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Detailed knowledge of the extent of post-genetic modifications affecting shallow submarine hydrocarbons
fueled from the deep subsurface is fundamental for evaluating source and reservoir properties. We
investigated gases from a submarine high-flux seepage site in the anoxic Eastern Black Sea in order to
elucidate molecular and isotopic alterations of low-molecular-weight hydrocarbons (LMWHC) associated
with upward migration through the sediment and precipitation of shallow gas hydrates. For this, near-
surface sediment pressure cores and free gas venting from the seafloor were collected using autoclave
technology at the Batumi seep area at 845 m water depth within the gas hydrate stability zone.
Vent gas, gas from pressure core degassing, and from hydrate dissociation were strongly dominated by
methane (>99.85 mol.% of ∑[C1–C4, CO2]). Molecular ratios of LMWHC (C1/[C2+C3]>1000) and stable
isotopic compositions of methane (δ13C=−53.5‰ V-PDB; D/H around −175‰ SMOW) indicated
predominant microbial methane formation. C1/C2+ ratios and stable isotopic compositions of LMWHC
distinguished three gas types prevailing in the seepage area. Vent gas discharged into bottom waters was
depleted in methane by >0.03 mol.% (∑[C1–C4, CO2]) relative to the other gas types and the virtual lack of
14C–CH4 indicated a negligible input of methane from degradation of fresh organic matter. Of all gas types
analyzed, vent gas was least affected by molecular fractionation, thus, its origin from the deep subsurface
rather than from decomposing hydrates in near-surface sediments is likely.
As a result of the anaerobic oxidation of methane, LMWHC in pressure cores in top sediments included
smaller methane fractions [0.03 mol.% ∑(C1–C4, CO2)] than gas released from pressure cores of more deeply
buried sediments, where the fraction of methane was maximal due to its preferential incorporation in
hydrate lattices. No indications for stable carbon isotopic fractionations of methane during hydrate
crystallization from vent gas were found. Enrichments of 14C–CH4 (1.4 pMC) in short cores relative to lower
abundances (max. 0.6 pMC) in gas from long cores and gas hydrates substantiates recent methanogenesis
utilizing modern organic matter deposited in top sediments of this high-flux hydrocarbon seep area.
x: +49 421 218 8664.
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1. Introduction

Submarine gas hydrate accumulations are widely distributed on
continental margins (Judd et al., 2002) and owing to their hydrocarbon
storage capacity are of great interest as future energy source. As a conse-
quence of overpressure, a fraction of volatiles can escape from deeply
buried gas reservoirs. These volatiles are transported towards the seafloor
by diffusive upward migration along concentration gradients or by fluid
advection through conduits and can be incorporated into gas hydrates,
provided that the percolated sediments are located within the gas
hydrate stability zone (GHSZ) and given that methane concentrations in
the pore space exceed in situ solubilities (Ginsburg and Soloviev, 1997).

The relative methane partitioning into its major sedimentary pools
(dissolved in interstitial waters, as free gas, adsorbed to mineral surf-
aces, or bound in hydrates) is crucial for an assessment of the methane
bioavailability and for calculations of methane budgets and fluxes.
However, various parameters, such as concentration of LMWHC, water
availability, and temperatures in bottom water and sediment, control
the partitioning into subsurface methane pools, which in turn respond
highly dynamic to changes in these parameters. For instance Feseker
et al. (2009) demonstrated for surface deposits of a Black Sea mud
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volcano that the intensity of advective gas and heat transport from
greater depth strongly affects the extent of hydrate formation and de-
composition and thus, the amount of hydrate-bound LMWHC.

Themolecular and isotopic characteristics of gases generated indeep
sediments can be altered during migration and fixation by diverse
abiotic and biotic processes. These include i) biological degradation of
individual compounds (James and Burns, 1984; Kniemeyer et al., 2007;
Larter and di Primio, 2005; Pallasser, 2000), ii) preferential incorpora-
tion into hydrate cages (Sloan and Koh, 2007), iii) admixture of
secondary volatiles derived from degradation of oil (Milkov and Dzou,
2007; Prinzhofer and Pernaton, 1997; Seewald, 2003), and iv)
preferential methane consumption mediated by the anaerobic oxida-
tion of methane (AOM) in top sediments (Barnes and Goldberg, 1976;
Hinrichs and Boetius, 2002; Hoehler et al., 1994; Reeburgh, 1976).
Considering the different alteration effects associated with upward
migration and partitioning, the molecular and isotopic composition of
LMWHC in shallow sedimentary pools or in vent gas can deviate from
the source gas of the reservoir. Hence, a comprehensive understanding
and evaluation of individual processes contributing to post-genetic
LMWHC alterations is essential to accurately evaluate the compositions
of gas stored in deeply buried reservoirs.

In recent years, studies addressing molecular and isotopic parti-
tioning of LMWHC and carbon dioxide focused mostly on individual
processes associated with migration through the sediment or hydrate
formation. It follows that comprehensive knowledge of alterations
accompanying gas ascending through the GHSZ towards the sedi-
ment–water interface is relevant, since these processes additionally
control the proportions of individual LMWHC coexisting in the dif-
ferent gas phases (e.g., Pohlman et al., 2005; Sassen et al., 2004).
Consequently, molecular partitioning affects the portion of bioavail-
able LMWHC in near-surface sediments and the water column, where
these compounds can serve as substrate for hydrocarbon-degrading
microbes.

The Black Sea comprises the world's largest oceanic reservoir of
dissolved methane of 96 Tg (Tg=million tons; Reeburgh et al., 1991),
which is assumed to be primarily sourced by decomposing gas
hydrates and hydrocarbon seeps (Kessler et al., 2006a). Numerous
submarine gas emission sites were discovered in the Black Sea, which
are often characterized by virulent gas bubble emission into the water
column (see Pape et al., 2008 for refs.). The upper boundary of the
GHSZ for pure methane hydrate in the Black Sea was calculated to
be located around 700 mwater depth (Bohrmann et al., 2003; Naudts
et al., 2006). Shallow hydrate occurrences were inferred from geo-
physical data or verified by actual recovery (see Pape et al., 2008 for
refs.), occasionally co-occurring with the discharge of bubble forming
gas.

To characterize biotic and abiotic alteration processes affecting
LMWHC in shallow deposits of a high-flux seep area in the anoxic
Eastern Black Sea basin, we sampled near-surface sediment pressure
cores, shallow gas hydrates, and vent gas discharged into bottom
waters. We report on molecular proportions and isotope composi-
tions of LMWHC and carbon dioxide dissolved in interstitial waters
and incorporated in hydrates, which occurred in distinct layers of
shallow sediments. The sources of vent gases were emphasized, as
well as the origin of hydrate-bound LMWHC, and the molecular and
isotopic fractionations associated to hydrate formation. We used a
combinatory approach including autoclave sampling in high spatial
resolution and sedimentological analysis. These data were comple-
mented by radiocarbon measurements of methane and used to char-
acterize fractionation processes during gas transfer between these
sedimentary pools.

2. Geological setting

Active compressional deformation leads to the creation of a W–E
trending system of canyons and ridges on the continental slope off
Georgia (Klaucke et al., 2006; Meredith and Egan, 2002) in the Black
Sea (Fig. 1a). On top of one of such ridges, a high-flux hydrocarbon
seepage area, termed ‘Batumi seep area’ (41°57′N; 41°17′E, Fig. 1b),
was recognized in about 840 to 860 m water depth (Klaucke et al.,
2006) in the permanently anoxic Black Sea water body. The Batumi
seep area is located within the nominal GHSZ for pure methane
hydrate, covers a seafloor area of approx. 0.5 km2 and comprises
several sites of focused gas emission. It provides excellent opportu-
nities to study fractionation processes associated with hydrocarbon
partitioning, migration and hydrate precipitation, since the co-occur-
rence of near-surface gas hydrates and gas seepage is documented
(Klaucke et al., 2006; Bohrmann et al., 2007). Remotely operate
vehicle (ROV)-based video-documentation revealed sea bottom
features typically found at sites of focused, high-flux hydrocarbon
seepage (e.g., pockmarks, authigenic carbonates forming pavements
and chimney-like structures) and a rough micro-topography hints to
(sub-)recent gas ebullition (Bohrmann et al., 2007). Seismic profiling
showed that individual seepages are related to fluid percolation along
vertical faults promoted by diapiric uplift (Wagner-Friedrichs, 2007).
A bottom simulating reflector (BSR)-like structure indicated that the
base of the GHSZ was in about 150 m below seafloor (bsf). The BSR
was interpreted to result from free gas accumulations trapped below
the GHSZ (Wagner-Friedrichs, 2007), while the free gas is considered
to fuel gas hydrates in overlying strata and individual seafloor seepage
sites. LMWHC derived from gravity cores previously taken at that site
were interpreted as mixed biogenic and thermogenic gases, implying
some input from deeply buried sources (Klaucke et al., 2006).

Active seepage during our recent sampling campaignwas indicated
by gasflares rising up to about 300 mbelowsea level (Nikolovska et al.,
2008). The authors reported a maximum gas flux of 5.5 Lmin−1 from
single outlets, and Haeckel et al. (2008) calculated an annual flux of
dissolvedmethane of 2.45⁎106mol for a field covering 0.31 km2 of the
Batumi seep area. This demonstrates that considerable amounts of
LMWHC escape the seafloor at the Batumi seep area within the GHSZ.
In general, virulent gas emissions and shallow-buried hydrates classify
the area as focused, high gas flux regime (Bhatnagar et al., 2008;
Borowski et al., 1996). This classification is corroborated by a
maximum penetration of seawater-derived sulfate to the upper deci-
meters (Haeckel et al., 2008), which is shallow compared to Black Sea
non-seep sites (e.g. Aloisi et al., 2004; Jørgensen et al., 2001). Likewise,
introduction of methane from seawater into shallow sediments ap-
pears quantitatively negligible. Although methane concentrations in
bottomwaters offshore of Georgia have not been reported so far, they
should be less than 15 µM as a background (Kessler et al., 2006a,b),
which is far below equilibrium concentration with a hydrate phase in
near-surface sediments (93 mM, Haeckel et al., 2008).

3. Materials and methods

Aresearch cruise to theBatumi seepareawas conducted in spring2007
with the R/VMETEOR (M72/3, Legs a and b) and the ROV ‘QUEST 4000m’

of theMARUM,Bremen,within the jointGermanresearchproject ‘METRO’.

3.1. Underwater sampling equipment

Sampling was performed using the winch-operated Dynamic Auto-
clave Piston Corer (DAPC) and gravity corer, as well as with the Gas
Bubble Sampler (GBS), which was handled by the ROV (Figs. 1b and 2b;
Table 1). High-precision underwater navigation and positioning of the
gear-operated sampling tools was achieved by using an acoustic
transponder system (POSIDONIA, IXSEA) mounted on the wire 50 m
above the tools.

3.1.1. Dynamic Autoclave Piston Corer
Nine near-surface sediment pressure cores were recovered from the

Batumi seep area (Fig. 1b, Table 1) using the Dynamic Autoclave Piston



Fig. 1. a) Bathymetric map of the Black Sea showing the position of the Batumi seep area offshore of Georgia. b) Contour map of the Batumi seep area indicating sampling positions of
sediment pressure cores and non-pressure gravity cores as well as discharged gas bubbles. Assignments of areas of intense gas expulsion based on hydroacoustic plume imaging (see
Bohrmann et al., 2007). DAPC =Dynamic Autoclave Piston Corer; GC=gravity corer, GBS=Gas Bubble Sampler (ROV-based). For DAPC stations, closed symbols indicate cores
releasing type IIads gas and open squares those releasing type Iss gas (see Section 4.2).
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Corer (DAPC, Fig. 2a) housed at the University of Bremen (Abegg et al.,
2008). The system is equipped with a core cutting barrel of 265 cm
length and a gas-tight pressure chamber, which facilitates preservation
of sediment cores at in situ pressure. Immediately upon recovery, the
DAPC pressure chamber was connected to a ‘gas manifold’, which is an
assembly of gas-tight valves and valve-activated ports for gas sub-
sampling, pressure recording and gas quantification. Release of gas from
Table 1
List of sediment and gas samples taken at the Batumi seep area during M72/3.

Station no. GeoB Running no. Lat. N
[°]

Long. E
[°]

Pressure cores DAPC
11901 DAPC 01 41:57.410 41:17.344
11903 DAPC 02 41:57.472 41:57.266
11906 DAPC 03 41:57.465 41:17.270
11918 DAPC 08 41:57.547 41:17.427
11920 DAPC 09 41:57.454 41:17.545
11937 DAPC 12 41:57.489 41:17.462
11951 DAPC 14 41:57.546 41:17.431
11958 DAPC 15 41:57.448 41:17.446
11963 DAPC 16 41:57.410 41:17.278

Non-pressure cores GC
11925 GC 04 41:57.431 41:17.347
11927 GC 06 41:57.410 41:17.324
11936 GC 08 41:57.563 41:17.430
11946 GC 13 41:57.532 41:17.582
11949 GC 14 41:57.550 41:17.175
11956 GC 18 41:57.450 41:17.436
11975 GC 23 41:57.528 41:17.588

Free gas GBS
11904-16 GBS 03 41:57.541 41:17.413
11907-2 GBS 04 41:57.543 41:17.529
11907-5 GBS 05 41:57.544 41:17.472
11919 GBS 07 41:57.533 41:17.268
11921-1 GBS 08 41:57.530 41:17.266

DAPC=Dynamic Autoclave Piston Corer; GC=gravity corer; GBS=Gas Bubble Sampler (R
the pressure chamber, which results in a general pressure decline, was
performed incrementally by operating a release port and the overall gas
volume was quantified by use of a ‘gas catcher’ (Heeschen et al., 2007).
At selected pressure levels prevailing in the pressure chamber, gas sub-
sampleswere directly taken out of the streamof released gaswith a gas-
tight syringe, such that only volatiles liberated during core depressur-
ization are collected. The sub-sampleswere introduced into 20 mL glass
Water depth
[m]

Core recovery
[cm]

Pressure upon recovery
[bar]

851 264 68.3
850 n.d. 72.0
843 83 64.3
840 233 84.4
844 259 71.3
842 41 49.3
840 137 80.6
847 146 87.3
853 169 27.2

844 215 –

856 413 –

844 193 –

842 302 –

842 n.d. –

843 96 –

844 304 –

833 – 78.5
834 – 74.8
835 – 1.0
833 – 75.0
844 – 75.2

OV-based); n.d.=not determined.



Fig. 2. a) Photograph of the Dynamic Autoclave Piston Corer (DAPC) prior to deploy-
ment. b) Photograph of the Gas Bubble Sampler (GBS).
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serumvials pre-filledwith saturatedNaCl solution and sealedwithbutyl
stoppers for i) onboard gas chromatographic analysis and ii) for long-
term storage and onshore analysis of carbon and hydrogen isotopic
compositions of LMWHC and carbon dioxide and of radiocarbon
contents of methane.

3.1.2. Gravity corer
Gas hydrate pieces were recovered at seven stations shown in

Fig. 1b using a gravity corer equipped with a 6 m core cutting barrel
and plastic hoses as liners for rapid sample access. Immediately upon
recovery, hydrates were thoroughly cleaned with ice-cooled purified
water, filled into gas-tight syringes, and dissociated at ambient tem-
perature. The released gas was transferred into glass serum vials as
described above.

Additionally, we used gravity core GeoB 9922-1 recovered during
TTR-15 cruise with R/V Professor Logachev in 2004 from a non-seep
site (41°57.25 N; 41°16.70E; 894 m water depth) about 1 km west of
the Batumi seep area as a reference.

3.1.3. Gas Bubble Sampler
An in situ pressure Gas Bubble Sampler (GBS, Fig. 2b) was deployed

with the ROVmanipulator to collect bubble forming vent gas very close
to the seafloor above five discrete gas outlets (Fig. 1b). The GBS consists
of a steel cylinder (pressure chamber), a valve at the lower end,which is
connected to a funnel, and a valve on top. Before deployment, both
valves are closed on deck preserving atmospheric pressure inside the
GBS. To sample vent gas injected into thewater column, gas bubbles are
collected in the funnel only a fewcentimeters above sea grounduntil the
volume ofmaterial in the funnel (gas or gas hydrate, traces of seawater)
exceeds the capacity of the pressure chamber. By opening the lower
valve using the ROV manipulator, the funnel content is sucked into the
pressure chamber as a consequence of the pressure difference. Finally,
the lower valve is closed again preserving the sample under in situ
pressure. After recovery, the upper valve is connected to the ‘gas
manifold’ on deck in order to release collected gas, similar to the DAPC
degassing procedure. For samples collected at the Batumi seep area,
atmospheric air kept inside the GBS prior to operation contributed
1.2 vol.% in maximum of the overall gas volume released.

3.2. Analytical instrumentation

3.2.1. Total inorganic and total organic carbon
Contents of total carbon and total organic carbon (TOC) were

determined by combustion at 1050 °C using a Heraeus CHN-O-Rapid
elemental analyzer as described in Müller et al. (1994).

3.2.2. Gas chemical composition
For onboard measurements of chemical compositions, 166 gas sub-

samples were analyzed with a two-channel gas chromatograph. C1 to C6
alkaneswere quantifiedwith a capillary column (OPTIMA-5) connected to
a flame ionizationdetector,whereasO2,N2, andCO2aswell asCH4andC2H6

were determined using a packed (molecular sieve) stainless steel column
coupled to a thermal conductivity detector. Samples were injected on
column at room temperature. Calibrations and performance checks of
the analytical system were conducted daily using commercial pure gas
standards and gas mixtures (Air Liquide, Germany). The analytical error
estimatedbymultiple injectionsof gas standardswas<2.0% for eachsignal.

All samples were measured within 48 h upon recovery. O2 and N2

contributed less than 2 mol.% and representedmost likely contaminants
introduced during the sub-sampling and analytical procedure. Compo-
sitions are given in mol.% assuming ∑(C1–C4 LMWHC+CO2)=100%.
Only C1 to C4 hydrocarbons were accounted for calculations, since C5+
were only found in traces when present.

The molecular ratio R of LMWHC, expressed as C1/C2+ ratio, was
calculated according to Eq. (1)

R = C1 = C2þ = cC1 = ðcC2 + cC3 + cC4Þ ð1Þ

modified after Bernard et al. (1976), with c=concentration and C4=
iso-C4+n-C4.

Gas dryness was calculated using Eq. (2)

gas dryness = cC1 = ΣcðC1−C4Þ ð2Þ

Average proportions (HCp) of individual hydrocarbons and carbon
dioxide for the series of gas sub-samples released from sediment
pressure cores were calculated according to Eq. (3) given in Heeschen
et al. (2007)

HCp = ΣðHCpi⁎ðHCvi−HCvi−1ÞÞ= ΣðHCvi−HCvi−1Þ ð3Þ

where HCpi is the portion of the specific compound (%) in each sub-
sample (i) and Hvi is the accumulated gas volume released when the
sub-sample was taken.

3.2.3. Stable isotope ratios (13C/12C, D/H)
Stable carbon isotope signatures (13C/12C) of C1 to C3 hydrocarbons

and CO2 were analyzed for 91 gas sub-samples. Most measurements
were carried out at the MARUM (University of Bremen) by GC–isotope
ratio mass spectrometry (GC–IRMS) using a Trace GC Ultra (Finnigan)
connected via a GC Combustion III line to a DELTA plus XP isotope
mass spectrometer (both ThermoFinnigan). For analysis of C1 and C2, a
CARBOXEN 1006 PLOT fused silica capillary column (Supelco) was used,
while C3 and CO2 were analyzed using a CP-PoraBOND Q fused silica
capillary column (Varian). All samples were injected at room temper-
ature. Chromatography and reproducibility were checked using com-
mercial C1 to C6 hydrocarbons standards (SCOTTY 4, Supelco).Moreover,
selected samples were analyzed for 13C/12C isotopic compositions of
methane using aMAT253 IRMS at the IFM-GEOMAR Leibniz-Institute of
Marine Sciences, Kiel, Germany, and for 13C/12C isotopic compositions of



Fig. 3. Lithological compositions of pressure sediment cores (DAPC) and non-pressure
(gravity cores) sediment cores recovered from the Batumi seep area. Assignments of
lithological units adopted from Ross and Degens (1974). Note: due to technical problems
during degassing of DAPC 02 sediment was considerably disturbed. However, DAPC 02
comprisedsignificantportionsofUnit3material andgas releasedcould beassigned to type
Ilds gas. For core GC 13 a core segment comprising the Unit 2–Unit 3 transition was deep
frozen for subsequent analysis prior to lithological description (data not shown). Depth
profiles of TIC-, and TOC-contents compiled for reference core GeoB 9922-1 taken about
1 km W of the Batumi seep area (gas hydrate occurrences not analyzed).
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C1 to C3 hydrocarbons and CO2, as well as D/H of methane according to
Dumke et al. (1989) at a commercial lab (Geochemische Analysen,
Sehnde, Germany). The reproducibility of stable carbon isotope deter-
minations is estimated at ±0.3‰. All isotopic values are reported in δ-
notation in parts permill (‰), relative to the Vienna PeeDee Belemnite
(V-PDB) standard for carbon isotopes and to standardmeanoceanwater
(SMOW) for hydrogen isotopes. For comparison, δ13C values ofmethane
were corrected for statistical offsets, which became obvious for samples
representative for all gas types (see Section 4.2) andmeasured at each of
the three laboratories, MARUM, IFM-GEOMAR and the commercial lab.

The carbon isotope fractionation factor αC(CO2–CH4) was calcu-
lated using Eq. (4); (Whiticar et al., 1986)

αcðCO2−CH4Þ = ðδ13C−CO2 + 1000Þ⁎ðδ13C−CH4 + 1000Þ−1 ð4Þ

3.2.4. Radiocarbon concentration of methane
For radiocarbon analysis, eight gas sub-samples were purified and

oxidized to CO2 by combustion using the procedures and apparatus
described inKessler andReeburgh (2005). Themethane-derivedCO2was
converted into graphite by reductionwith an excess of hydrogen over an
iron catalyst. Radiocarbon concentrations were measured by accelerator
mass spectrometry (AMS) in the Keck Carbon Cycle AMS facility at the
University of California Irvine. Results are corrected for isotopic frac-
tionation via the simultaneouslymeasured δ13C value and are reported as
percent modern carbon (pMC) with ±1σ measurement uncertainty
following the conventions of Stuiver and Polach (1977).

4. Results

4.1. Lithology

Gravity cores and pressure cores from the Batumi seep area generally
comprised hemipelagic sediments consisting of finely laminated
coccolith ooze (Unit 1; Ross and Degens, 1974) and mid-Holocene
sapropel (Unit 2) underlain by late Pleistocene-earlyHolocene lacustrine
mud (Unit 3; Fig. 3). Total thicknesses of the marine units differed
strongly indicating considerable variations in the depositional regime of
that area for at least the last 8.0 kyrs (Lamy et al., 2006). Gas hydrates
were foundas isolated, several centimeter-sizedmassive layers indeeper
sections ofUnit 2 in three (GC04, 08, and18) out of six gravity cores from
that area and dispersed in high densities in Unit 3 in all four gravity cores
containing this section (GC 06, 08, 13, and 23). Shallowest hydrateswere
unambiguously present in GC 18 in about 90 cm bsf (Fig. 3) taken in an
area of focused gas expulsion (Fig. 1b), butmight have been recovered in
the core catcher of GC 14, which was bent during sediment penetration.

The TOC depth profile of core GeoB 9922-1 showed values around
2.1% dry weight (dw) in Unit 1 sediments, maximized in 5.6% in the
lower part of the sapropelic Unit 2, decreased to about 2.5% at the Unit
2–3 boundary, where it sharply dropped to below 1.0% and remained
lowatgreater depth. TIC inGeoB9922-1peakeddirectly underneath the
TOCmaximum in Unit 2 sediments (Fig. 3) with 4.7% dw and decreased
drastically down to about 1.4% close to the Unit 2–3 boundary. In the
upper part of Unit 3 the TIC profile increasedwith decreasing depth and
remained stable in deeper sections with values scattering around 3%.

4.2. Molecular gas composition

Use of multiple sampling tools, i.e., DAPC, gravity corer, and GBS
enabled us to collect gases from different near-surface pools (e.g., pres-
sure cores, hydrates, venting free gas) at the Batumi seep area. Average
hydrocarbon compositionsHCp in gases retrieved from these poolswere
in general strongly dominated by methane (99.854 to 99.978 mol.% of
Σ(C1–C4, CO2)) followed by ethane (0.014 to 0.047 mol.%; Table 2).
Propane, iso- and n-butane were found in much smaller amounts and
C5- and C6-derivatives were present only in traces occasionally in vent
gas. Carbon dioxide ranged between 0.011 and 0.115 mol.%.
4.3. Stable carbon and hydrogen isotopes of C1 to C3 LMWHC and of
carbon dioxide

Stable carbon isotopic compositions of methane and ethane were
determined for selected gas sub-samples (Table 3).While δ13C–CH4 values
in gas from cores comprising Units 1 and 2 and insignificant portions of
Unit 3 (Fig. 3) ranged between−51.7 and−53.0‰, methane from cores



Table 2
Average proportions (HCp) of low-molecular-weight alkanes and CO2 [in mol.% of Σ(C1–C4, CO2)] in gas samples from the Batumi seep area.

Station no. C1

[mol.%]
C2

[mol.%]
C3

[mol.%]
i-C4

[mol.%]
n-C4
[mol.%]

CO2

[mol.%]
Gas dryness C1/C2+ C1/C3 C2/C3 i-C4/n-C4 Gas type a

Sedimentary gas
DAPC 03 99.9105 0.0474 0.0007 0.0003 n.d. 0.0411 0.9991 2066 144 813 68.7 n.a. Iss
DAPC 09 99.8541 0.0448 0.0009 n.d. n.d. 0.1003 0.9985 2189 116 839 52.4 n.a. Iss
DAPC 12 99.9451 0.0415 0.0014 0.0007 n.d. 0.0114 0.9995 2295 73 896 30.7 n.a. Iss
DAPC 14 99.9386 0.0427 0.0008 n.d. n.d. 0.0179 0.9994 2297 119 153 50.9 n.a. Iss
DAPC 16 99.9285 0.0533 0.0009 n.d. n.d. 0.0173 0.9993 1845 117 517 62.7 n.a. Iss
Mean 99.9154 0.0459 0.0009 0.0002 n.d. 0.0376 0.9992 2139 108 932 50.1

DAPC 01 99.9369 0.0337 0.0007 n.d. n.d. 0.0287 0.9994 2907 141 550 47.7 n.a. IIads
DAPC 02 99.9585 0.0291 0.0011 0.0003 n.d. 0.0109 0.9996 3274 92 602 27.0 n.a. IIads
DAPC 08 99.9380 0.0295 0.0012 n.d. n.d. 0.0313 0.9994 3254 85 597 25.3 n.a. IIads
DAPC 15 99.9507 0.0330 0.0009 n.d. n.d. 0.0154 0.9995 2945 110 186 36.4 n.a. IIads
Mean 99.9460 0.0313 0.0010 0.0001 n.d. 0.0216 0.9995 3095 103 568 32.5

Vent gas
GBS 03 99.8576 0.0192 0.0059 0.0018 0.0006 0.1149 0.9986 3633 16 963 3.3 2.8 IIbvg
GBS 04 99.8666 0.0144 0.0033 0.0008 n.d. 0.1149 0.9987 5383 30 096 4.4 n.a. IIbvg
GBS 05 99.8876 0.0221 0.0038 0.0012 n.d. 0.0852 0.9989 3671 26 041 5.8 n.a. IIbvg
GBS 07 99.9171 0.0205 0.0029 0.0009 0.0006 0.0580 0.9992 4019 34 753 7.1 1.4 IIbvg
GBS 08 99.9784 0.0183 0.0023 0.0009 n.d. 0.0000 0.9998 4631 42 800 7.8 n.a. IIbvg
Mean 99.9015 0.0189 0.0037 0.0011 0.0002 0.0746 0.9990 4267 27 367 5.2

Hydrate-bound gas
GC 14 99.8995 0.0423 0.0008 n.d. n.d. 0.0575 0.9990 2318 121 633 51.5 n.a. I
GC 04 99.9331 0.0237 0.0018 n.d. n.d. 0.0414 0.9993 3920 56 161 13.3 n.a. IIb
GC 13 99.9416 0.0226 0.0012 n.d. n.d. 0.0347 0.9994 4212 85 158 19.2 n.a. IIb
GC 06 99.9425 0.0287 0.0013 n.d. n.d. 0.0274 0.9994 3323 74 613 21.5 n.a. IIagh
GC 08 99.9427 0.0317 0.0010 n.d. n.d. 0.0246 0.9994 3058 98 701 31.3 n.a. IIagh
GC 18 99.9512 0.0274 0.0010 n.d. n.d. 0.0203 0.9995 3509 95 322 26.2 n.a. IIagh
GC 23 99.9214 0.0331 0.0009 n.d. n.d. 0.0446 0.9992 2944 114 984 38.1 n.a. IIagh
Mean 99.9394 0.0302 0.0011 n.d. n.d. 0.0292 0.9994 3209 95 905 29.3

Molecular proportions of individual compounds given for DAPC and GBS gases are mean values calculated for the series of sub-samples.
Type Iss gas: C1/C2+<2350; type IIa (ds/gh): 2900<C1/C2+<3550; IIbvg gas C1/C2+>3600.
n.d.=not detected; n.a.=not analyzed.

a According to molecular composition.
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comprising larger fractionsofUnit 3, fromdecomposinghydrates, and from
bubble forming vent gas was slightly enriched in 13C with δ13C values of
−51.0 to −52.0‰. δ13C values scattered from −36.8 to −39.2‰ for
ethane and between−25.7 and−29.1‰ for propane, respectively. δ13C–
CO2 ranged between−9.4 and−19.6‰with most negative values found
for carbon dioxide in vent gas.δD–CH4 values determined for selected sub-
samples retrieved with the DAPC, the GBS and from decomposing gas
hydrates ranged between−152 and−190‰ (Fig. 5c).

4.4. Radiocarbon concentrations of methane

Vent gas-derived methane contained lowest 14C concentrations of
<0.09 pMC, while intermediate values of up to 0.6 pMC characterized
type IIaGH gas (Fig. 6). Highest concentrations of modern carbon with
up to 1.4 pMC were measured for methane contained in pressure
cores devoid of substantial amounts of Unit 3.

4.5. Pressure loss and quality of gas samples

For three out of nine pressure cores, recovery pressurewas close to
the hydrostatic pressure (ca. 84 bar; Table 1). Except for DAPC 01, 03,
12, and 16, recovery pressure was preserved within the GHSZ. Be-
cause the top of the DAPC pressure chamber is sealed with a piston
(Abegg et al., 2008), which is connected to the ship's wire and carries
the entire DAPC, loss of pressure is most likely due to loss of small
amounts of water through leakages of the ball valve at the lower end
(Fig. 2a).Moreover, asnocorrelationbetweengas composition (Table 2)
and recovery pressure was found, the composition of sedimentary gas
does not seem to be significantly affected by leakages.

For four out of five GBS deployments, recovery pressure was in
maximum 8.6 bar below hydrostatic pressure (Table 1). The only ex-
ception, GBS 05, lost pressure nearly completely. Although molecular
fractionation could not be excluded in principle with respect to gas
leakage during GBS recovery, LMWHC compositions of all vent gas
samples are similar and different from gas of the other gas pools
(Table 2). Consequently, the DAPC and GBS provided gas samples of
excellent quality mostly unaffected by molecular and isotopic frac-
tionations, whichmight occurwhen conventional sampling systems are
used and samples are subject to extreme degassing during recovery.

5. Discussion

Comprehensive gas chemical analysis in conjunction with litho-
logical core descriptions provided meaningful information on sources
of individual low-molecular-weight hydrocarbons (LMWHC) and
carbon dioxide in shallow deposits of the Batumi seep area, as well
as their partitioning into different sedimentary pools during ascent
from deep subsurface reservoirs. For the different gas pools, the gases
exhibit small but diagnostic differences in their LMWHC and carbon
dioxide distribution patterns. Indications for alterations of molecu-
lar and isotopic compositions of the gas samples due to different
sampling procedures from the gas pools did not become evident.

In the following, major sources of volatiles in the subsurface and the
effects of post-genetic alterations induced during migration through
deeper sediments, hydrate crystallization, and passage through top sedi-
ments arediscussed. Finally,weaimtoclarify the relevanceofbiotic and/or
abiotic modifications on the composition of gases in the individual pools.

5.1. Primary sources of LMWHC and carbon dioxide

Two principal processes – microbial conversion of low-molecular-
weight organic substrates and thermocatalytic degradation of organic



Table 3
Stable hydrogen isotopic composition and radiocarbon concentration of methane, stable carbon isotopic compositions of hydrocarbons and carbon dioxide, carbon isotope
separations (Whiticar, 1999) of several pairs of volatiles, and carbon isotope fractionation factor αC(CO2–CH4).

Station no. Gas type δ13C–C1
a

[‰ V-PDB]
δ13C–C2

a

[‰ V-PDB]
δ13C–C3
[‰ V-PDB]

δ13C–CO2
a

[‰ V-PDB]
Δδ13C
(C2–C1)
[‰ V-PDB]

Δδ13C
(C3–C2)
[‰ V-PDB]

Δδ13C
(CO2–C1)
[‰ V-PDB]

αc(CO2-CH4)

Sedimentary gas
DAPC 03 Iss −52.3±0.2 −38.6±1.1 −10.3 13.7 42.0 1.044
DAPC 09 Iss −52.2±0.3 −39.1±0.7 −25.9 −10.0 13.1 13.2 42.2 1.045
DAPC 14 Iss −52.0±0.3 −37.4±1.4 −25.7 −12.2 14.6 11.7 39.8 1.042

−52.2 −38.4 −25.8 −10.8 13.8 12.6 41.9 1.044
DAPC 01 IIads −51.3±0.2 −38.6±1.0 −27.9 −9.9 12.7 10.7 41.4 1.044
DAPC 08 IIads −51.7±0.3 −38.9±0.8 −27.8 −11.3 12.8 11.1 40.4 1.043

−51.5 −38.8 −27.9 −10.6 12.8 10.9 40.9 1.043

Vent gas
GBS 03 IIbvg −51.3 −38.8 −29.1 −19.6 12.5 9.7 31.7 1.033
GBS 04 IIbvg −51.2 −38.6 −13.7 12.6 37.5 1.040
GBS 05 IIbvg −51.0 −39.2 −13.8 11.8 37.3 1.039
GBS 07 IIbvg −51.2 −38.6 −28.1 −17.7 12.6 10.5 33.5 1.035
GBS 08 IIbvg −51.5 −38.4 −17.8 13.1 33.7 1.036

−51.2 −38.7 −28.6 −16.5 12.5 10.1 34.7 1.037

Hydrate-bound gas
GC 14 I −51.5 −26.1 −9.5 42.0 1.044
GC 04 IIb −50.9 −36.8 14.1
GC 06 IIa −50.5
GC 08 IIa −51.7 −37.0 −27.0 −10.9 14.7 10.0 40.8 1.043
GC 13 IIb −50.2 −38.1 −27.8 −9.4 12.1 10.3 40.8 1.043
GC 18 IIa −50.3 −37.6 12.7
GC 23 IIa −51.2 −38.4 −10.4 12.8 40.8 1.043

−50.8 −37.6 −27.4 −10.2 13.2 10.4 40.6 1.043

a Mean value calculated for isotopic compositions determined for selected sub-samples retrieved during degassing; values determined for individual sub-samples are illustrated
in Fig. 5b.

Fig. 4. Bar diagram depicting relative differences in the molecular compositions of C1 to
n-C4 LMWHC and CO2 in samples from the different gas reservoirs. Concentrations are
given as difference between individual gas types and an arithmetic average calculated
using type specific mean values. Type specific values are mean values of all samples
recovered with the respective tool, except for DAPC types I and II. Type IIads gas was
retrieved from cores containing amounts of Unit 3 sediments, while cores releasing
type Iss gas comprised no or insignificant amounts of Unit 3. Note: Error bars are only
given for values exceeding thickness of symbol line.
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matter – are considered to lead to generation of primary LMWHC in the
BlackSea subsurface (Papeet al., 2008). Commonly, several combinations
of molecular and isotopic characteristics are used to assign the deep
subsurface sources of LMWHC and their post-genetic alterations
(Bernard et al., 1976; Schoell, 1988; Whiticar, 1999). As we aimed to
ascertain even small-scale molecular and isotopic modifications of
LMWHC and carbon dioxide during gas migration and to get a detailed
knowledge of their sources, we investigated several gas chemical
parameters. C1/C2+ ratios (Table 2; Fig. 5a), the very low abundances
or absence of n-C4 and higher homologues (Table 2; Claypool and
Kvenvolden, 1983) as well as dryness indices (Table 2; Schoell 1980)
suggest that a significant portion of methane in all gas types retrieved
from the Batumi seep area is ofmicrobial origin. However, combining C1/
C2+ ratios and δ13C–CH4 values, the gases plot beyond the fields
representative for the principal LMWHC sources (Fig. 5a and c). A
contribution of thermogenic (13C-enriched) LMWHC and carbon dioxide
is inferred from the δ13C–CH4 vs. δD–CH4 relationship (Fig. 5c), δ13C–
C2H6 values (Table 3; Fig. 5d); δ13C–CO2 values (Table 3), the δ13C–CH4

vs. δ13C–CO2 relationship (Table 3), as well as stable carbon isotope
separationsbetween individual pairs of C1 toC3 alkanes (Table3; Clayton,
1998; Milkov, 2005; Pallasser, 2000; Scott et al., 1994; Schoell, 1983;
Schoell 1988). Taking all data into account, we conclude that the major
fraction of methane originates from microbial formation while a less
importantmethane fraction aswell as themajority of higher homologues
is provided by thermocatalytic production.

13C/12C and D/H isotopic ratios of methane suggest that microbial
carbonate reduction using hydrogen is the primary process of
methanogenesis in the deep Batumi subsurface (Fig. 5c; Rice and
Claypool, 1981; Schoell, 1983; Schoell, 1988). However, CO2–CH4

isotopic fractionation factors αc between 1.033 and 1.040 calculated
for the vent gas (Table 3) are smaller than those attributed to
bicarbonate-based methanogenesis in marine systems (>1.05, Whi-
ticar et al., 1986). This is possibly due to the mixing of thermogenic
methane enriched in 13C (Jones et al., 2008; Larter and di Primio,
2005; Milkov and Dzou, 2007; Seewald, 2003) or microbial methane
oxidation. For sulfate-free sediments, AOM has been shown to base on
diverse electron acceptors, such as nitrite, nitrate, iron or manganese
(Raghoebarsing et al., 2006; Beal et al., 2009).



Fig. 5. a) ‘Bernard diagram’ modified after Whiticar (1989) showing δ13C values of methane vs. molecular hydrocarbon ratios. b) Close up of the ‘Bernard diagram’ (Bernard et al.,
1976) illustrating trends of δ13C–CH4 values for type I and type II gases. The line indicates a transition value for C1/C2+≈2500 which was found to separate type I and type II gases
(see also Table 1) Error bars indicating standard deviations are given in the lower right corner. c) Cross plot of δ13C values vs. δ2H values of methane in selected sub-samples
representing different gas types (classification adopted from Whiticar, 1999). d) Cross plot of δ13C–CH4 vs. δ13C–C2H6 illustrating main sources of methane and ethane in Batumi
seep gases (classification adopted from Milkov, 2005). Note: error bars for 13C values are in size similar to the symbols.
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Irrespective of post-genetic alterations, C1/C2 and C2/C3 ratios, δ13C
values of methane, ethane and carbon dioxide as well as gas dryness
indices suggest that thermogenic constituents of the vent gas are sourced
from immature to early mature kerogen of the sapropelic, marine type II
(Rice and Claypool, 1981; Rooney et al., 1995; Whiticar, 1989; Whiticar,
1999) and/or from secondary production due to oil cracking (Milkov and
Dzou, 2007; Prinzhofer and Huc, 1995; Seewald, 2003). δ13C–CO2 values
likewise suggest that carbon dioxide in the vent gas primarily originates
from the degradation of kerogen and soluble organic matter (Dai et al.,
1996; Irwin et al., 1977; Wycherley et al., 1999). A potential source rock
for primary gas formation is the Late Oligocene–Lower Miocene Maikop
series, which comprises significant amounts of type II kerogen
(Efendiyeva, 2004), and is located at 1–4 km depth in the Eastern Black
Sea (Banks et al., 1997; Meredith and Egan, 2002). In addition, the
Maikopian formation is known to favor oil formation (Efendiyeva, 2004;
Inanet al., 1997), andoil seepagewasdocumentedat several sites close to
the Batumi seep area (Bohrmann et al., 2007).

The depth range of the major gas generation remains uncertain.
Radiocarbon data (Table 3) substantiate that the carbon source of vent
gas methane is in principle older than about 50 kyrs. Nonetheless,
individual proportions of microbial and thermogenic LMWHCmight be
generated in different depths prior to mixing. Assuming a geothermal
gradient of 0.03 °C m−1 and given that the maximum temperature
tolerated byprokaryotes includingmethanogenic archaea is about 90 °C
(Orphan et al., 2000; Valentine et al., 2004), microbial methane is
formed at burial depths of less than about 2.7 km bsf. In contrast,
LMWHC from type II kerogens or oil cracking are typically generated at
temperatures exceeding 100 °C (Clayton, 1991) implying a minimum
formation depth of 3.0 km bsf for the thermogenic LMWHC present in
gases from the Batumi seep area.

Although differences in the molecular and isotopic properties were
generally small for gas fromthedifferent shallowreservoirs at theBatumi
seep area, measurement of a number of representative samples revealed
clear trends. These allowed for classification of different gas types. In the
following, abbreviations are used for the gas types representative for the
major gas pools, namely Iss (shallow sedimentary, DAPC), IIa (deep sedi-
mentary, DAPC; gas hydrates, gravity corer), and IIbvg (vent gas, GBS). In
addition, type IIa gas is assignedas type IIads (deep sedimentary) and type
IIagh (gas hydrates) gas, respectively, unless it is meant unspecifically.
Type Iss gas is most distinct in composition relative to the other gas types
as it is characterized by a relative depletion in methane (C1/C2+<2350;
Table 2) compared to gas falling into type IIa (2900<C1/C2+<3550) and
IIbvg (C1/C2+>3600). Except for DAPC 03 and 14 which contained some
Unit 3material, type Iss gaswas retrieved frompressure cores confined to
Units 1 and 2 (DAPC 09, 12, 16) and from one hydrate piece (GC 14),
which clogged the core catcher. The compositions of LMWHC released
fromnearly all pressure cores comprisingUnit 3 (DAPC01, 02, 08, and15)
and from the majority of decomposing hydrates (GC 06, 08, 18, and 23)



Fig. 7. Phase boundaries of the nominal gas hydrate stability zone (GHSZ) calculated for
gas hydrate structure I at the Batumi seep area using bottom water salinity (20.97),
temperature (8.96 °C), and pressure, respectively, and gas chemical data obtained in
March/April 2007. Phase boundaries were calculated using the software package
provided by Sloan and Koh (2007). Calculations using individual LMWHC and CO2

compositions measured for the different gas types (type I, IIa, and IIb) revealed
negligible deviations from the general phase boundary depicted.
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were typified as type IIa gas. The presence of individual gas types in
distinct sediment depth intervals becomes particularly obvious when
comparing gas compositions of cores DAPC 08 (type IIads) and 14 (type
Iss),which were located very close to each other (Fig. 1b), but differed in
penetration depth (Fig. 3; Table 3), LMWHC composition (Table 2), and
δ13C and 14C content ofmethane (Fig. 6), respectively. As C1/C2+ ratios of
type Iss and type IIads gases are separated from each other and
intermediate values were found for only a few gas sub-samples taken
during core degassing, concentrations of type Iss gas (shallow sediments)
should be much lower than those of type IIads gas (including deeper,
hydrate-bearing sediments). This supports preferential hydrate accumu-
lations belowUnit 2. Type IIbvg gas includes both, gas venting into bottom
waters as well as hydrate-bound gas (GC 04, 13) and is more closely
related to type IIa gas.

More specifically, type Iss gas was not only depleted in methane,
but also enriched in ethane compared to the arithmetic average
calculated for the four gas types (Fig. 4). Type IIads and IIbvg gases are
distinguished by methane and ethane with both compounds being
depleted in the latter compared to average values. In contrast,
propane, C4-homologues, and carbon dioxide were comparably
enriched in type IIbvg gas. iso- and/or n-C4 alkanes were close to the
detection limit in type IIagh gas, but always detected in type IIbvg.
Largest fractions of carbon dioxide were found in type IIbvg gas,
followed by type Iss and type IIads gas. Methane in vent gas (type IIbvg)
was slightly enriched in 13C compared to type IIa and Iss gas (Table 3).

An important goal of this study was to clarify whether gas venting
from the seafloor at the Batumi seep area is fueled by decomposing
hydrates in near-surface sediments or by deep subsurface reservoirs.
Average molecular compositions of the individual gas types demon-
strate that vent gas is relatively depleted in methane and ethane, but
enriched in wet gas LMWHC (C3 and n-C4+; Table 2; Fig. 4), attributed
to admixture of gas from thermocatalytic processes (Fig. 5a and c;
Claypool and Kvenvolden, 1983; Schoell, 1983). Propane and carbon
dioxide in vent gas show strongest 13C-depletions compared to those
in hydrate-bound gas (Table 3). Furthermore, in contrast to that in
other gas types, vent gas-derived methane is virtually radiocarbon-
free (Fig. 6), proving that its formation is based on fossil organic
carbon. Thus, the majority of bubble forming vent gas appears to be
directly sourced from deep subsurface reservoirs and to bypass the
shallow gas hydrate pool. Similar conclusions were drawn for the
origin of vent gas at seep areas in the Gulf of Mexico (Sassen et al.,
2003, 2004), or on the Cascadia Margin (Pohlman et al., 2005).

Accordingly, volatiles from decomposing hydrates seem currently to
contribute only small gas amounts to bubble forming vent gas at the
Fig. 6. Cross plot illustrating 14C concentrations of methane in the different gas types.
Note: error bars for 14C values are in size similar to the symbols.
Batumi seep area. This conclusion is supported by the calculated gas
hydrate stability (Fig. 7), as gas hydrates are 14 bar or almost 1.6 °C,
respectively, belowdecomposition conditions.Moreover, supply of vent
gas from deep reservoirs through vertical faults (Wagner-Friedrichs,
2007) appears plausible with respect to the seepage intensity observed
(Nikolovska et al., 2008). Assuming that transport of vent gas through
permeable conduits proceedswith high velocity and low residence time
compared to diffusive transport, LMWHC and carbon dioxide of this gas
type should only be slightly affected by syn-migration alterations. Thus,
the composition of vent gas associated with high fluid outflow might
resemble that of gas in its subsurface reservoir.

Similar molecular distributions and δ13C–CH4 values (Figs. 4 and 5b,
Tables 2 and 3) support the idea that hydrate-bound volatiles are
primarily sourced by vent gas (type IIbvg). Vent gas fueling hydrate was
alsoproposed for shallowhydrates at theCascadiamargin (Haeckel et al.,
2004). Surprisingly, hydrate-bound methane in GC 23 recovered from
Unit 3 material and type IIads gas contained small amounts of radio-
carbon corresponding to a conventional 14C age of 41 kyrs B.P. This
demonstrates that vent gas is not the exclusive source of LMWHCbound
in near-surface hydrates at the Batumi seep area.

5.2. Alterations of LMWHC and carbon dioxide

Different C1/C2+ ratios characterizing gas types in individual shallow
gas reservoirs at hydrate-bearing sites result frommolecularpartitioning
into different sedimentary pools during passage through the sediment
(Prinzhofer and Pernaton, 1997; Schoell, 1983), fractionation during
hydrate formation (Milkov et al., 2004; Sassen et al., 2000; Sloan and
Koh, 2007), and/or molecular alteration due to preferential microbial
consumption (James and Burns, 1984). Our results show that such
processes also happen in the subsurface of the Batumi seep area.

5.2.1. Abiotic alterations associated with gas hydrate precipitation
As proposed in Section 5.1, hydrates at the Batumi seep area

typically do not precipitate from type Iss gas. Nevertheless, hydrate-
bound methane (type IIagh) is slightly enriched in 13C compared to
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that in type IIads gas, pointing to some contributions of methane from
type Iss gas in pressure cores containing Unit 3 deposits. Intrusion of
type Iss gas might have also infiltrated amounts of radiocarbon–
methane in type IIads gas and a hydrate piece (Fig. 6).

Differences in the molecular compositions of all type II gases are
small when compared to type Iss gas, i.e., the composition of all type II
gases resembles that of gas incorporated in structure I (sI; see
Section 5.3) gas hydrate. These characteristics suggest either that the
molecular composition of gas in deeper reservoirs sourcing the vent gas
meets the requirements for sI hydrate formation in shallow sediments
to a large extent, or that molecular fractionation of substantial gas
portions by sI hydrate formation and subsequent heat-induced dis-
solution takes place at greater depths (e.g., Suess et al., 1999).Molecular
fractionations between vent gas and hydrates are substantiated, as
samples including hydrate-bound gas (type IIads, type IIagh) are
comparably enriched in methane and ethane, depleted in propane and
carbon dioxide, and are virtually devoid of iso-butane and n-butane
(Fig. 4). Similar molecular distinctions observed at different hydrate-
bearing sites (e.g., Charlou et al., 2007;Milkov, 2005;Milkov et al., 2004;
Sassen et al., 2000; Sloan and Koh, 2007) were attributed to size
exclusion during hydrate crystallization. In contrast, significant differ-
ences in the molecular compositions found for type Iss and type IIa gas
are mainly attributed to microbial transformation (see Section 5.2.2).

The differences in δ13C values of methane, ethane as well as D/H of
methane between vent gas (type IIbvg) and type IIa gases were insig-
nificant and did not give evidence for notable isotope fractionation of
LMWHC during hydrate incorporation (Table 3; Fig. 5a–d). The lack of
significant carbon isotopic fractionations of methane during hydrate
crystallization from vent gas was already reported from sites at the
Gulf of Mexico continental slope (Brooks et al., 1986; Sassen et al.,
1999; Sassen et al., 2001; Sassen et al., 2004) and in the Sea ofMarmara
(Bourry et al., 2009). As 13C-enrichments of carbon dioxide were
observed for all gas types relative to vent gas (Table 3), the 13C/12C
isotopic fractionation of carbon dioxide does not seem to be directly
linked to hydrate precipitation.

5.2.2. Biological alterations

5.2.2.1. Biological conversion of non-methane LMWHC and carbon
dioxide. The molecular composition of shallow gas (type Iss) at the
Batumi seep area is likely influenced by molecular fractionation asso-
ciated with hydrate crystallization. After release by hydrate dis-
sociation, LMWHC tend to ascend towards the seawater-penetrated
near-surface sediments, where they are affected by microbial
metabolic processes. Highest relative proportions of C4 LMWHC,
which are commonly considered as by-product of thermocatalytic
organic matter degradation (Claypool and Kvenvolden, 1983), were
present in vent gas (Table 2; Fig. 4). However, from the δ13C-values of
methane and ethane we anticipated the presence of significant
amounts of LMWHC≥C2 also in the sedimentary gas types (IIads and
Iss; see Section 5.1). These findings could be explained by i) exclusion
of C3+ LMWHC during hydrate precipitation; ii) minor contributions
of thermogenic LMWHC but significant input of secondary methane
relatively enriched in 13C, and/or iii) removal of thermogenic C4+
LMWHC by biodegradation. Exclusion of C3+ LMWHC from hydrates is
substantiated as all hydrate pieces lacked C4 LMWHC. Admixture of
secondary methane, however, appears ambiguous for Batumi seep
gases based on our data set. Secondary methane is released by the
biodegradation of hydrocarbons and other organic compounds oc-
curring in sediment intervals spanning from deep reservoirs to the
surface (Head et al., 2003; Milkov and Dzou, 2007; Pallasser, 2000;
Scott et al., 1994; Seewald, 2003) and was assumed to occur in
mud volcano deposits in the Sorokin Trough in the Northeastern Black
Sea (Blinova et al., 2003; Stadnitskaia et al., 2008).

In contrast, microbial degradation of non-methane LMWHC could
be demonstrated for the gases at the Batumi seep area. This process is
considered to preferentially attack LMWHC with secondary carbon
atoms in sub-terminal positions relative to those with tertiary or
quaternary sub-terminal carbons (Boreham et al., 2008). Hence, C3,
and linear C4 and C5-alkanes are typically transformed by hydrocar-
bon degraders, whereas C2 and iso-C4 appear to be less affected or
even remain unaltered (Head et al., 2003; Horstad and Larter, 1997;
James and Burns, 1984; Kniemeyer et al., 2007; Larter and di Primio,
2005; Stadnitskaia et al., 2006). Typically, anaerobic microbial
degradation of wet gas LMWHC (C2+) by electron acceptors other
than sulfate (Widdel and Rabus, 2001; Zengler et al., 1999) leads to
addition of 13C-enriched, secondary methane (Milkov and Dzou,
2007).

The iso-butane over n-butane prevalence (1.4 and 2.8) determined
for vent gas from two stations (GBS 03 and 07; Table 2) points to
microbial LMWHC alteration (James and Burns, 1984) in the gas
reservoir and/or during ascent (as n-C4 was absent in all gases from
pressure cores and gas hydrates) from below. Indications formicrobial
consumption of propane, i.e., considerable removal accompanied by
slight 13C-enrichments of the residual propane in type Iss and type IIa
gas compared to vent gas (type IIbvg) were found as well. C2/C3 ratios
higher in type Iss compared to type IIa gas (Table 2) indicate additional
propane depletion in shallow sediments, as previously reported for
shallowdeposits ofmud volcanoes in the Sorokin Trough (Stadnitskaia
et al., 2008), possibly owing to its concurrent microbial consumption
(Kniemeyer et al., 2007). However, as propane depletions due to size
exclusion during hydrate precipitations are also known (Milkov et al.,
2004), the specific effects of the aforementioned abiotic and biotic
processes leading to propane removal are uncertain. Biodegradation of
ethane, however, could not be verified, as trends in 13C/12C isotopic
ratios are vague and ethane fractions were highest in sedimentary
gases (types Iss and IIads; Table 3).

Nevertheless, traces of iso-C4 in some type Iss and IIads gases, as
well as the presence of propane throughout all gas types demonstrate
incomplete biodegradation. If taking place, production of secondary
methane should proceed already in gas accumulations fueling the
vent gas, as no trends in δ13C–CH4 between vent gas (type IIbvg) and
type IIads were observed. Biodegradation of LMWHC is considered to
occur at temperatures below approx. 80 °C (Wilhelms et al., 2001),
which in the Batumi subsurface might prevail not deeper than about
2.4 km bsf.

5.2.2.2. Methane consumption and production in shallow sediments.
From shallow sediments, methane is typically lost by advection and
diffusion into the water column and by consumption through AOM
(Barnes and Goldberg, 1976; Reeburgh, 1976). Present AOM in Batumi
top sediments is indicated by methane depletions relative to higher
LMWHC along with enrichments in carbon dioxide in type Iss gas
compared to type IIa gas (Table 2; Fig. 4; see also Section 5.2.2.1).
Haeckel et al. (2008) modeled that the AOM zone at the Batumi seep
area is currently restricted to the upper tens of centimeters and during
this study methane-derived authigenic carbonates indicating hor-
izons of (sub)recent AOMwere predominantly recovered fromUnits 1
and 2 in 90 cm bsf and above (Fig. 3).

Typically, AOM leads to 13C-enrichments of the residual methane
(Alperin et al., 1988; Whiticar, 1999; Ussler and Paull, 2008). There-
fore, slightly more negative δ13C–CH4 values in type Iss gas compared
to type II gases (−52.2‰ vs. −51.5‰ to −50.8‰; Table 3; Fig. 5b)
along with highest fractions of methane–radiocarbon (0.6 to 1.4 pMC;
Table 3; Fig. 6) provide evidence for methanogenesis in Batumi
surface sediments. Methanogenesis in sulfate-bearing sediments was
previously verified in the Pacific Ocean (Parkes et al., 2005), in the
Gulf of Mexico (Orcutt et al., 2005, 2008), and in the Northwestern
Black Sea (Knab et al., 2008), as well as during in vitro studies on
AOM-performing microbial consortia under the presence of methane
and sulfate (Seifert et al., 2006; Treude et al., 2007). Therefore, we
conclude that AOM in surface sediments of the Batumi seep area is
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spatially accompanied bymicrobial formation of 13C-depletedmethane,
which in type Iss gas over-compensates a general 13C-enrichement in
methane left from the AOM. In addition, highest 14C–CH4 contents were
found for type Iss gas released from DAPC cores (Fig. 6), which were
recovered aside from areas of focused gas expulsion and contained not
any or comparably low portions of Unit 3 sediments. Diffusive down-
ward flux of 14C–CH4 from the water column or overlying sediments
into Unit 3 is unlikely with respect to the gas ebullition intensity ob-
served at the Batumi seep seafloor, gas fluxes calculated (Haeckel et al.,
2008), and strong differences in isotopic compositions of methane
dissolved in water masses of the respective depth range (δ2H–CH4

values~−130 to −100‰; Kessler et al., 2006a,b; 14C contents~9 to
15 pMC; Kessler et al., 2006a). Moreover, lowest and highest 14C–CH4

contents were found for samples recoveredwith the GBS and the DAPC,
respectively, for which intrusion of seawater amounts during the
samplingprocedure in principle cannot be excluded, and 14C contents in
hydrate-bound methane (from intact hydrate pieces) compare well to
methane in type IIads gas (from pressure cores). This implies that
methane in Units 1 and 2 is in fact rich in 12C and 14C but present only in
comparably low abundances.

13C–CO2 enrichments in type Iss and type IIa gases compared to that
in vent gas (IIbvg; Table 3) and water column-derived carbon dioxide
(δ13C–CO2≈−15.5‰; Neretin et al., 2007), in conjunctionwith relative
carbon dioxide depletions (Table 2; Fig. 4) and highest carbon isotope
separations Δδ13C (CO2–CH4) (Table 3) hint at in situ bicarbonate
methanogenesis in the depth interval between seafloor and the upper
hydrate boundary. Bicarbonate-based methanogenesis was already
reported for Black Sea methanotrophic mats (Treude et al., 2007) and
sediment incubations (Knab et al., 2008), but as multiple processes
influence ΣCO2 in shallow sediments, the methanogenic pathways
remain uncertain based on our data set.

5.3. Vertical distribution of subsurface gas hydrates

As demonstrated in Section 5.1, hydrate dissociation is not the
basic cause of gas venting from the seafloor in ~840 m water depth.
The presence of shallow-buried gas hydrates and intense discharge of
free gas from the sea bottom indicate that LMWHC co-occur in
different phases at the Batumi seep area. However, according to our
phase calculations, this area is well located within the GHSZ (Fig. 7).
Only a rise in bottom water temperatures by about 1.6 °C, a decrease
in hydrostatic pressure by about 14 bar, or a combination of both
would induce dissociation of shallow hydrates. Although seabottom
pressure–temperature conditions of Black Sea bottomwaters differing
from present state are known from ancient (e.g., glacial, interglacial)
times (Bahr et al., 2008), changes in pressure–temperature conditions
in the recent past are unlikely to have effected the hydrate stability at
the Batumi seep area.

Inferred from the LMWHC composition, sI hydrate, which is known
to incorporate more methane and ethane relative to structure II hy-
drates, but to exclude C3+ hydrocarbons to a great extent (Sloan and
Koh, 2007) is the dominant hydrate structure in Unit 3 sediments.
Different LMWHC compositions in gas from pressure cores essentially
restricted to Unit 1 and 2 sediments (type Iss) and in those additionally
containing Unit 3 (type IIads) indicate preferential hydrate accumula-
tions in Unit 3 and to a lesser extent in Unit 2.

The relationship found for hydrate distributions and individual
lithologies might be explained by multiple mechanisms. The apparent
lack of hydrates within Unit 1 deposits and in upper segments of Unit
2 most likely results from methane loss due to AOM in top sediments
(Suess et al., 2001) and upward diffusion. Steep concentration gra-
dients lead to upward diffusion of methane and strong depletions
in upper Unit 2 material below the theoretical hydrate solubility.
Nevertheless, AOM does not seem to occur in deeper Unit 2 sections,
as hydrates were found in that depth range, but current sulfate pene-
tration (Haeckel et al., 2008) and authigenic carbonate precipitates
indicating (sub)recent AOM were restricted to Unit 1 in five out of
eight carbonate-bearing cores.

Comparably low hydrate accumulations above Unit 3 appear also
to be controlled by the lithological composition of the Batumi seep
deposits. Massive hydrate layers in deeper sections of Unit 2 in GC 04,
08, and 18, were always spatially associated with aragonitic layers.
This suggests that the prominent and comparably permeable ara-
gonitic layers which create a maximum in TIC beyond the TOC-Peak
(Fig. 3) could serve as lithological discontinuities which can be pushed
apart in the course of hydrate crystallization.

5.4. Conceptual model of LMWHC partitioning in shallow Batumi seep
sediments

To describe geo- and biochemical processes related to LMWHC
migration and gas hydrate precipitation in surface sediments of the
high-flux Batumi seep area, a conceptual model was developed
(Fig. 8). Vent gas (type IIbvg) containing a mixture of microbial and
thermogenic LMWHC, which became biodegraded during ascend, is
supplied through vertical faults from deep reservoirs into shallow
sediments. This gas is dominated by radiocarbon-free, 13C-enriched
methane, followed by ethane and carbon dioxide and contains traces
of C3+ hydrocarbons. Hydrates form as massive, isolated pieces in
aragonitic layers in deeper Unit 2 sections and disseminated in Unit 3
sediments. These hydrates incorporate some part of the vent gas
constituents with enrichments in methane and ethane and depletions
in C3+ hydrocarbons and carbon dioxide to constitute type IIa gas. The
majority of the vent gas escapes relatively unaltered with regard to
chemistry and isotopy of its constituents into the water column.

Sea water-derived sulfate penetrates into surface sediments and
promotes AOM to cause relative depletions in methane. Concomitant
methanogenesis in top sediments leads to enrichments in 12C–CH4

and radiocarbon–methane of type Iss gas. Diffusive transport into the
water column due to concentration gradients and AOM lead to a
decrease of in situ methane concentrations below the hydrate
solubility in Unit 1 and in upper sections of Unit 2. Consequently,
gas hydrates do not form in Unit 1 and within the top of Unit 2.
Although the effects of biotic and abiotic LMWHC modifications are
comparably small at the Batumi seep area, similar processes are likely
to occur also at less active seepage areas in the Black Sea, which
should be characterized by higher residence times within distinct gas
reservoirs and, thus, greater impacts on the molecular and isotopic
properties.

6. Conclusions

Autoclave technologies were used to collect natural gas and
sediment samples from a high-flux hydrocarbon seep area in the
permanently anoxic Eastern Black Sea basin. Gas chemical analysis of
vent gas, shallow hydrates and pressure core gas from the Batumi
seep area allowed characterizing multiple processes affecting parti-
tioning and alteration of LMWHC and carbon dioxide, associated to
gas migration in sediments, hydrate crystallization, microbial degra-
dation and de novo formation of individual volatiles.

The major findings of this study are summarized as follows:

• LMWHC in the different gas types are predominantly fueled by
microbial bicarbonate-based methanogenesis and to a lesser extent
by thermocatalytic processes converting fossil, radiocarbon-free
organic matter. Relative methane depletions along with enrich-
ments in higher (thermogenic) homologues in vent gas contrast the
LMWHC distributions in hydrate-bound gas and corroborate the
assumption that vent gas is sourced from the deeper subsurface
rather than from decomposing, shallow hydrates.

• Hydrates fueled by vent gas accumulate in deeper (i.e., approx.
90 cm bsf) sediment sections due to hydrocarbon supersaturation.



Fig. 8. Conceptual gas model (not to scale) for the different gas reservoirs in shallow deposits at the Batumi seep area. Average sediment thicknesses were calculated using specific
thicknesses in gravity and pressure cores. Bold letters indicate relative enrichments of individual volatiles in specific gas samples (see Fig. 4). SMI=sulfate–methane-interface.
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Enrichments in methane but depletions in ethane and carbon
dioxide in near-surface pressure core gases relative to vent gas
signify molecular partitioning during sI hydrate precipitation in
shallow sediments. Contrarily, clear indications for isotopic frac-
tionation of carbon and hydrogen during incorporation of LMWHC
into the hydrates were lacking.

• Relative methane depletions of 0.03 mol.% of ∑(C1–C4, CO2) in gas
from short cores (top sediments) compared to gas in longer cores
are due to the anaerobic oxidation of methane (AOM). (Sub)recent
AOM in Batumi seep deposits is substantiated by the presence of
authigenic carbonates in Units 1 and 2 in 90 cm bsf and above.

• The presence of radiocarbon–methane (1.4 pMC) and enrichments
in 12C–CH4 found in comparably short sediment cores indicate the
presence of methanogenesis converting fresh organic matter in
shallow sediments.

• Anaerobic biodegradation of non-methane LMWHC already in the
deep subsurface is indicated by i-C4 over n-C4 prevalence (up to 2.8)
in vent gas, while propane consumption is substantiated by relative
depletions along with 13C-enrichments in sediments comprising
Units 1 and 2.

• The high-flux Batumi seep area provides excellent opportunities for
future studies on migration processes in the deep subsurface, on
spatial distributions of near-surface gas hydrates, and on their
dynamic behavior. In this context the area could serve as a model
structure for high-flux hydrocarbon seepages within the GHSZ not
only in the Black Sea but also elsewhere.
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