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In the last 20 years, numerous gas seeps, with meth-
ane as the main component, have been found at the bot-
tom of seas and continental fringes of the oceans. Along
with the geophysical and geochemical anomalies of the
sediment cross-section, pockmarks, characteristic fea-
tures of the microrelief (craterlike depressions in the
bottom surface) are good indicators of hydrocarbon
seeps [1].

Gas-saturated bottom sediments and near-bottom
water layers in the sites of hydrocarbon seep discharge
exhibit high activity of methane-oxidizing microorgan-
isms that utilize methane for energetic and constructive
metabolism under both aerobic and anaerobic condi-
tions [2–4]. Intense microbial CO

 

2

 

 production from
methane with subsequent precipitation of authigenic
carbonates (methane derived carbonates) often results
in massive carbonate formations in the vicinity of meth-
ane seeps [5, 6].

The anomalies in the distribution of hydrocarbon
gases in the near-bottom waters of the Baltic Sea were
first observed by the workers of the Shirshov Institute
of Oceanology, Russian Academy of Sciences in the

early 1970s [7]. Geophysical and geological investiga-
tions by a series of expeditions to the Baltic Sea
revealed that elevated methane content in near-bottom
waters resulted from discharge of gas-containing fluids
localized at specific geomorphologic sites (craters,
depressions, etc.) Methane craters with characteristic
gas-saturated sediments and elevated methane content
of the near-bottom water were subsequently revealed in
various Baltic Sea locations within the Gdansk,
Arkona, and Gotland depressions [8, 9].

Although extensive material concerning the broad
distribution of methane seep in the Baltic Sea was accu-
mulated, investigation of the activity of microbial com-
munities of the pockmark zones and geoacoustic anom-
alies has not been carried out.

The goal of the present work was therefore to per-
form comparative microbiological and biogeochemical
studies of microbial activity in the bottom sediments
and near-bottom water layers inside and outside the
pockmark zone in the Russian sector of the Gdansk
depression.
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Abstract

 

—Comprehensive microbiological and biogeochemical investigation of a pockmark within one of the
sites of gas-saturated sediments in the Gdansk depression, Baltic Sea was carried out during the 87th voyage of
the 

 

Professor Shtokman

 

 research vessel. Methane content in the near-bottom water and in the underlying sedi-
ments indicates stable methane flow from the sediment into the water. In the 10-m water layer above the pock-
mark, apart from methane anomalies, elevated numbers of microorganisms and enhanced rates of dark CO

 

2

 

 fix-
ation (up to 1.15 

 

µ

 

mol C/(l day)) and methane oxidation (up to 2.14 nmol CH

 

4

 

/(l day)) were revealed. Lightened
isotopic composition of suspended organic matter also indicates high activity of the near-bottom microbial
community. Compared to the background stations, methane content in pockmark sediments increased sharply
from the surface to 40–60 ml/dm

 

3

 

 in the 20–30 cm horizon. High rates of bacterial sulfate reduction (SR) were
detected throughout the core (0–40 cm); the maximum of 74 

 

µ

 

mol S/(dm

 

3

 

 day) was located in subsurface hori-
zons (15–20 cm). The highest rates of anaerobic methane oxidation (AMO), up to 80 

 

µ

 

mol/(dm

 

3

 

 day), were
detected in the same horizon. Good coincidence of the AMO and SR profiles with stoichiometry close to 1 : 1
is evidence in favor of a close relation between these processes performed by a consortium of methanotrophic
archaea and sulfate-reducing bacteria. Methane isotopic composition in subsurface sediments of the pockmark
(from –53.0 to –56.5‰) does not rule out the presence of methane other than the biogenic methane from the
deep horizons of the sedimentary cover.
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Fig. 1.

 

 a, location of the sampling stations of the 87th voyage of the

 

 Professor Shtokman

 

 research vessel (Gdansk basin of the Baltic
Sea, Russian sector): sampling stations (

 

1

 

); isobathics, m (

 

2

 

); site of gas-saturated sediments (pockmark) (

 

3

 

); b, geoacoustic profile
(A–B) of the pockmark (the depths given were not corrected for the sound speed in seawater). The insert represents the shape and
horizontal size of the pockmark and the location of the geoacoustic profile (the data were obtained using a EA 400SP echo sounder
during the 90th voyage of the

 

 Professor Shtokman

 

 research vessel in October 2007).

 

MATERIALS AND METHODS

Investigation of water and bottom sediments was
carried out during the 87th voyage of the 

 

Professor
Shtokman 

 

research vessel in the Russian sector of the
Gdansk basin (Fig. 1a). Our choice of the pockmark for

investigation was based on the data of the 44th voyage
of the 

 

Akademik Kurchatov 

 

research vessel [8].

Water samples were collected with 1.7- and 5-l plas-
tic Niskin bathometers positioned on a Rosetta hydro-
logical sampling complex. Undisturbed samples of
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water and sediments at the water–bottom interface were
collected with a Niemiste hermetic corer. An Okean-50
grab was also used for sediment sampling.

For determination of microbial numbers, water sam-
ples were fixed with formaldehyde solution (to a final
concentration of 3–4%), incubated for 5–10 min, and
filtered through 0.2-

 

µ

 

m black polycarbonate membrane
filters (Osmonics, United States). The samples of bot-
tom sediments were fixed with glutaraldehyde (0.5 ml
25% GA per 5 ml sediment) and transported to the lab-
oratory. The cells were then desorbed from the particles
by 2–10 s of sonication in an UZDN-2T device
(22 kHz) in pulse mode at 0.015 A. Water solutions of
DAPI or acridine orange were used as fluorochromes
[10]. Bacterial cells were counted under a LUMAM-3
fluorescence microscope (LOMO, Russia).

The rates of microbial processes were determined
by the radioisotope method with 

 

14

 

C and 

 

35

 

S substrates.
Immediately after hauling on board the vessel, water
samples were dispensed into 30-ml glass bottles and
sealed hermetically without air bubbles using rubber
stoppers. Sediment samples (3 ml) were placed into
cut-off 5-ml plastic syringes; the open end was then
sealed with a gas-tight butyl rubber stopper. Labeled
substrates (0.2 ml) were injected through the stopper,
and the samples were incubated in a refrigerator at

 

1

 

−

 

3°ë

 

 for 24–48 h. The samples were then fixed with
0.5 ml of 2M KOH and transported to the laboratory,
where they were treated according to a previously
described procedure [11]. Methane oxidation rate was
determined with 

 

14

 

C methane dissolved in degassed dis-
tilled water. The amount of 

 

14

 

C methane per sample was
1 

 

µ

 

Ci. Sulfate reduction rates were determined with 

 

35

 

S
sulfate (10 

 

µ

 

Ci/sample); methanogenesis rates were
determined with 

 

14

 

C bicarbonate (10 

 

µ

 

Ci/sample) and
methyl-labeled 

 

14

 

C acetate (10 

 

µ

 

Ci/sample); dark CO

 

2

 

assimilation was determined with 

 

14

 

C bicarbonate
(10 

 

µ

 

Ci/sample). The samples fixed with alkali and
stored in a refrigerator for 6 h prior to injection of the
labeled substrates were used as controls.

Silt water was obtained by centrifugation of the sed-
iments. Alkalinity and sulfide content were measured
with the standard reagent kits (Merck, Germany); oxy-
gen was determined by the Winkler method. Sulfate
content was determined by ion chromatography. Meth-
ane was determined with a Kristall 2000 gas chromato-
graph (Russia) with a flame ionization detector.

The redox potential was determined with a pH
320/Set-1 field potentiometer (WTW, Germany).

Suspended matter samples were obtained by filter-
ing water samples (up to 5 l) through 47-mm GF/F
glass fiber filters (Whatman). Filtration was carried out
on board the vessel immediately after sampling. The
samples for mass spectrometry were prepared accord-
ing to the procedure described in [12]. In order to deter-
mine 

 

δ

 

13

 

ë

 

 of organic carbon in sediments, carbonates
were removed with 8% HCl. Sediment samples were
then placed in quartz ampoules with CuO and incu-

bated in a muffler at 

 

500°ë

 

 for 18 h. Carbon dioxide
was collected under vacuum and purified in liquid
nitrogen. The 

 

δ

 

13

 

ë

 

 values were determined by mass
spectrometry. To determine the isotopic composition of
carbonate mineral carbon, silt water was acidified with
8% HCl and carbon dioxide was collected [13]. The
isotopic compositions of suspended organic carbon
(

 

δ

 

13

 

ë

 

) and of carbonate mineral carbon were carried out
using a Delta plus isotope mass spectrometer (Thermo
Electron Corp., Germany) with laboratory standards
calibrated against the PDB carbon standard.

The isotopic composition of methane (

 

δ

 

13

 

ë

 

) was
determined on a gas chromatograph (Thermo Electron
Corp., Germany) coupled with a Delta plus mass spec-
trometer.

RESULTS

In the pockmark under investigation, the local depth
increase was 1–3 m; its horizontal size was 

 

800 

 

×

 

 400

 

 m
(Fig. 1b). The sediments consisted of dark to black
aleuric–pelitic and pelitic silts.

Although free sulfide was not detected in the water
column, a noticeable oxygen deficiency characteristic
of summer time (Table 1) was observed below the halo-
cline (65–75 m) of the relatively deep stations.

At stations PSh-6308, 6300, and 6298 with low 

 

é

 

2

 

content, elevated methane concentrations were found in
the near-bottom water. At the gas site stations (PSh-
6330, 6331), the lowest concentrations of oxygen
(0.15–0.20 mg/l) and the highest concentrations of
methane (8.9–10.7 

 

µ

 

l/l) were observed.
A more detailed analysis of methane content in the

near-bottom water above the pockmark (Fig. 2a)
revealed that elevated methane concentrations could be
traced 2–5 m from the bottom.

No oxidized layer was found in the surface (0–5 cm)
layer of aleuric–pelitic sediments of stations PSh-6308,
6300, 6330, and 6331. Even in the upper 0–0.5 cm
layer, Eh values were negative, from –20 to –50 mV. In
more shallow sediments of stations PSh6310, 6306, and
6307, the upper 1–5 cm were oxidized with positive Eh
values of 100 to 200 mV. The sediments with more
reduced surface had higher methane content (Table 2).

Microbial numbers in the near-bottom water and in
the upper sediment layer are presented in Tables 1
and 2. Similar to methane distribution, the highest
microbial numbers were observed at stations PSh-6308
and 6300 and in the water and upper sediments of the
pockmark.

For more detailed study of the rates of microbial
processes at the water–bottom interface, radioisotope
measurements of dark CO

 

2

 

 fixation, sulfate reduction,
methanogenesis, and methane oxidation were carried
out at two gas site stations and at the deepest station
PSh-6300 (Table 3). The rates of dark CO

 

2

 

 fixation and
methane oxidation in the near-bottom water of the
pockmark site stations were significantly higher than at
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station PSh-6300. The rates of microbial processes
decreased with distance from the bottom (Figs. 2b, 2c);
10 m from the bottom they did not exceed the back-
ground values typical of the deep zone of the Gdansk
depression.

Measurements of the isotopic composition of sus-
pended organic matter (

 

δ

 

13

 

ë

 

org

 

) are more evidence of
enhanced microbial activity in the water column above
the pockmark. Close to the bottom, in the zone of the
highest rates of methane oxidation and dark CO

 

2

 

 fixa-
tion, suspended organic carbon was enriched with the
light isotope 

 

12

 

C (Fig. 2d).

Apart from the rates of methane oxidation and dark
CO

 

2

 

 fixation, the rates of anaerobic processes, metha-
nogenesis and sulfate reduction, were determined in the
near-bottom water collected directly from the Niemiste
core (Table 3). Anaerobic microbial processes were
found to activate under conditions of low oxygen con-
tent in the near-bottom water. Only sulfate reduction
was revealed at station PSh-6300, while both sulfate-
reducing and methanogenic microorganisms were
active in the water column above the pockmark.

The rates of microbial processes in the upper sedi-
ment layers (Table 3) were relatively high, typical of
organic-rich sediments of highly productive marine
environments [14, 15]. In the sediments of stations
PSh-6300 and 6330, the rates of microbial processes
were relatively close and varied within an order of mag-

nitude. At station PSh-6331 located at the periphery of
the pockmark, significant differences were observed.
The rates of anaerobic methane oxidation in the
10

 

−

 

25 cm horizon were there more than an order of
magnitude higher than the peak values for this process
measured at other stations (Table 3). Along with meth-
ane oxidation, enhanced sulfate reduction rates were
observed in the same horizons of station PSh-6331 with
a peak of 74.4 

 

µ

 

mol S/(dm

 

3

 

 day) in the 15–20 cm hori-
zon. The measured rates of microbial processes comply
with the data on methane and sulfate content in the sed-
iments. At station PSh-6331, methane content in the
10–25 cm layer varied from 863 to 2888 

 

µ

 

mol/dm

 

3

 

,
while methane concentrations at stations PSh-6330 and
6300 varied from 59 to 179 

 

µ

 

mol/dm

 

3

 

. Higher sulfate
reduction rate at station PSh-6331 of the gas site
resulted in more rapid sulfate consumption (Table 3).

Low rates of microbial methanogenesis obtained at
all stations (Table 3) suggest that high methane content
in the upper sediment layers is due to methane flow
from deeper sediment layers. This methane may be
either of microbial origin or chemically produced in
deep sediment layers via catagenesis.

Carbon isotopic composition (

 

δ

 

13

 

ë–ëç

 

4

 

) was deter-
mined to elucidate the origin of methane. In the upper
layers of pockmark sediments at stations PSh-6330 and
6331, carbon isotopic composition of methane was
similar (–53.2 and 

 

–56.6

 

‰).
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Fig. 2. Methane content (a), rate of dark CO2 assimilation (b), methane oxidation rate (c), and carbon isotopic composition (δ13C)
of suspended organic matter (d) in the near-bottom water above the pockmark.  station PSh-6330; , station PSh-6331.
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High rates of anaerobic methane oxidation at station
PSh-6331 coincided with formation of isotopically low
CO2 and thus with enrichment of mineral carbon with
light 12C (Table 4). In the sediments of station PSh-
6331, δ13ë was the lowest (–8.4‰) in the zone of the
highest rates of anaerobic methane oxidation. Libera-
tion of isotopically light CO2 may also be due to micro-
bial decomposition of organic matter with the isotopic
composition from –24.5 to 25.7‰ (Table 4). However,
since the rates of dark CO2 fixation (a measure of the
net heterotrophic activity of the microbial community
in the sediments) were similar in the sediments of these

stations (Table 3), high rates of anaerobic methane oxi-
dation were probably the main reason for the lightening
of mineral carbon in station PSh-6331 silts.

DISCUSSION

The results of microbiological, biogeochemical, and
isotope geochemical investigation demonstrate that the
near-bottom water and surface sediments of the pock-
mark are in some respects different from other regions
of the Gdansk basin deep zone. In line with the works
of Soviet oceanologists [7–9], we revealed elevated

Table 1.  Distribution of methane, oxygen, and total microbial numbers in the near-bottom water of the Gdansk depression

Station no. Depth, m Geographical
coordinates, N, E CH4, µl/l O2, mg/l* Microbial numbers, 

104 cells/ml

PSh-6310 44 55°28.21′ 
20°21.01′

0.43 8.27 30

PSh-6308 90 55°09.99′ 
19°50.08′

6.87 0.31 44

PSh-6306 68 55°10.00′ 
19°50.07′

0.86 8.26 19

PSh-6307 46 55°18.00′
20°10.41′

0.41 9.36 20

PSh-6298 68 54°42.23′
19°36.95′

2.20 3.51 –

PSh-6300 106 54°51.99′
19°19.19′

1.46 0.51 39

PSh-6330 95 55°21.64′
19°48.87′

10.7 0.15 70

PSh-6331 93 55°21.55′
19°49.11′

8.9 0.20 63

* Oxygen content was determined by N.E. Trenina (Atlantic Research Institute for Fishery and Oceanography).

Table 2.  Redox potential, methane content, and microbial numbers in the upper sediments (0–5 cm) of the Gdansk depression

Station no.  Depth, m Characteristics of the sediment Eh, mV  CH4, µl/dm3 Microbial numbers, 
108 cells/ml

PSh-6310 44 Coarse brown sand with inclusions 
(seldom occurring quartz grains), 
well sorted and washed

195 30 0.5

PSh-6308 90 Hydrated pelite, dark gray to black –10 163 2.9

PSh-6306 68 Homogeneous brownish-gray 
aleuropelite

140 20 0.1

PSh-6307 46 Fine sand with numerous pebbles 
of sedimentary (chemogenic) and 
igneous rocks

210 16 –

PSh-6300 106 Aleuropelite, light gray to black, 
smelling of hydrogen sulfide

–20 375 3.1

PSh-6330 95 Aleuropelite, light gray to black, 
smelling of hydrogen sulfide

–40 617 7.4

PSh-6331 93 Aleuropelite, light gray to black, 
smelling of hydrogen sulfide

–50 408 5.0
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methane concentrations in the near-bottom water above
the pockmark. The concentration anomalies were
traced up to 2–5 m from the bottom. However, a certain,
albeit less pronounced increase was observed in July at
all the stations with depth exceeding 90 m, where oxy-

gen limitation in the near-bottom waters was pro-
nounced (Table 1). Along with the anomalies of meth-
ane concentration in the near-bottom water above the
pockmark, increased values of microbial numbers were
observed, as well as of dark CO2 assimilation rate and
methanogenesis rate. Enrichment of suspended organic
matter with light carbon 12C revealed for the near-bot-
tom horizons of the pockmark station confirms the
anomalies of microbial activity determined by the
radiocarbon method and suggests the presence, apart
from methanotrophs, of a community of sulfur-oxidiz-
ing bacteria which oxidize reduced sulfur compounds
delivered from highly reduced surface sediments.

Methane content, microbial numbers, and the rates
of microbial processes were higher in the pockmark
sediments than at station PSh-6300 located outside the
pockmark zone (Table 5). However, the calculations of
integral rates of microbial processes revealed that the

Table 3.  Sulfate and methane content, alkalinity, and the rates of microbial processes in the near-bottom water and upper
sediments of the Gdansk depression

Station no./depth, m 
Sample

CH4, 
µmol/dm3

S  

µmol/dm3

Alk, 
µmol/dm3

 Rates of microbial processes

Dark CO2 
assimilation, 

µmol C/(dm3 day)

CH4 oxidation, 
µmol C/(dm3 day)

CH4 formation, 
µmol/(dm3 day)*

Sulfate 
reduction, 

µmol S/(dm3 day)

0.01 11.46 1.8 0.11 0.12 × 10–3 HO 3.0

Bottom sediment
0–5 cm 30 9.56 6.0 29.1 0.02 0.012 22.0
5–10 cm 59 6.80 15 14.6 0.29 0.021 12.1

10–20 cm 135 1.46 16 41.7 0.17 0.009 19.1
Pockmark

0.48 11.35 1.8 0.39 1.12 × 10–3 4.2 × 10–3 4.0

Bottom sediment
0–5 47 8.77 4 39.7 0.02 0.031 16.8
5–10 87 6.81 7.5 62.8 0.57 0.024 15.1

10–15 133 4.49 10 11.7 1.62 0.042 11.9
15–20 179 3.19 15 12.5 0.39 0.028 12.7

0.40 11.12 1.9 1.15 2.14 × 10–3 5.6 × 10–3 8.2

Bottom sediment
0–5 31 8.52 5.0 39.7 0.27 0.031 14
5–10 280 5.06 11 47.5 4.61 0.035 26.8

10–15 863 2.00 14 2.14 42.6 0.037 45.6
15–20 2083 1.16 15 5.83 80.6 0.058 74.4
20–25 2888 0.75 16.5 7.67 32.0 0.159 19.7
35–40 2872 0.68 18 12.2 7.98 0.051 18.2

* Since the contribution of aceticlastic methanogenesis was below 1% in all cases, only the rates of the autotrophic process are listed in the
table.

O4
2–,

Psh-6300/107
Near-bottom water
---------------------------------------------

Psh-6330/95
Near-bottom water
---------------------------------------------

Psh-6331/93
Near-bottom water
---------------------------------------------

Table 4.  Carbon isotopic composition (δ13C) of organic matter,
carbonates, and methane in the pockmark upper sediments

Station Horizon, 
cm

Carbon isotopic composition 
(δ13C), ‰

δ13Corg δ13Ccarb δ13C–CH4

PSh-6330 5–10 –25.5 –3.6 –

10–20 –25.7 –1.9 –53.2

PSh-6331 5–10 –24.5 –2.6 –

10–20 –25.1 –8.4 –56.6
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rates of sulfate reduction and anaerobic methanogene-
sis (compared to station PSh-6300) were 5.8 and
1.1 times higher at station PSh-6330 (central part of the
pockmark); in the sediments of the pockmark periphery
(station PSh-6331) the difference was 267 and 3 times,
respectively. Higher rates of microbial processes at sta-
tion PSh-6331 comply with methane and sulfide con-
centrations in silt waters. In the sediments of this sta-
tion deeper than 5 cm, still higher methane concentra-
tions were observed, as well as more rapid sulfate
consumption from silt waters (Table 3). Thus, our
results indicate both the heterogeneity of the pockmark
surface sediments and the activation of microbial pro-
cesses in gas-saturated pockmark sediments.

According to modern concepts, anaerobic methane
oxidation is performed by a consortium of methan-
otrophic archaea and sulfate-reducing bacteria [16, 17]

and follows the equation CH4 + S   çë  +
HS– + ç2é. The 1 : 1 stoichiometry of anaerobic meth-
ane oxidation was confirmed for gas-saturated marine
sediments [18, 19] and for microbial accretions on
coral-like formations of the Black Sea [20]. In the sed-
iments of the Baltic pockmark, the curves of the rates
of anaerobic methane oxidation and sulfate reduction in
the upper sediments of station PSh-6331 were similar
not only in profile, but also in their absolute values
(Fig. 3). Analysis of the data on integral rates of sulfate
reduction (Table 5) revealed that the typical amount of
reduced sulfur compounds formed due to oxidation of
organic matter arriving via the water column slightly
exceeded 2 mmol S/(m2 day). At station PSh-6331,

O4
2– O3

–

where significantly higher methane content was
observed, anaerobic methane oxidation contributed
most significantly to formation of reduced sulfur com-
pounds. Since the rate of microbial methanogenesis in
the pockmark surface sediments was several orders of
magnitude lower than the rate of anaerobic methane
oxidation, high methane content in the pockmark sedi-
ments resulted from its influx from lower sediment lay-
ers. The isotopic composition of methane carbon
(Table 4) gives no unequivocal indication as to its ori-
gin. Our measurements of δ13ë–ëç4 at stations PSh-
6330 and 6331 in the zone of highest rates of methane
oxidation yielded values of –53.2 and –56.6‰, respec-
tively. The carbon isotopic composition of biogenic
methane is generally believed to vary from –55 to
−80‰ or lighter [1]. Heavier methane composition
(−48.5 to –55.5‰) was revealed in earlier investiga-
tions of the sediments of the Baltic Sea pockmarks [9].
It can therefore be suggested that, apart from modern
methane of microbial origin, isotopically heavier meth-
ane is accumulated, deriving from the fluid flow deeper
sediment layers. Heavier isotopic methane composition
may also result from high rates of anaerobic methane
oxidation revealed in the pockmark zone sediments
(Table 3). Thus, the issue of the origin of methane in
gas-saturated sediments of Baltic Sea pockmarks still
requires further investigation. Sampling and analysis of
deeper sediment layers is necessary for this purpose.
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Sulfate reduction, 
µmol/(m2 day)

PSh-6300 5355 24 2.1 2660
PSh-6330 6335 139 6.3 2825
PSh-6331 5759 6404 8.1 8040
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Fig. 3. Profiles of anaerobic methane oxidation (µmol
ëç4/(dm3 day)) and sulfate reduction (µmol S/(dm3 day)):
sulfate reduction (1); anaerobic methane oxidation (2).



586

MICROBIOLOGY      Vol. 77      No. 5      2008

PIMENOV et al.

and Deposits), Dmitrievskii, A.N. and Valyaev, B.M.,
Eds., Moscow: GEOS, 2002.

2. Pimenov, N.V., Savvichev, A.S., Rusanov, I.I., Lein, A.Yu.,
and Ivanov, M.V., Microbiological Processes of the Car-
bon and Sulfur Cycles at Cold Methane Seeps of the
North Atlantic, Mikrobiologiya, 2000, vol. 69, no. 6,
pp. 831–843 [Microbiology (Engl. Transl.), vol. 69,
no. 6, pp. 709–720].

3. Lein, A.Yu., Ivanov, M.V., Pimenov, N.V., and Gulin, M.B.,
Geochemical Peculiarities of the Carbonate Constructions
Formed during Microbial Oxidation of Methane under
Anaerobic Conditions, Mikrobiologiya, 2002, vol. 71,
no. 1, pp. 89–102 [Microbiology (Engl. Transl.), vol. 71,
no. 5, pp. 78–90].

4. Losekann, T., Knittel, K., Nadalig, T., Fuchs, B., Nie-
mann, H., Boetius, A., and Amann, R., Diversity and
Abundance of Aerobic and Anaerobic Methane Oxidiz-
ers at the Haakon Mosby Mud Volcano, Barents Sea,
Appl. Eviron. Microbiol., 2007, vol. 73, no. 10,
pp. 3348–3362.

5. Lein, A.Yu., Gorshkov, A.I., Pimenov, N.V., Bogda-
nov, Yu.A., Vogt, P., Bogdanova, O.Yu., Kuptsov, V.M.,
Ul’yanova, N.V., Sagalevich, A.M., and Ivanov, M.V.,
Authigenic Carbonates in Methane Seeps from the
Norwegian Sea: Mineralogy, Geochemistry, and Gen-
esis, Litol. Polezn. Iskop., 2000, no. 4, pp. 339–354
[Lithol. Miner. Resour. (Engl. Transl.), vol. 35, no. 4,
pp. 295–310].

6. Lein, A.Yu., Authigenic Carbonate Formation in the
Ocean, Litol. Polezn. Iskop., 2004, no. 1, pp. 3–35
[Lithol. Miner. Resour. (Engl. Transl.), vol. 39, no. 1,
pp. 1–30].

7. Geodekyan, A.A., Trotsyuk, V.Ya., Avilov, V.I., Ber-
lin, Yu.M., Bol’shakov, A.M., and Zhitinets, R.P.,
Hydrocarbon Gasesin the Waters of the Baltic Sea,
Okeanologiya, 1979, vol. 19, no. 4, pp. 638–643.

8. Geoakusticheskie i gazo-litogeokhimicheskie issledo-
vaniya v Baltiiskom more. Geologicheskie osobennosti
raionov razgruzki flyuidnykh potokov (Geoacoustic and
Gaso- and Lithochemical Researc in the Baltic Sea. Geo-
logical Characteristics of the Regions of Fluid Flow Dis-
charge Regions), Geodekyan, A.A., Trotsyuk, V.Ya., and
Blazhchishin, A.I., Eds., Moscow: IO AN SSSR, 1990.

9. Geokhimiya vod i donnykh osadkov Baltiiskogo morya v
raionakh razvitiya gazovykh kraterov i geoakusticheskikh
anomalii (Geochemistry of Waters and Bottom Sediments
of the Baltic Sea in the Regions of Development of Gas
Craters and Geoacoustic Anomalies), Geodakyan, A.A.,
Romankevich, E.A., and Trotsyuk, V.Ya., Eds., Moscow:
IO RAN, 1997.

10. Rodrigues, U.M. and Kroll, R.G., The Direct Epifluores-
cent Filter Technique (DEFT): Increased Selectivity,
Sensitivity and Rapidity, J. Appl. Bacteriol., 1985.

11. Gal’chenko, V.F., Sulfate Reduction, Methanogenesis,
and Methane Oxidation in the Water Reservoirs of the

Banger Hills Oasis, Antarctica, Mikrobiologiya, 1994,
vol. 63, no. 4, pp. 388–396.

12. Ivanov, M.V., Lein, A.Yu., Miller, Yu.M., Yusupov, S.K.,
Pimenov, N.V., Verli, B., Rusanov, I.I., and Zender, A.,
The Effect of Microorganisms and Seasonal Factors on
the Isotopic Composition of Particulate Organic Carbon
from the Black Sea, Mikrobiologiya, 2000, vol. 69, no. 4,
pp. 541–552 [Microbiology (Engl. Transl.), vol. 69,
no. 4, pp. 449–459].

13. Esikov, A.D., Metodicheskie ukazaniya po pretsizion-
nomu mass-spektrometricheskomu metodu opredeleniya
izotopnogo sostava vodoroda i ugleroda (Methodic Rec-
ommendations on Precision Mass Spectral Determina-
tion of the Isotope Composition of Hydrogen and Car-
bon), Moscow: VNIIYaGG, 1975.

14. Lein, A.Yu., Vanshtein, M.B., Kashparova, E.V.,
Matrosov, A.G., Namsaraev, B.B., Bondar’, V.A., and
Shishkina, O.V., Biogeochemistry of Anaerobic Diagen-
esis and Material–Isotopic Balance of Sulfur and Carbon
in the Baltic Sea Sediments, in Geokhimiya osadoch-
nogo protsessa v Baltiiskom more (Geochemistry of Pre-
cipitation in the Baltic Sea), Emel’yanov, E.M., and
Lukashin, V.N., Eds., Moscow: Nauka, 1986.

15. Lein, A., Pimenov, N., Guillou, C., Martin, J.-M.,
Lancelot, C., Rusanov, I., Yusupov, S., Miller, Yu., and
Ivanov, M., Seasonal Dynamics of the Sulfate Reduc-
tion Rate on the North-Western Black Sea Shelf, Estu-
arine, Coastal and Shelf Science, 2002, vol. 54,
pp. 385–401.

16. Hoehler, T.M., Alperin, M.J., Albert, D.B., and Martens, C.S.,
Field and Laboratory Studies of Methane Oxidation in
Anoxic Marine Sediments: Evidence for a Methanogen-
Sulfate Reducer Consortium, Global Geochem. Cycles,
1994, vol. 8, no. 4, pp. 451–463.

17. Boetius, A., Ravenschlag, K., Schubert, C., Rickert, D.,
Widdel, F., Gieseke, A., Amann, R., Jørgensen, B.B.,
Witte, U., and Pfannkuche, O., A Marine Microbial Con-
sortium Apparently Mediating Anaerobic Oxidation of
Methane, Nature, 2000, vol. 407, no. 5, pp. 623–627.

18. Orphan, V.J., Hinrichs, K.-U., Ussler, III.W., Paull, C.K.,
Taylor, L.T., Sylva, S.P., Hayes, J.M., and DeeLong E.F.,
Comparative Analysis of Methane-Oxidizing Archaea
and Sulfate-Reducing Bacteria in Anoxic Marine Sedi-
ments, Appl. Environ. Microbiol., 2001, vol. 67, no. 4,
pp. 1922–1934.

19. Valentine, D.L. and Reeburgh, W.S., New Perspectives
on Anaerobic Methane Oxidation (Mini Review), Envi-
ron. Microbiol., 2000, vol. 2, no. 5, pp. 477–484.

20. Michaelis, W., Seifert, R., Nauhaus, K., Treude, T.,
Thiel, V., Blumenberg, M., Knittel, K., Gieseke, A.,
Peterknecht, K., Pape, T., Boetius, A., Amann, R., Jor-
gensen, B.B., Widdel, F., Peckmann, J., Pimenov, N.V.,
and Gulin, M.B., Microbial Reefs in the Black Sea
Fueled by Anaerobic Oxidation of Methane, Science,
2002, vol. 297, pp. 1013–1015.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


