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Abstract  

This review describes methodology and software developments for acoustic 

data acquisition and determining parameters of gas bubble streams; shows 

geographical distribution of more than 3000 seeps in the Black Sea; presents 

data on methane fluxes from the deep-sea mud volcanoes; gives a model for 

evaluation of gas exchange in the water environment and methane emission 

from gas seeps to water column and atmosphere; explains modern views on 

the impact of cold seeps on the hydrochemical characteristics of the marine 

environment, the vertical water exchange, methanotrophic chemosynthesis 

and trophic structure of water; reveals a new form of life in the anoxic water 

column of the Black Sea, which is represented by a symbiotic community of 

anaerobic archaea and methane oxidizing and sulfate-reducing bacteria; 

contains estimates of potential environmental hazards due to methane 

discharge from the bottom of the Black Sea, and outlooks the possible use of 

cold seeps as a resource factors because they can be indications for shallow 

or deep hydrocarbon accumulations. 
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Introduction 

Detailed historical overview of the last decades investigation of the 

Black Sea gas seeps are given in the most recent monograph 
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“Methane seeps in the Black Sea: environment-forming and ecological 

role” (Egorov et al. 2011). The visual observation of gas bubble 

escapes from the seafloor in the Black Sea was firstly reported from 

the Bulgarian bay of Balchik and was treated as ordinary regional 

shallow gas indication (Dimitrov et al. 1979). However, in April 1989 

methane seeps were discovered in the anoxic zone of the Black Sea 

during acoustic survey over the north-western shelf edge and the 

upper slope (Polikarpov and Egorov 1989). Afterwards, numerous 

seeps have been found by acoustic detection of plumes of emanating 

gas bubbles down to a water depth of 2070 m (Egorov et al. 2003, 

2011). Most of these seeps are located along the shelf edge and on the 

upper slope (Figure 1), particularly at the paleo-deltas and canyons of 

the largest Black Sea rivers: Danube, Dnepr, Dniester and Don 

(Egorov et al. 2003). The deepest seeps have been discovered recently 

in association with faults and mud volcanoes in the central Black Sea 

basin (Egorov et al. 2003, Krastel et al. 2003). 

 

 
Figure 1. Distribution of methane seeps (dark spots) in the Black Sea 

(Egorov et al. 2003, 2011). 
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The beginning of this century was marked by a sharp increase in 

international multidisciplinary researches on Black Sea gas seeps, 

which were focused on: analysis of localization, spatial distribution 

and environmental role of seeps (Gevorkyan et al. 1991; Egorov et al. 

2003; Shnukov et al. 1999; Egorov et al. 1998); study of geological 

conditions of gas hydrate generation (Shnukov et al. 1995; Naudts et 

al. 2006); studying the mechanism of bacterial oxidation of methane 

and formation of microbial build-ups in anoxic waters (Ivanov et al. 

1991; Polikarpov et al. 1993; Michaelis et al. 2002); determination the 

age and genesis of methane in the Black Sea (Lein et al. 2002; Gulin 

et al. 2003), and quantification of emission of gaseous methane to the 

Black Sea water column and overlying atmosphere (Artemov et al. 

2007; Egorov et al. 2003, 2011). 

In 2000-2011, there were carried out a number of international marine 

expeditions on research vessels “Professor Vodyanitskiy” (Ukraine), 

“Professor Logachev” (Russia), “Meteor” (Germany), “Poseidon” 

(Germany) and “Maria S. Merian” (Germany) equipped with 

advanced single- and multi-beam echo-sounders, manned underwater 

submersibles, landed automatic probe stations, TV-guided vehicles 

and other instruments allowing remote detection and mapping of the 

gas seeps, their direct visual observation and sampling of the 

emanating gas, surrounding seawater, bottom sediments and the 

associated methanogenic microbial structures. 

The purpose of this paper is to introduce main results of our studies of 

the gas seeps in the Black Sea performed since the first discovery of 

this phenomenon in 1989 and to assess state of these explorations at 

the present time. 

Methodology development and main outcomes: brief overview 

Acoustic detection and quantification of gas seeps 

 

It is well known that echo-sounding observation of the water column 

is an efficient method for the detection of bubble releases from the 

seafloor. Echo responses from numerous gas bubbles, rising towards 

the sea surface, combine on echograms into vertically elongated 
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figures, which shape resembles flares (Figure 2a). This analogy is 

especially vivid if applied to color echograms where high levels of the 

echo-signal are coded with red hues. At the same time, "echographic 

gas flares " are merely “acoustic images” of real gas bubble streams, 

the physical size of which is difficult to estimate from echograms as 

illustrated in Figure 2. 

Specialized software for acquisition and processing of acoustic data, 

accessible through the ETHERNET interface of the scientific 

echosounder SIMRAD EK-500, was developed (Artemov 2006) and 

regularly employed during a number of scientific cruises to obtain 

such data as: the area of a venting site; total number of bubbles, 

released per a time period; size spectrum and rise velocity of bubbles 

at different depths through the water column. 

 

   

 

Figure 2. а) Echogram of the gas flare from seep site recorded at a ship speed 

of 1.9 kn with the narrow beam 18 kHz Parasound parametric echosounder. 

b) Photo of the same seep site obtained during the measurement of bubbling 

gas flux using the ROV QUEST-4000. To the right from the gas outlet the 

manipulator with the plastic bag can be recognized. The bag, 19 cm in 

diameter and 5.5 liters in volume, filled up with gas for 1 min 35 sec, so in 

situ gas flux was, approximately, 3.5 liter/minute. The photo is the property 

of MARUM University of Bremen. 

 

A new approach based on the use of calibrated echo-sounder, digital 

data recording and processing techniques, mathematical modeling and 

GIS technology has been proposed and applied for better 

understanding the methane seepage phenomenon.  

a) b) 
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Methane flux originated from gas bubble streams has been regarded as 

composed of three constituents:  

− initial upward flux Φ0, governing methane intake from the 

bottom to the water column; 

− dispersed flux Φw, evolved from gas exchange between rising 

bubbles and surrounding water; 

− flux to the atmosphere Φa, produced by bubbles reached the 

sea surface. 

To achieve evaluation of gas fluxes, the assumption was taken that 

each flux constituent is linearly dependent on the seep productivity N 

(1/m) which characterizes the frequency at which gas bubbles come to 

the water column and is numerically equal to the amount of gas 

bubbles contained in the water layer of 1 m thickness above the 

bottom (Figure 3). 

 

 
Figure 3. Constituents of methane flux originated from gas bubble streams. 

Notation: 
0s  is the mean initial bubble rising speed, 

0m  is the mean initial 

methane content in bubbles, )h(s  is the mean bubble rising speed depending 

on depth, )h(m  is the mean change of methane content in bubbles 

depending on depth, and H0 is the release depth of bubbles. 

The seep productivity N was determined from acoustic measurements 

in a thin bottom layer of the water column. Rather point than volume 
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model of sound scattering was used as this made it feasible to estimate 

individual intensity of gas bubble streams and methane flux to the 

water column and atmosphere as well. 

Methane content and rising speed of bubbles at any point of their 

trajectory were estimated using the mathematical model of gaseous 

exchange with surrounding water. It was found that models based on 

the 1
st
 Fick’s law and equation of state of ideal gases (IGEOS) or real 

gases equation of state by Peng - Robinson (PREOS) can be applied 

for quantitative analysis of gas bubble behavior in the water column. 

The major difference of our models from others documented by 

various researchers concerns the algorithmic representation of bubble 

evolution from “clean” to “dirty” modes depending on the area of 

stagnant cap at the rear of rising bubble, where adsorbed surfactants 

accumulate due to the surface convection and cause the Marangoni 

effect (Clift et al. 1978).  

For shallow sea models for ideal and real gases give almost identical 

results (Figure 4a). However, for deep sea the real gas model predicts 

a much longer life-time and rising height of methane bubble due to 

growing influence of van der Waals forces (Figure 4b). 

 

 

Figure 4. Evolution of 7 mm diameter bubble with 99% initial content of 

methane simulated with IGEOS and PREOS models: a) for water depths 

90m; b) for water depths 600 m. 

 

 

a) b) 
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Appraisal of methane flux - results summary 

It was found that at the vast area of the Black Sea stretching from the 

Danube Canyon to the Kerch-Taman region only 1.6% of methane 

from gas bubble streams reaches the atmosphere in gas phase, while 

98.4% dissolves in the water column (Table 1). 

Table 1. Integral estimates for the studied regions of the Black Sea 

Region Number of detected 

seeps 

Methane flux (m
3
 y

-1)
 

water column atmosphere 

West (including 

Danube Canyon, 

Paleo-Dnieper) 

2693 18.8 10
6
 3.8 10

5
 

Kerch-Taman 594 5.9 10
6
 1.4 10

4
 

Sorokin Through 10 2.6 10
5
 0 

Total 3297 25.0 10
6
 4.0 10

5
 

Thus, the most part of methane carbon from gas bubble streams at this 

area transfers to the water column and enters into the biogeochemical 

cycles and bio-production process of the Black Sea. 

Underwater observation and biogeochemistry of the seep-related 

microbial structures 

Our first underwater observations, which were carried out in 1990 

with the scientific submarine “Benthos-300”, have revealed broad 

fields of chimney-like structures located in the NW Black Sea within 

the methane seeps area in permanently anoxic waters at depths of 200-

230 m (Ivanov et al. 1991; Polikarpov et al. 1992). Comprehensive 

underwater inspection of this area was conducted in 2001 with the 

submersible “Jago” (Germany), finding the carbonate chimneys up to 

4 m high at a depth around 230 m (Michaelis et al. 2002). These 

structures represent carbonate build-ups, the upper part of which is 

covered by massive microbial mats consisting of methanotrophic 

archaea (Figure 5).  
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Figure. 5 Underwater photos of the methane-seep-related microbial buildups 

growing at the upper slope of the NW Black Sea. The pictures were made 

from research submarine Benthos-300 in December 1990, water depth 230 m 

(A); and with the Ocean Floor Observation System (OFOS) at site of the 

dredging performed during the present study, water depth ~650 m, vertical 

view (B) (Gulin et al. 2005) 

Recent microbiological, isotopic, molecular and petrographic analyses 

showed that such microbial build-ups were formed as a result of 

anaerobic oxidation of methane seeping from the bottom sediments, 

which was operated by a consortium of archaea and sulphate-reducing 

bacteria (Polikarpov et al. 1993; Boetius et al. 2000; Thiel et al. 2001; 

Michaelis et al. 2002). During observations conducted in greater water 

depths in 1993 with the submersible “Sever-2” (Ukraine), similar 

carbonate buildups were found at a depth of 1738 m, in an area of 

deep faults and rock outcrops south-west of the Crimean Peninsula 

(Shnukov et al. 1995). During dredging in this area a carbonate 

chimney was recovered from 1555 m water depth (Gulin et al. 2003; 

Shnukov et al. 2004). The most recent finding of the buildups was 

achieved in 2007 using the deep-sea ROV QUEST-4000, allowing 

discovery of the Black Sea methane seeps located deeper than the 

upper boundary of the gas-hydrate stability zone (> 725 m), and a 

 
 

A 

 

B platform 

head with vents 
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pipe-like 
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broad field of unusual microbial structures growing at methane seeps 

in the deeper part of the Dnepr paleo-delta area at water depth more 

than 730 m (Gulin and Artemov 2007). 

Stable carbon isotope analysis of the taken samples showed that 

carbonates of the buildups were isotopically light, indicating a high 

presence of the 
13

C-depleted methane carbon in the carbonates (Ivanov 

et al. 1991; Polikarpov et al. 1993; Michaelis et al. 2002). As no 

carbonate structures in the form of chimneys were found in the oxic 

waters, it was assumed that the Black Sea microbial buildups are 

formed as a result of anaerobic bacterial oxidation of methane seeping 

from the bottom sediments (Ivanov et al. 1991; Polikarpov et al. 

1992). This has been argued recently by radiotracer, molecular and 

petrographic analyses of the Black Sea carbonate buildups, showing 

that anaerobic oxidation of methane is mediated by methanotrophic 

archaea in syntrophy with sulfate reducing bacteria (Thiel et al. 2001; 

Michaelis et al. 2002). 

The earlier 
14

C-dating has showed that age of carbonates in the base 

part of the Black Sea microbial buildups is in the range of 5100 years 

at water depth of 230 m (Ivanov et al. 1991) to 17500 years at depth 

of 1738 m (Shnukov et al. 1995, 2003). This dating, however, 

combines the age of both methane-derived carbon and carbon of 

bicarbonates dissolved in seawater (Gulin et al. 2003). Thus, the given 

ages may be considerably differernt from the actual time of origin of 

the Black Sea microbial buildups. 

Therefore, we have developed an approach allowing calculation the 

absolute age of the microbial buildups at different depths of the Black 

Sea by applying the evaluation of growth rate of the buildups based on 

the combining data on 
14

C-dating and stable carbon isotope analyses 

of the methane-derived carbonates and their initial components: 

methane and seawater bicarbonates (Gulin et al. 2003). The overall 

results of 
14

C-dating of the carbonate structures from different depths 

of the north-western Black Sea slope show a gradual increase of the 

carbonate age with water depth (Table 2). The age-depth relationships 

for the base and middle parts of the chimneys are almost parallel, 
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suggesting a similar growth rate of the deeper and shallower buildups. 

The best fit lines of these trends are: 
14

C-age (year) = 4094.5 e 
0.000796 m

 

(r
2
 = 0.985) and 2795.2 e 

0.000916 m
 (r

2
 = 0.961), respectively. Assuming 

a linear growth of carbonate chimney, its absolute age may be roughly 

assessed by doubling the difference between the radiocarbon dating of 

the base and middle parts of the buildups. Using the above mentioned 

exponential curve fitting of the age-depth trends, an extrapolation to 

maximal depth, where the buildups were found (~ 2100 m, Aloisi et 

al. 2002), gives an approximate time of origin of the deepest chimneys 

as 5316 years, while for the shallowest buildups (~ 200 m, Polikarpov 

et al. 1992) this estimation is 2888 years. 

 
Table 2. Radiocarbon age (years before present) of microbial carbonate 

buildups found at different depths of the north-western Black Sea slope 

(Gulin et al. 2003, Egorov et al. 2011) 

Water depth, m Middle part of buildup Base part of buildup 

230 3400 ± 105 5100 ± 150 

700 – 6655 ± 165 

1120 8500 ± 120 9200 ± 200 

1555 9800 ± 700 13800 ± 300 

1738 15150 ± 380 17500 ± 540 

 
These ages correspond, respectively, to the first appearance of 

hydrogen sulfide in the deepest Black Sea waters and to the 

stabilization of the upper boundary of anoxic zone around the present 

day level. It is known that the Black Sea was a freshwater lake before 

the incursion of Mediterranean water through the Bosphorus Strait at 

about 6000 - 7500 years ago as a result of the rise in global sea level 

(Hay 1991, Ryan et al. 1997). This has led to a density stratification of 

the water column and the beginning of the anoxic conditions 

development in the deep-sea waters nearly 5000-7000 years before 

present (Degens et al. 1980; Calvert et al. 1987, 1991; Hay et al. 

1990, 1991; Wakeham et al. 1995). A gradual salinization of the 

Black Sea followed until some 3000 years ago the existing salinity 

and upper level of anoxic waters became established (Deuser 1974). 
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Thus, the age of the Black Sea carbonate structures at different depths 

of the continental slope may reflect dynamics of the long-term rising 

of the oxic/anoxic interface in the water column. This resulted in a 

change from aerobic to anaerobic oxidation of the seeping methane 

when oxygen has depleted at the respective depth. This suggestion 

allows for the consideration that the methane-derived microbial 

buildups are unique objects for further detailed tracing of the 

evolution of anoxic conditions in the Black Sea. 

Conclusions 

Studies in the Black Sea conducted from 1989 to present days 

revealed a previously unknown chemoecological and resource factor 

in the Black Sea – numerous methane-emitting gas bubble streams. At 

gas bubble outlets various biogeochemical and hydrodynamic effects 

are originated including gas exchange between gas bubbles and the 

water environment, the creation of zones of upwelling and vertical 

mixing of water, transferring from the bottom to the water column 

bacteria, sediment particles, as well as oil. Depending on water depth, 

initial size, rising speed, as well as some other parameters, gas bubbles 

can completely dissolve in the water column or reach the sea surface 

releasing to the atmosphere methane, one of the most important 

greenhouse gas. 

The fields of methane seeps, located in the anoxic Black Sea waters, 

are characterized with presence of chimney-like carbonate buildups, 

which are formed due to anaerobic methane oxidation by arhaea in 

syntrophy with sulfate reducing bacteria. 
14

C-dating of these microbial 

structures has shown a gradual increase of the age of carbonates of 

these buildups with depth. Comparing the radiocarbon age of the base 

and middle parts of the microbial structures gives an approximate 

time of origin of the deepest and shallowest microbial buildups 

as about 5300 and 2900 years before present, respectively. 

These dates correspond to the first appearance of hydrogen 

sulfide in the deepest Black Sea waters and to the stabilization 

of the upper boundary of the anoxic zone around the present day 

level. 
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