM stage mounted 
onto a BX 41 Olympus microscope. The temperature in the stage is set to 133 K to avoid the 
decomposition of the samples. The excitation line at 266 nm is produced by a MBD-266 
Laser source (Coherent) which is focused to a spot size of about 1.7 μm using a x15 LMU 
OFR objective (N.A. 0.38, working distance of 8.5 mm). The laser power at the sample is ~10 
mW, thus avoiding sample damage. The acquisition time is set to 300 s/ spectra. The 
obtained spectra are then baseline corrected and analyzed with a least-square fitting protocol 
(PeakFit4) using Voigt area profiles. This procedure allows a precise determination of the 
integrated band intensities collected with a high signal to noise ratio. 
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4. Results and discussion 

 

4.1.  Gas and isotopic composition: origin of gas hydrates and gas bubbles 

 Gas and isotopic composition data for gas hydrate (MNTKS 27) and gas bubbles 
(PG-1659, PG-1662 and PG-1664) are reported in Table 1. Composition of gas hydrate 
samples collected on Western High ranges from 66.1 to 82 % for CH4 (66.1 % CH4 in 
MNTKS 27 sample) and from 18 to 29.5 % for C2 to C4 (1.23 % C2, 18.8 % C3, 9.5 % i-C4 in 
MNTKS 27 sample). CO2 (4%) and traces of heavier  hydrocarbons are also present. Carbon 
and hydrogen isotopic ratios in methane are used to identify the specific origin of methane 
(Coleman et al., 1995; Schoell, 1988; Whiticar, 1999). Methane in natural gases may be of 
biogenic origin formed via the processes of carbon dioxide reduction (the more common 
process in marine sediments) or via acetate fermentation (Coleman et al., 1995; Whiticar, 
1999; Whiticar et al., 1986). The methane can also form from thermal degradation of kerogen 
and oil (thermogenic methane) (Schoell, 1988). Microbial hydrocarbon gases form in shallow 
sediments below the sulfate-reduction zone and are composed mainly of CH4 depleted in 13C 
(isotopically lighter, commonly 13C < 55‰ PDB), with traces of C2 and C3, and thus have 
increased C1/C2+C3 ratios (commonly > 10 000) (Claypool and Kvenvolden, 1983). In 
contrast, thermogenic methane is enriched in 13C compared to biogenic methane, with 13C > 
55‰ PDB, and thermogenic gases are relatively enriched in C2+, with low C1/C2+C3 ratios (< 
1000).  
Isotopic and molecular composition of gas within the gas hydrate samples from Western 
High (13C 44.1 ‰ PDB, C1/C2+C3 ratio of 3.3) are characteristic of a thermogenic origin 
(Fig. 2a). This indicates that the gas hydrate deposit was formed by gas sourced from 
petroleum or rocks that contain thermally mature organic matter. Furthermore, the thermal 
origin of methane is also suggested by the correlation of D CH4 (219‰ SMOW) and 13C 
CH4 values. Typical values of D and 13C for thermogenic methane range between 100‰ 
and 300‰ SMOW, and 20‰ and 50‰ PDB respectively (Schoell, 1988). 13C and D 
values of CH4 for MNTKS 27 gas hydrates are comparable to 13C values ranging from 
42.2‰ to 49.9‰ PDB and D values from 161‰ to 203‰ SMOW, respectively, derived 
from thermogenic gas hydrates from the Gulf of Mexico (Sassen et al., 2001a; Sassen et al., 
2001b). Comparable 13C values of methane ranging from 42.6‰ to 43.4‰ PDB and D 
values from 138‰ to 143‰ SMOW were also reported for hydrates from the northern 
Cascadia margin (Canyon Barkley, offshore Vacouver Island; Pohlman et al., 2005), and for 
hydrates recovered offshore Costa Rica13C 44‰ PDB, D 137‰ SMOW; Hensen et al., 
2004). Other thermogenic gas hydrates were also recovered from the Middle America Trench 
during the DSDP Leg 84 (13C 41.9‰ PDB; Kvenvolden and McDonald, 1985) and from the 
Caspian Sea (13C 44.8‰ PDB; Ginsburg et al., 1992; Ginsburg and Soloviev, 1998).  
 Gas bubbles PG-1659, collected on the southern part of the Çinarcik Basin, are 
mainly composed of methane (99.63%) with only trace amounts of CO2 (0.1%) and heavier 
hydrocarbons (<0.005%). The plot of hydrocarbon composition versus stable carbon isotope 
values (Fig. 2a) clearly indicates that methane leaking from the seafloor on the southern part 
of the Çinarcik Basin has a biogenic signature and confirms hypothesis of Zitter et al. (2008) 
concerning the biogenic origin of gas in the eastern part of the Sea of Marmara. In addition, 
the value of 64‰ (PDB) for 13C-CO2 strongly indicates that the methane in these gas 
bubbles is mainly produced by microbial CO2 reduction, and not via bacterial acetate 
fermentation (Whiticar, 1999). The ethane, on the other hand, has apparently a thermogenic 
origin as indicated by its higher 13C values (Fig. 2b), suggesting that a small amount of 
thermogenic gases are mixed with the microbial methane in the Çinarcik Basin. Such mixing 
of biogenic methane and thermogenic ethane in hydrates was previously observed in various 
oceanic environments such as the Black Sea (Blinova et al., 2003), Hydrate Ridge (Milkov et 
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al., 2005), offshore Northern California (Eel River; Brooks et al., 1991), which are all 
characterized by a high free gas flux. 
Gas bubbles of sample PG-1664 (on the Central High) also contain a high amount of CH4 
(98.86%) with C2, C3 and CO2 concentration (0.48%, 0.24% and 0.36% respectively) being 
relatively higher than those in sample PG-1659 from the  southern part of the Çinarcik Basin, 
indicating that  methane from Central High has a thermogenic origin (Fig. 2a and 2b). Finally, 
PG-1662 bubbles sampled in the vicinity of the gas hydrate area, on the Western High have 
similar gas and isotopic composition to the gas contained in the gas hydrate. This intimate 
association suggests that the gas hydrates have crystallized from this associated vent gas. 
Bubbles from the Western High contain 90.90% CH4, with relatively large amounts of C2 
(1.23%), C3 (2.50%), i-C4 (0.93%), n-C4 (0.15%), i-C5 (0.31%) and CO2 (3.90%). The 
composition of vent gas from the Western High has high similarity with the K.Marmara-af 
natural gas field located offshore Silivri on northern shelf (Gürgey et al., 2005). These 
similarities of composition strongly suggest the migration of natural gas from the Thrace 
Basin underlying part of the Sea of Marmara floor. The distribution of cold seeps in the Sea 
of Marmara and the geological context lead also to hypothesize that at least part of the fluids 
expelled in the fault on the Western High and the natural gas of the K.Marmara-af natural 
gas field originate from a similar source rock. At the Western High, 13C of methane and 
heavier hydrocarbons are similar in bubbles and gas hydrates. In addition, the C1/C2+C3 ratio 
is consistent with a thermogenic origin of the gas (Fig. 3a). Relative to vent gas, methane of 
gas hydrate occurs in lower percentage (66.1%) and C3 and i-C4 are proportionally higher. 
This difference of composition between hydrate-bound gases and associated vent gas is 
characteristic of molecular fractionation involved during the gas hydrate formation, and 
confirms that the preferential enclathration in the hydrate cages is CH4 < C2 < C3 < i-C4 
(Sassen et al., 1999; Sloan, 1998; Uchida et al., 2007). However, significant carbon or 
hydrogen isotopic fractionation of the hydrocarbons does not occur during gas hydrate 
crystallization (Brooks et al., 1986; Claypool et al., 1985; Sassen and McDonald, 1997).  
The stable carbon isotope composition of C1-C5 hydrocarbon gases from Western High and 
Central High are consistent with a thermogenic origin, whereas the 13C-depleted methane 
escaping from the Çinarcik Basin suggests a microbial origin. The substantial differences of 
13C-CO2 observed from hydrate and all gas bubble samples are also interesting. CO2 of 
hydrate and gas bubbles from Western High and Central High are enriched in 13C by as 
much as 38 ‰ relative to bacterial vent gas from the Çinarcik Basin (Table 1), and ranges 
from +25.6 ‰ to +29.1 ‰ PDB. Such high values, generally up to +15 to +20 ‰ PDB, are 
consistent with heavily biodegraded oil (Jones et al., 2008; Masterson et al., 2001; Pallaser, 
2000). Biodegradation of crude oil in subsurface petroleum reservoirs is dominated by 
anaerobic hydrocarbon degradation, including methanogenesis (Larter and di Primio, 2005), 
which is the likeliest fate of most carbon dioxide produced as the terminal oxidation product 
during biodegradation (Head et al., 2003; Jones et al., 2008). Jones et al. (2008) suggest 
that methanogenic hydrocarbon degradation occurs predominately via syntrophic oxidation of 
alkanes to acetate and hydrogen, and the produced carbon dioxide is reduced to methane 
during hydrogenotrophic methanogenesis. With increasing hydrocarbon conversion, carbon 
dioxide becomes 13C enriched (Jones et al., 2008). Thus, the isotopically heavy carbon 
dioxide in vent gas and hydrate from the Sea of Marmara, with 13C CO2 values up to +25.6 
‰, is the signature of heavily degraded oil reservoirs.  
  

4.2. Molecular structure discrimination 

 As previously carried out on the gas hydrates collected from African and Norwegian 
margins (Charlou et al., 2004; Chazallon et al., 2007), the samples collected in the Sea of 
Marmara were first investigated by micro-Raman spectroscopy using the excitation line at 
514.5 nm produced by an Ar+ laser. However, this proved to be unsuccessful due to the high 
degree of background interference caused by fluorescence effects generated by the inherent 
presence of sediments at the sample surface. This difficulty has also been encountered by 
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Hester et al. (2007), who could not analyze the yellowish hydrates from the Barkley Canyon 
spectroscopically. To solve this analytical problem, the natural samples from the Sea of 
Marmara are here analyzed using a UV excitation line at 266 nm.  
 Fig. 3 shows typical Raman spectra of natural gas hydrate recorded at atmospheric 
pressure and 133 K in the 2800-3800 cm-1 spectral range. The spectral region ranging from 
2800 to 3000 cm-1 (Fig. 3b) corresponds to the C-H bond stretching of hydrocarbons. Two 
bands can be observed at ~2903 and ~2913 cm-1, corresponding to the C-H bond stretching 
(1 mode) of methane in the hydrate structure. The integrated intensity ratio of the methane 
peaks (2903:2913 cm-1) is 0.3, and indicates that this hydrate crystallizes in a type II 
structure. Indeed, for methane-rich mixtures with hydrate guests which don’t fit in the small 
cages (such as C2H6, C3H8, i-C4H10), the intensities ratio of methane in the sII large and small 
cages should be less than 0.5 (there is twice more small cages than large cages in the type II 
structure; Sloan, 1998). This is because, in such mixtures, methane will occupy most of the 
small cages of sII and the larger guests will occupy at least some of the sII large cages, 
along with methane (Hester et al., 2007).  The peak at ~2903 cm-1 can thus be assigned to 
the C-H stretching of CH4 within the large cages (51264) and the peak at ~2913 cm-1 to the C-
H stretching of CH4 within the small cages (512) (Sum et al., 1997). In comparison, only a 
single band corresponding to 1 is observed for methane in free gas at ~2916 cm-1 (Chazallon 
et al., 2007). The splitting of the 1 band in hydrate can be attributed to a perturbation of the 
local electrostatic fields produced by water molecules forming cages of different types (Tulk 
et al., 2000). The methane in the large cages has a more negative frequency shift, relative to 
the gas phase, than methane in the small cages (Subramanian and Sloan, 2002). Although 
Raman spectroscopy proves to be a powerful tool to obtain detailed spectral features 
characterizing the enclathrated gas components in natural gas hydrates, it doesn’t allow to 
distinguish sII hydrate from sH hydrate. Complementary analyses are necessary in order to 
dismiss the hypothesis of the presence of sH hydrate in natural samples from the Sea of 
Marmara. A mixture of type II and type H structures has already been observed for example 
in natural hydrate sample recovered from Barkley canyon, on the northern Cascadia margin 
(Lu et al., 2007). Structure II gas hydrate can be oil-related and has been identified from 
sediments of the Gulf of Mexico (Brooks et al., 1986; Brooks et al., 1984) and from the 
Caspian Sea (Ginsburg and Soloviev, 1998). Asterisks on the Fig. 3b mark smaller bands 
attributed to C-H stretching modes of C2, C3 and i-C4 (Hester et al., 2007; Uchida et al., 
2007). The spectral region at ~3100 cm-1 (Fig. 3a) corresponds to the O-H spectral region of 
water. The weak band at ~3053 cm-1 characterizes the presence of hydrates and is assigned 
to an overtone of the doubly degenerate vibration 2 of methane (Chazallon et al., 2007).   
 The spectral region ranging from 750 to 1050 cm-1 corresponds to the C-C stretching 
of hydrocarbons (Fig. 4a). The bands at ~812 and ~876 cm-1 can be respectively assigned to 
the 7 symmetric C-C stretching vibration of i-C4 (Hester et al., 2007; Uchida et al., 2007) and 
to the 8 C-C stretching of C3 (Hester et al., 2007; Kawamura et al., 2006) in the large 51264 
cavities of sII structure. The unknown peak at ~975 cm-1, which was also reported by Uchida 
et al. (2007), has not yet been assigned. Lastly the C2 3 symmetric C-C stretching in the 
51264 cages can be clearly seen at ~992 cm-1 (Hester et al., 2007; Uchida et al., 2002), while 
the corresponding peak for ethane in the large cage of sI hydrate at 1001 cm-1 is absent, 
confirming the presence of a sII dominated hydrate. These results confirm that C2, C3, and i-
C4 molecules are encaged only into the 51264 cages of the sII structure. The bands at ~1274 
cm-1 and ~1380 cm-1 on spectral region ranging from 1250 to 1400 cm-1 (Fig. 4b) can be 
assigned to the CO2 vibration, whereas the band at ~1328 cm-1 has not yet been attributed. 
Comparatively, the characteristic signature of CO2 in sI natural hydrates from the Congo-
Angola Basin was reported by Charlou et al. (2004) with two bands at ~1274 and ~1377 cm-

1. 
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4.3. Chemistry and modeling: origin of the gas forming the hydrate and hydrate 
stability field 

Differing composition of our gas-bubbles samples predict different gas hydrate structures and 
thus variant gas hydrate stability conditions. We used flash calculation, which is a 
thermodynamic algorithm using a combination of methods and computational strategy, to 
describe the behavior of mixtures depending on the p-T seafloor conditions. In general, by 
changing the p-T conditions for a given mixtures lead to the formation of different phases in 
equilibrium. Thus, the aim of the flash calculation is, using thermodynamic equations, to 
identify the phases in equilibrium as well as the distribution of each component in each 
phase (Michelsen and Mollerup, 2004). Others thermodynamic and thermophysic properties 
can be determine as well. A first flash calculation shows that depending on the p-T seafloor 
conditions, the thermogenic gas bubbles of sample PG-1662 (Western High) could give rise 
to structure II and even structure H hydrate (Sloan and Koh, 2008), whereas the biogenic gas 
bubbles PG-1659 (Çinarcik Basin) can form only structure I.  
Here, flash calculations have been performed on gas bubbles mixing with pore water in order 
to evaluate whether they will lead to gas hydrate and what will be the composition of both the 
hydrate and the remaining gas bubbles. The Raman signature of the associated gas hydrate 
suggests the presence of structure II, and is thus consistent with formation from the gas 
bubbles (sample PG-1662).  
The locations of ours samples (except PG-1659) are within a region underlain by southern 
extension of the Thrace Basin, a well-known natural gas-producing province in Turkey 
(Gürgey et al., 2005). The sampled gas bubbles may migrate from one of the Thrace Basin 
gas fields or originate from similar source rock. During migration, this gas could form gas 
hydrate under appropriate T and P conditions within the sediments. 
Here, we compare measured gas composition to results obtained by thermodynamics 
modeling in order to get insight into the origin and stability of the hydrate associated with the 
bubbles of sample PG-1662, and also to understand the absence of hydrate for PG-1659. 
The CSM-GEM computer hydrate program (Sloan and Koh, 2008) has been used for the 
modelling. This program incorporates the Van der Waals and Platteeuw model (Van der 
Waals and Platteeuw, 1959) along with performing a Gibb’s energy minimization to evaluate 
the stable phases in equilibrium and determine their composition. Because the program 
performs constant volume flash calculations, the approach proposed by Hester et al. (2007) 
has been followed. Thus, each flash calculation is based on the conversion of 1 mol of liquid 
water to hydrate, in contact with 100 mol of natural gas. 
 

4.3.1. Hypothesis on the origin of the  PG-1662 gas bubbles 

 
The K.Marmara-af natural gas field reservoir or similar source rock are likely the source of 
bubbling gases at PG-1662 sampling site because of similar gas compositions. Two 
questions arise: 1) will this natural gas source form gas hydrate under the P-T conditions at 
the sampling site?, and 2) is the composition of the sampled gas hydrate consistent with 
theoretical predictions based on gas source and gas fractionation as gas hydrate forms? 
Flash calculations have been done for both the K.Marmara-af natural gas and the sampled 
gas bubbles. Based on the seafloor conditions, the flash was calculated at 6.69 MPa and  
14.5°C for both gas compositions. The calculated hydrate composition using PG-1662 gas 
bubbles composition is presented in Table 2 (Xi,hyd,calc) and compared to the measured data 
obtained by gas chromatography for natural gas hydrate from Western High (Xi,exp). The 
calculated hydrate composition is similar to the analyzed one and confirm that gas hydrate 
has crystallized from the associated vent gas (PG-1662 gas bubbles sample). Moreover, the 
composition of the K.Marmara-af gas field is very close to the sampled gas bubbles. For both 
systems, the flash calculation successfully predicted structure II gas hydrate as the more 
stable structure under the seafloor conditions. This is in agreement with the Raman 
spectroscopic results obtained on the sampled gas hydrate. The calculated hydrate 
composition is also similar to the analyzed one, strengthening our hypothesis that gas from 
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the K.Marmara-af field or from the same source rock migrate to the Western High. The flash 
calculations done for the K.Marmara-af natural gas and the sampled gas bubbles PG-1662 
also confirm that the preferential enclathration in the hydrate cages is CH4 < C2 < C3 < i-C4+. 
 

4.3.2. Hydrate stability zone of the gas bubbles from PG-1659 and PG-1662 

 
The depth of the water column over the investigated area of the Sea of Marmara  is highly 
variable , and the gas bubbles sampled are also very different in composition (Table 1). The 
CSM-GEM computer hydrate program has been used to describe the hydrate stability zone 
where we collected PG-1662 gas bubbles sample, and also where PG-1659 gas bubbles 
have been sampled because no gas hydrates are found in these sediments although there is 
an ample source of methane. Hydrate formation and stability is function of P-T conditions, 
gas composition, gas concentration in sediments which must be sufficient, and the pore 
water salinity, which is about 38 PSU (unpublished data) for our area of investigation. 
Measurements of the thermal gradient of the sediments have been done for this area during 
the same MARNAUT cruise (Andre, 2008). 
In the case of sample PG-1662 site, where gas hydrate is found, the temperature at the 
seafloor is 14.5°C with a pressure of 6.69 MPa. Structure II gas hydrates are stable at these 
temperature and pressure conditions, as confirmed by our gas hydrate samples. Moreover, 
our calculations estimate the thickness of the gas hydrate stability zone to be ca. 100 m with 
the base of the zone at 19°C and 7.84 MPa (Fig. 5a).  
Concerning the PG-1659 area, where the biogenic gas bubbles can only form structure I 
hydrate, gas hydrate may not be able to form in detectable amounts at the seafloor, as 
conditions (14°C and 12 Mpa) correspond to the limit conditions for gas hydrate formation. In 
principle, gas hydrate could be stable in the first meters of sediments (Fig. 5b), but no gas 
hydrate associated with the PG-1659 gas bubbles were recovered at 1200 m water depth in 
the Çınarcık Basin. This may be explained because kinetics of hydrate formation will be very 
slow under these conditions and the hydrates eventually formed will be sensitive to small 
variations of pressure and temperature. Important variations generally occur during the 
recovery process and may result in a complete dissociation of the hydrate, especially if gas 
hydrates are microscopic. 
 

5. Conclusions 

 
 In this paper we document the chemical and physical characteristics of the natural 
gas hydrate occurring on the active North Anatolian Fault in the Sea of Marmara. The gas 
hydrate were collected in the first meters of sediment, along the main fault on Western High, 
and gas bubbles naturally venting from the seafloor were collected at three sites: Western 
High, Central High and the southern part of the Çinarcik Basin. 
 Gas hydrate specimens contain mainly methane, with relatively high amounts of 
ethane, propane and iso-butane. Carbon and hydrogen isotopes from these collected gases, 
as well as the C1/C2+C3, ratio attest a thermogenic origin. The composition of gas bubbles 
emanating from the gas hydrate locality is consistent with that of gas hydrates. The gas 
bubbles contain thermogenic methane and are likely sourced from the natural gas reservoirs 
of the Thrace Basin, or from their source rocks. Gas bubbles from Central High also show a 
thermogenic origin whereas gas bubbles sampled on the Çinarcik Basin are composed of 
biogenic methane, mixed with a trace amount of thermogenic ethane. 
 Gas hydrate specimens have been analyzed by UV-Raman spectroscopy. The two 
bands observed at ~2903 and ~2913 cm-1, characteristic of methane vibration, and the 
integrated ratio of these peaks (2903:2913 cm-1) being 0.3 show that hydrate crystallizes in a 
type II structure. C2, C3, i-C4 and CO2 are found to be co-clathrated with methane and confirm 
the type II structure. 

 8



Results obtained from modeling using the CSM-GEM computer hydrate program confirm the 
type II structure, in agreement with Raman spectroscopy data. In addition, the comparison 
between measured data and modeling results corroborates our hypothesis on the existence 
of a link between the gas hydrates, the gas bubbles on Western High and the source rock of 
the K.Marmara-af natural gas field of the Thrace Basin. At Western High, the estimated 
thickness of hydrate stability zone is about one hundred meters, whereas P-T conditions in 
the Çinarcik Basin correspond to the uppermost range for gas hydrate formation from 
microbial gas, but no gas hydrates were collected in this area during MARNAUT cruise. 
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Figure 1 

 

Fig. 1. Bathymetric map of the Sea of Marmara showing the sampling locations of gas 
hydrates and gas bubbles. Abbreviations: TB, Tekirdağ Basin; CB, Central Basin; KB, 
Kumbergaz Basin; ÇB, Çinarcik Basin; WH, Western High; CH, Central High (after Rangin et 
al.; 2000).  
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Figure 2 

 

Fig. 2. Determination of the origin of hydrate-bound and bubble gases. a) Relationship 
between the stable carbon isotope composition (13C) of CH4 and C1/(C2 + C3) ratio (modified 
from Whiticar, 1999). Bacterial CH4, as found in the bubbles PG-1659 is characterized by  
depletion in 13C and a high C1/(C2 + C3) ratio compared to thermogenic CH4 (bubbles PG-
1662, PG-1664 and gas hydrate MNTKS 27). b) Relationship between the stable carbon 
isotope composition (13C) of CH4 and C2 in bubbles and hydrate-bound gases (modified from 
Milkov, 2005). Bubbles PG-1659 contain bacterial CH4, but C2 has a thermogenic origin, 
compared to bubbles PG-1662, PG-1664 and gas hydrate MNTKS 27, which contain both 
thermogenic CH4 and C2. 

 17



Figure 3 

 

Fig. 3. Typical Raman spectra of natural gas hydrate recorded at atmospheric pressure and 
133 K. Connected points correspond to the raw spectrum data. Dotted lines represent the 
deconvoluted Raman peaks by fitting with a Voigt model. a) C-H stretching spectral regions 
of hydrocarbons is observed between 2800 and 3000 cm-1. The spectral region at ~3100 cm-

1 corresponds to the O-H spectral region of water. The weak band at ~3053 cm-1 
characterizes the presence of hydrates and is assigned to an overtone of methane. b)  
Enlarged view of the C-H stretching spectral regions of hydrocarbons. The twin bands at 
~2903 and ~2913 cm-1 are attributed to CH4 trapped in the large cages (51264) and small 
cages (512) of the type II structure. Asterisks marked the bands attributed to C-H stretching 
modes of C2H6, C3H8 and i-C4H10. 
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Figure 4 

 

Fig. 4. a) C-C stretching spectral region of hydrocarbons (between 750 and 1050 cm-1). The 
bands at ~812 cm-1, ~876 cm-1 and ~992 cm-1 are attributed to the C-C stretching of i-C4H10, 
C3H8 and C2H6, respectively, in the large cages (51264) of type II structure. The band at ~975 
cm-1 has not yet been assigned. b)  C-O stretching spectral region (between 1250 and 1400 
cm-1). The bands at ~1274 cm-1 and ~1380 cm-1 can reasonably be attributed to the 1 
(symmetric stretching C-O-C) and 22 (overtone of the bending mode) of the CO2 molecules 
in a type II structure, whereas the band at ~1328 cm-1 has not yet been assigned. 
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Figure 5 

 

 

Fig. 5. Stability field of natural gas hydrate: a) deduced from gas composition of bubbles PG-
1662 (Western High). The temperature and pressure conditions at the seafloor are 
respectively 14.5°C and 6.69 MPa. Gas hydrates are stable at such temperature and 
pressure conditions and the thickness of the hydrate stability zone in the sediment (shown by 
shaded region) can reach about one hundred meters depth, with a maximum temperature 
and pressure of 19°C and 7.84 MPa respectively. b) deduced from gas composition of 
bubbles PG-1659 (Çınarcık Basin). The temperature and pressure conditions at the seafloor 
are respectively 14.5°C and 12 MPa. In these conditions, which correspond to the uppermost 
range for gas hydrate formation, gas hydrate could form only in the first meters of sediments, 
but no gas hydrate associated with the PG-1659 gas bubbles have been recovered at 1200 
m water depth. 
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Table 1. Gas and isotopic composition of gas bubbles (PG-1659, PG-1662 and PG-1664), and gas hydrate (MNTKS 27). Isotopic 
measurements have been performed at Isolab laboratory, the Netherlands except data in brackets obtained at TUBITAK Marmara Research 
Centre. 
 

  Gas bubbles  Gas hydrate 

 

PG-1659 

Çinarcik Basin 
Lat: 29°07.0 N 

Long: 40°43.0 E 

Water depth: 1248 m 

PG-1662 

Western High 
Lat: 27°46.8 N 

Long: 40°49.1 E 

Water depth: 648 m 

PG-1664 

Central High 
Lat: 28°35.0 N 

Long: 40°51.7 E 

Water depth: 329 m 

MNTKS 27 

Western High 
Lat: 27°46.6 N 

Long: 40°48.9 E 

Water depth: 669 m 

Component 
Composition 

(%) 
13C 

(‰ PDB) 

Composition 

(%) 
13C 

(‰ PDB) 

Composition 

(%) 
13C 

(‰ PDB) 
D 

(‰ SMOW) 

Composition

(%) 
13C 

(‰ PDB) 
D 

(‰ SMOW) 

CH4 99.63 64.1 90.90 44.4 98.86 44.4 210 66.10 44.1 (45) 219 
C2 0.0048 37.6 1.23 25.7 0.48 22.8 119 1.23 23.4 (24) 116 
C3 0.0012 30.9 2.50 21.1 0.24 9.8 132 18.8 21.8 151 
i-C4 0.00030 30.2 0.93 28 0.0039 19.4 132 9.50 27.6 (30) 155 
n-C4 0.00030 27.8 0.15 20.1 0.001 8.9     - 0.19 22.9     - 

neo-C5 0     - 0.0034     - 0.003 24.7     - 0.041 25.6     - 

i-C5 0.00020 28.3 0.31 25.3 0.0007 16.6     - 0.048 25.7     - 

n-C5 0     - 0.010 18.9 0.0003 20.1     - 0.0002     -     - 

C6+ 0.0007     - 0.0017     - 0.007     -     - 0.041     -     - 

N2 0.26     - 0     - 0.26     -     -  0     -     - 

CO2 0.10 6.4 3.90  29.1 0.36 25.4     - 4.0  25.6     -   

C1/(C2+C3) 16600     - 24.4   - 137     -     - 3.3     -     - 



 

T
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able 2: Molar composition of the hydrate and gas phases: comparison between measured 
oncentration (Xi,exp) and modeling (Xi,hyd,calc and Yi,gas assoc,calc). 

Component Xi,exp
a 

Gas 
bubbles 
PG-1662 

Xi,hyd,calc
b Yi,gas 

assoc,calc
c 

K.Marmara-af 
natural gas 

fieldd 
Xi,hyd,calc

b 
Yi,gas 

assoc,calc
c 

CH4 0.6610 0.9090 0.6521 0.9137 0.9100 0.6653 0.9141 

C2 0.0123 0.0123 0.0110 0.0123 0.0220 0.0181 0.0221 

C3 0.1880 0.0250 0.1823 0.0224 0.0300 0.1994 0.0272 

n-C4 0.0019 0.0015 0.0025 0.0015 0.0110 0.0150 0.0109 

i-C4 0.0950 0.0093 0.1272 0.0075 0.0080 0.0959 0.0065 

n-C5 2.010-6 0.0001 0 0.0001 0.0040 0 0.0041 

i-C5 0.0005 0.0031 0.0004 0.0032 0.0050 0.0005 0.0051 

neo-C5 4.110-4 3.410-5 0 0 0 0 0 

n-C6 4.110-4 1.710-5 0 0 0 0 0 

N2 0 0 0 0 0 0 0 

CO2 0.0400 0.0390 0.0245 0.0393 0.0100 0.0058 0.0101 
a

b

c

d

 

 

 

 

 
 

 

 

 

 

 

 

 

 

Xi,exp = experimental hydrate molar fraction of component “i” 
Xi,hyd,calc = calculated hydrate molar fraction of component “i” 
Yi,gas assoc,calc = calculated gas molar fraction of component “i” 
Data from Gürgey et al. (2005) 
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