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Abstract 
Purpose. The purpose of the study is to detect bubble gas emissions and to quantitatively assess bubble 
gas fluxes on the Black Sea shelf off the southeastern coast of Crimea, as well as to focus specifically 
on methodological approaches to investigating the spatial localization and comparative evaluation of 
the activity and intensity of seafloor bubble gas emissions. 
Methods and Results. The hydroacoustic records, seafloor video records, and hydrological 
measurement data collected during the scientific expeditions of R/V Professor Vodyanitsky (125th 
cruise, November 2022, 132nd cruise, July–August 2024, and 135th cruise, June 2025) were used in 
the study. The research consisted of three stages: 1) broad-scale shelf surveying at depths of 10–
80 m, 2) boundary detailing of the sites with the identified seep clusters, and 3) monitoring of 
the activity of gas emissions at the selected sites. In total, more than 600 seeps were revealed over all 
the survey periods. Analysis of their distribution over depth showed that approximately 90% of all 
the recorded gas flares were located at depths of 35–45 m. To compare the temporal and spatial 
variability of gas emission activity, a specific indicator – the seep density (ratio of the seep number to 
the scanned bottom area) – was introduced. The maximum seep density reaching 6.3 seeps per hectare 
at the site near Cape Martyan was recorded in summer 2024. The hydroacoustic data made it possible to 
calculate the average values of gas emissions from individual seeps: 38 L/day (0.07 t/year) in 2022 and 
10.7 L/day (0.011 t/year) in 2024. 
Conclusions. The study results, including the data on spatial distribution, density dynamics, and flux 
magnitude, constitute the basis for monitoring gas emissions on the Crimean shelf. The pronounced 
interseasonal and interannual variability of seep density indicates the significant role of external factors 
in regulating gas emissions. The obtained data form a basis permitting assessment of the contribution 
of methane seeps to the regional carbon cycle. 
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Introduction 
Methane is a potent greenhouse gas that plays a significant role in Earth’s 

global climate processes. One of its natural sources is cold methane seeps – 
localized bubble gas emissions from the bottom of water bodies [1–3]. They are 
widely distributed on the shelf and continental slope throughout the World Ocean 
[2], including the Black Sea [4]. Methane seeps in the Black Sea have been 
recorded across a wide depth range – from the lower boundary of the gas hydrate 
stability zone (725 m) and deeper [4, 5] to the shoreline [6, 7]. The emitted gas in 
different areas has varying origins (biogenic and/or thermogenic) [7], which, in 
turn, may determine different intensities and periodicities of gas emissions 
depending on the season or external conditions [8]. 

Gas fluxes from individual seeps have been studied in various regions of 
the World Ocean: in the Gulf of Mexico [9], on the Norwegian shelf [10, 11], in 
the North Sea [12], near Svalbard [13], in the Laptev Sea [14], on the California shelf 
[15], as well as in some areas of the Black Sea [16, 17]. The total methane flux from 
marine seeps into the atmosphere is estimated to be approximately 20–30 Tg·yr⁻¹ 
[1], while estimates from individual sources in different regions can vary by several 
orders of magnitude. During the 125th cruise of R/V Professor Vodyanitsky, methane 
seeps were first recorded off the southern and eastern coasts of Crimea [18]. Over 
the past decade, individual shallow-water gas emission sites have also been 
described [6, 7, 19, 20]. 

This paper presents the results of hydroacoustic studies on the Black Sea shelf 
off the southern coast of Crimea, obtained during scientific expeditions in November 
2022, August 2024, and June 2025. Our research is aimed at detecting bubble gas 
discharge and providing a quantitative assessment of bubble gas fluxes in 
the specified area. Special attention is paid to methodological approaches to 
investigating the spatial localization and comparative evaluation of the activity and 
intensity of seafloor bubble gas emissions. 

Study area: geomorphology and geology 
The study area encompasses the Black Sea shelf along the southeastern coast of 

the Crimean Peninsula, including the section from Laspi Bay in the west 
(the Southern Coast of Crimea, SCC) to Feodosia Bay in the east (Fig. 1). 
In geomorphological terms, the shelf and continental slope off the Crimean coast are 
subdivided into three morphostructural districts: the Western – from Cape 
Tarkhankut to Cape Sarych and Laspi Bay; the Southern Coast (SCC) – from Cape 
Sarych to Cape Meganom; and the Eastern, from Cape Meganom to the Kerch Strait, 
including Feodosia Bay and the Kerch-Taman shelf. Within the studied section 
(along the SCC and the adjacent part of the Eastern district), the shelf is narrow; it 
widens east of Cape Meganom. The depth of its outer edge varies from 100 to 130 m. 
Along its entire length, an inner (abrasional) and an outer (accumulative) part are 
distinguished. The boundary between them runs along the 80–95 m isobath. 
The abrasional plain of the inner shelf is overlain by a sedimentary cover of limited 
thickness (10–20 m), primarily of Late Euxinian and Holocene age [21]. 
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F i g.  1. Schematic map of the distribution of methane seeps in the Black Sea [4, 18] (the rectangle 
indicates the study area) (a), and a geological map of the study area 1 (b)  

Materials and methods 
The data used in this study, including hydroacoustic records, seafloor video, and 

hydrological information, were collected during research expeditions aboard R/V 
Professor Vodyanitsky: the125th (November 2022), the 132nd cruise (July – August 
2024), and the 135th cruise (June 2025). 

Hydroacoustic detection of bubble emission: data collection and processing. 
The main dataset was obtained using the Simrad EK 500 scientific echosounder 
(operating frequencies of 38 and 120 kHz) installed aboard R/V Professor 
Vodyanitsky. Part of the data from the 125th cruise was acquired using a hardware-
software complex developed at the Laboratory of Hydrology and Hydrophysics of LIN 
SB RAS, based on a Furuno FCV-1100 echosounder connected to the vessel’s 
hydroacoustic transducers (88 and 50 kHz). The beam width of the Simrad EK 500 
and Furuno FCV-1100 hydroacoustic transducers was 7° and 8°, respectively, with 
a pulse duration of 0.3 ms. Hydroacoustic recordings were conducted while the vessel 
was underway at a speed not exceeding 4 knots, as well as while adrift to record 
individual rising gas bubbles. 

Data from the Simrad shipboard echosounder were recorded using proprietary 
software created at the Laboratory of Hydrology and Hydrophysics of LIN SB RAS. 
Data visualization was performed in the EchoView (SonarData, Myriax, Australia) 
program. Data from the Furuno echosounder were visualized using the proprietary 
software Echo-Baikal [22]. Processing and analysis of the volume backscattering 
data and calculation of gas fluxes were performed using Python code. Seeps were 
manually delineated in the EchoView program based on the criteria outlined below. 

Criteria for seep identification. Recognition of bubble emission is based on 
the analysis of the nature of acoustic backscattering on echograms [13, 23]. 
The hydroacoustic image of intense bubble emission at great depths has a specific 
plume shape and depends on the current profile, vessel course, and the beam pattern 
of the hydroacoustic transducer [24]. For shallower depths and weak emission, there 
are a number of features that distinguish the hydroacoustic images of seeps on 
echograms from the typical plume shape characteristic of deep-water gas emissions. 
Therefore, for correct detection of individual bubbles and their clusters, proper 

1 Yudin, V.V., 2009. [Geological Map and Cross-Sections of the Mountain and Foothill Crimea: 
Designed for Specialists, Students, Tourists, and Nature Lovers]. Scale 1:200 000. Simferopol: 
Soyuzkarta (in Russian). 
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classification of acoustic backscattering targets in the water column is necessary. As 
shown in [25, 26], a single bubble or a cloud of bubbles on an echogram forms an 
almost straight line with a positive slope (Fig. 2, a). Since echograms display echo 
signal intensity (color) versus depth (y-axis) over time (x-axis), different vertical 
exaggeration can stretch the image of fish schools along the y-axis, leading to false 
detection of seeps (Fig. 2, b, c). 

F i g.  2. Echograms of bubble gas emissions recorded at the seep site near Cape Martyan while at 
anchor on 7 August 2024 (Simrad EK 500, 120 kHz) (tracks of individual rising bubbles are visible) 
(a); examples of hydroacoustic anomalies of an ambiguous nature, the image of which does not allow 
them to be unambiguously interpreted as gas flares (b, c)  

F i g.  3. An example of hydroacoustic anomalies identified as gas flares recorded during the 132nd 
cruise of R/V Professor Vodyanitsky (a); an underwater photograph of a continuous stream of gas 
bubbles at 15 m depth at the site near Cape Martyan (b)  

Sufficient evidence for the gaseous nature of a detected anomaly is provided by 
hydroacoustic images with an inclined slope, as well as by recording the tracks of 
individual rising bubbles whose ascent velocities correspond to their size distribution 
[13]. Fig. 3, a shows an echogram with 11 identified seeps. For each emission site, 
an assessment of acoustic backscattering at the seabed–water interface was 
performed in the EchoView software, which was subsequently used to calculate 
the gas flux. 

Hydrological measurements. An IDRONAUT Ocean Seven 320plus CTD 
oceanographic probe (Italy) was used for vertical profiling of hydrological 
parameters. 

Calculation of gas emission volumes. An inverse method for calculating gas 
flux from a point source, described in detail in [13], was applied. The hydroacoustic 
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systems used in our work (Simrad, Echo-Baikal) are equipped with hydroacoustic 
transducers with beam widths of 7° and 8°. At depths of 30–50 m, they cover 
a seabed area of 10–38 m²; therefore, one or several gas plumes may be within 
the beam. Each plume consists of individual bubbles, the sizes and number of which 
follow a bubble size distribution law. The ascent velocity of a bubble was calculated 
according to the law given in [27], and the density of methane corresponds to its 
density at the gas emission depth. 

Results 
Hydrological conditions (comparison among seasons) 
In August 2024, hydrological parameters were measured at five stations at 

depths ranging from 35 to 42 m. The near-bottom water temperature varied from 10 
to 14 °C, corresponding to the range observed in November 2022 (12.5–15 °C). 
Dissolved oxygen concentration was 7.93–8.86 mg/L in August 2024 and 7.99–
8.17 mg/L in November 2022. The near-bottom water temperature at depths greater 
than 35 m during the spring hydrological season of 2025 was somewhat lower 
compared to previous periods (8.7–10.1 °C). 

Localization of seeps 
On echograms, bubble gas emissions appeared as vertically elongated anomalies 

corresponding to individual rising bubbles or their clusters (Fig. 3, a). Due to 
the narrow beam width of both echosounders used, determining the actual plume 
height for each detected seep was not feasible, as the upper part of the plume was 
often lost from the beam when the vessel shifted relative to its center. However, 
some plumes reached the water surface (e.g., S2, S3 in Fig. 3, a). Furthermore, gas 
emission for most recorded seeps had a pulsating nature. 

During the 125th cruise (November 2022), 14 sites from Laspi Bay to Feodosia 
Bay were selected for detailed acoustic survey. Hydroacoustic probing at the sites 
was conducted along shore-parallel transects with a spacing of no more than 0.2 
nautical miles. At that time, 211 individual seeps were discovered over an area of 
7.1 km² [18] (Fig. 4). 

Depth distribution of seeps obtained at the first stage of the study showed that 
they were recorded within a depth range of 19.7–78.5 m (Fig. 5) and were 
predominantly located on the transect closest to the shore. Based on spatial grouping, 
four seep clusters were identified (near Alupka, Cape Martyan, Cape Plaka, and 
the village of Rybachye), located in the western part of the study area and 
comprising the majority of detected hydroacoustic anomalies. Nearly 90% of all gas 
plumes were recorded in the Cape Martyan area, mainly along the 35–45 m isobaths 
(Fig. 5, a). In the eastern part of the study area, single plumes predominated (see Fig. 
4). It should be noted that the contribution of shallow-water seeps (at depths less than 
35 m) is likely underestimated, as the survey of shallow waters was limited by 
the research vessel’s draft. For example, shallow-water seeps located no more than 
100 m from the shoreline, inaccessible to R/V Professor Vodyanitsky, have been 
described in Laspi Bay and near Cape Martyan and Ayu-Dag [20, 28]. 
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F i g.  4. Distribution of the seeps recorded in the study area during the 125th (blue diamonds) and 132nd 
(red diamonds) cruises of R/V Professor Vodyanitsky (a), as well as at the individual sites near Cape 
Martyan (b), Cape Plaka (c), Cape Meganom (d), and in Feodosia Bay (e). The grey line indicates 
the expedition route and hydroacoustic tracks  
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At the next stage, during the 132nd cruise (July–August 2024), a detailed survey 
of depths with the maximum seep density was carried out. Shore-parallel acoustic 
surveys at depths of 35–45 m significantly expanded the boundaries of 
the previously identified seep clusters. The proportion of the track covered at these 
depths amounted to about 90% of the total cruise track (Fig. 5, b). Detailed 
investigations in the area from Cape Ai-Todor to Cape Plaka showed an almost 
continuous distribution of seeps. A total of 402 seeps were recorded during the 132nd 
cruise. New gas emission sites were also identified near Cape Meganom and in 
Feodosia Bay, where previously only single plumes had been recorded. 

During the 135th cruise (May – June 2025), four sites were selected for 
monitoring studies: Cape Martyan, Cape Plaka, Cape Meganom, and the city of 
Feodosia. Data on the number of recorded seeps and the area of seabed scanned for 
these sites during different cruises are given in the table. 

Survey parameters and the number of seeps recorded at four selected gas emission 
sites during hydroacoustic sounding in three cruises of R/V Professor Vodyanitsky 

Record date Distance 
travelled, km 

Area 
of the surveyed 

bottom, km2 

Number of 
recorded flares, 

pcs. 

Number of flares for 
flux calculations, pcs. 

C. Martyan 
15.11.2022 27.0 0.12   11 – 
23.11.2022 62.0 0.27   59 26 
25.07.2024 37.1 0.35 173 35 
06.08.2024 28.6 0.19 121 23 
07.08.2024 23.5 0.16   45   8 
12.06.2025 15.2 0.09   0 – 

C. Plaka 
23.11.2022– 
24.11.2022 37.0 0.19   13 – 

09.08.2024 20.1 0.12   37 12 
10.06.2025 23.3 0.14   0 – 

C. Meganom 
20.11.2022– 
20.11.2022 34.5 0.19   4 – 

04.08.2024 40.9 0.31   32   3 
07.06.2025 19.4 0.12   12 – 

Feodosia Bay 
02.08.2024 24.7 0.14   18   5 
04.06.2025 20.0 0.12   6 – 

Comparison of seasonal activity and intensity of seeps using the Cape 
Martyan gas emission site as an example 

In this work, the activity of gas emissions is understood as a set of 
characteristics pertaining to both an individual plume (pulsation duration, the timing 
of active phases, and pauses between them) and the site as a whole (seep density). 
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The intensity of seeps is assessed based on the gas flux from individual plumes 
calculated using hydroacoustic data. 

F i g.  5. Distribution of seeps by depth, and the proportion of the distance (black line) travelled at 
the selected depths (10 m intervals) relative to the total route length for each cruise, based on the data 
from the 125th (a) and 132nd (b) cruises of R/V Professor Vodyanitsky  

Activity of gas seeps was studied in detail using the gas emission site near Cape 
Martyan as an example (Fig. 6). For this purpose, we compared hydroacoustic survey 
data collected in 2022, 2024, and 2025, both overall to identify interannual 
differences and to estimate variability within individual days during each cruise. 
Data from the 135th cruise are not presented, as not a single plume was recorded at 
the site. Fig. 6, a shows all recorded gas emission points (diamonds), i.e., locations 
where hydroacoustic anomalies in the water column were detected at least once. 
The spatial and temporal dynamics of gas emission activity during individual 
surveys are shown in Fig. 6 (b–f). Based on five surveys carried out at the Cape 
Martyan site (table, Fig. 6), it was established that gas bubble emission did not occur 
constantly but was intermittent, up to the complete absence of seeps, as observed in 
June 2025 (table). 

Bubble gas fluxes 
During the 125th cruise, data for 26 out of 202 recorded gas emissions at depths 

of 30–52 m were processed. Calculated gas discharge rates varied in the range of 
4.07–88.6 L/day (0.04–0.101 t/year) with an average value of 38 L/day (0.07 t/year). 
During the 132nd cruise, over 412 gas emissions were recorded at depths of 16–64 m, 
with 67 processed for gas flux calculation. Calculated gas emission rates ranged from 
5.01–136 L/day (0.006–0.163 t/year) with an average value of 10.7 L/day 
(0.011 t/year). 

Activity of gas emissions 
Periodicity of gas emissions can change over time scales ranging from several 

seconds [29] to hours [30] and days [31] under the influence of waves, tides, storms, 
and hydrological factors. Our previous data showed that the number of active seeps 
at the Cape Martyan site changed on a synoptic scale [18]. However, differences in 
initial data between cruises, such as track length and area of seabed scanned, often 
preclude direct comparison of gas emission activity based on the number of recorded 
plumes. Therefore, to compare the temporal and spatial variability of gas emission 
activity, a specific indicator – seep density (number of seeps per area of scanned 
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seabed) was used. Fig. 7 shows the seep density for the four sites studied in 2022–
2025. At all sites, the maximum seep density was observed in 2024, reaching 6.3 
seeps per hectare at the Cape Martyan site. 

F i g.  6. Seep activity near Cape Martyan for the entire 2022–2025 study period (diamonds indicate all 
recorded gas emission points) (a) and on individual days of the 125th cruise: 12 November 2022 (b); 
23 November 2022 (c) and the 132nd cruise: 25 July 2024 (d); 6 August 2024 (e); 7 August 2024 (f). 
Red diamonds indicate the points where active bubble emission was observed during the vessel 
passage; uncolored diamonds indicate points where, during the specified period, either no surveys were 
conducted or no gas emissions were observed 

The decrease in seep activity during the 135th cruise, up to the complete absence 
of recorded plumes at the Cape Martyan and Plaka sites, may be explained by 
a change in the periodicity of gas emission: active phases became shorter, and pauses 
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significantly longer. For instance, study [32] demonstrated high sporadicity and 
irregularity of seeps in the Black Sea west of Crimea at a depth of 92 m. Most seeps 
were active for less than 20% of the observation time. The high variability in gas 
emission activity complicates the detection and recording of shallow-water seeps by 
standard acoustic methods, as the transit time of bubbles through the water column 
at depths less than 100 m does not exceed 7.5 min. On the other hand, short-term 
recording may lead to an overestimation of fluxes if information on the variability 
of individual seep activity is not considered. 

F i g.  7. Seep density (ratio of the seep number to the scanned seabed area, pcs/ha) for four sites 
surveyed in 2022–2025 (PV-125 denotes the 125th cruise of R/V Professor Vodyanitsky, PV-132 
denotes the 132nd cruise, and PV-135 denotes the 135th cruise). At the site near Cape Martyan, several 
measurements were conducted in 2022 and 2024 (see table) 

Using shallow-water seeps of thermogenic origin in Laspi Bay as an example, 
we showed that their periodicity depends on sea wave action: starting from a certain 
threshold wave amplitude, the period of small-scale seep pulsation correlated with 
the wave period [17]. At the same time, the seasonal and interannual activity of these 
emissions varies within a relatively narrow range. It is likely that processes in 
the upper layers of bottom sediments and the hydrosphere have a weak influence on 
gas release from a deep source, whereas biogenic gas from the sedimentary cover is 
more susceptible to factors affecting the hydrosphere. 

Sources and origin of hydrocarbon fluids 
One of the main unresolved questions in the study of shallow-water seeps is 

related to the nature of their occurrence in coastal areas at shallow depths. 
The sedimentary layer in shallow-water areas is thin (no more than 10–20 m [21]) 
and often composed of sandy deposits. In many cases, it remains an open question 
whether shallow-water bubble gas emissions result from gas seepage from deeper 
layers, or whether the emitted gas is generated in the upper sedimentary layer. Gas-
geochemical studies demonstrate that shallow-water seeps in the SCC area have 
varying isotopic compositions of methane carbon, indicating different gas genesis 
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[7, 28]. The different nature of gas anomalies is also confirmed by geoacoustic 
studies conducted off the SCC [33]. 

Factors influencing distribution and activity of seeps 
A critical factor for the manifestation of stable stream-like gas emissions from 

the seabed is the presence of an overlying seal layer that facilitates hydrocarbon 
accumulation, as well as fractures and/or faults forming migration pathways within 
the reservoir and through the seal to the seabed or atmosphere [34]. Hydrocarbon 
accumulation often occurs in anticlines and other traps [35], reflecting upward 
migration through the reservoir rock. Our monitoring studies confirmed 
the existence of specific points where gas emissions were active during different 
periods, indicating the presence of stable migration pathways. Most recorded seeps 
are located no deeper than 35–40 m. It is assumed that one of the potential gas 
migration pathways could be along weakened zones. In the coastal part, sandy-
pebble deposits give way to clayey-silty rocks at greater depths, which can act as 
a fluid seal. Gas migration from deeper horizons is possible along the boundary 
between these deposits. 

Intensity and periodicity of gas emissions are controlled by the pressure 
difference within the reservoir rock and the hydrostatic pressure, as well as 
the presence and thickness of the microbial filter. In [30] a model that accounts for 
the aforementioned fluid-dynamic processes is described. According to one 
conclusion from that work, a seep system is characterized by a response time to 
changes in a forcing factor, such as tidal hydrostatic pressure. This results in a highly 
nonlinear response of gas emissions to changes in hydrostatic pressure, with 
sensitivity being inversely proportional to the flux [30]. Furthermore, the mechanism 
of bubble and fluid gas release may be associated with the process of submarine 
discharge of fresh groundwater [36–38]. 

For gas of biogenic origin, the temperature of the near-bottom water layer can 
be a significant factor. Its increase may influence microbial activity in surface 
sediments, stimulating methane formation through the decomposition of organic 
matter [39]. 

Conclusion 
During cruises of R/V Professor Vodyanitsky in 2022–2025, hydroacoustic 

studies were carried out on the Black Sea shelf off the southeastern coast of Crimea 
to identify and subsequently monitor zones of bubble gas emissions (seeps). 
The work included three stages: 1) broad exploratory work on the shelf off 
the southeastern coast of Crimea at depths of 10–80 m; 2) refinement of 
the boundaries of the discovered seep sites; 3) monitoring of gas emission activity at 
selected sites. In total, over 600 seeps were discovered during all research periods. 

The depth distribution of seeps obtained at the first stage showed that about 90% 
of all recorded plumes are located at depths of 35–45 m. To analyze the temporal 
and spatial variability of gas emission activity, we used a specific indicator – seep 
density (ratio of the number of seeps to the area of scanned seabed). At all sites, 
the maximum seep density was observed in the summer of 2024, reaching 6.3 seeps 
per hectare at the Cape Martyan site.  
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Based on hydroacoustic data, average gas discharge rates from individual seeps 
were calculated, amounting to 38 L/day (0.07 t/year) in 2022 and 10.7 L/day 
(0.011 t/year) in 2024. 

The work considers the genesis of seeps and natural factors that may influence 
their distribution and activity. Geochemical data indicate different methane genesis 
– from biogenic methane in surface sediments to thermogenic methane from deeper
horizons. The distribution of seeps is concentrated mainly within the 35–45 m depth 
interval, which is likely associated with the contact zone between sandy-pebble and 
clayey-silty deposits, serving as a migration zone and/or fluid seal. The activity 
(periodicity and intensity of emissions) demonstrates a nonlinear dependence on 
external forcing factors, such as changes in hydrostatic pressure (tides, wave 
pressure), which exert a more significant influence on gas of biogenic origin. 

The stream-like gas emissions recorded in the southern coastal sector of 
the Crimean Black Sea shelf require further research to estimate their role in shaping 
the ecological state of the ecosystem, including within the waters of the Cape 
Martyan Nature Reserve. 

REFERENCES 
1. Etiope, G., Feyzullayev, A. and Baciu, C.L., 2009. Terrestrial Methane Seeps and Mud

Volcanoes: A Global Perspective of Gas Origin. Marine and Petroleum Geology, 26(3), pp. 333-
344. https://doi.org/10.1016/j.marpetgeo.2008.03.001

2. Judd, A.G., 2004. Natural Seabed Gas Seeps as Sources of Atmospheric Methane. Environmental
Geology, 46(8), pp. 988-996. https://doi.org/10.1007/s00254-004-1083-3

3. Kvenvolden, K.A., Lorenson, T.D. and Reeburgh, W.S., 2001. Attention Turns to Naturally
Occurring Methane Seepage. EOS, Transactions American Geophysical Union, 82(40), pp. 457.
https://doi.org/10.1029/01EO00275

4. Egorov, V.N., Artemov, Yu.G. and Gulin, S.B., 2011. [Methane Seeps in the Black Sea:
Environment-Forming and Ecological Role]. Sevastopol: ECOSI-Gidrofizika, 405 p. (in
Russian).

5. Lein, A.Yu. and Ivanov, M.V., 2009. Biogeochemical Cycle of Methane in the Ocean. Moscow: Nauka, 
576 p. (in Russian). 

6. Malakhova, T.V., Kanapatskii, T.A., Egorov, V.N., Malakhova, L.V., Artemov, Yu.G.,
Evtushenko, D.B., Gulin, S.B. and Pimenov, N.V., 2015. Microbial Processes and Genesis of
Methane Gas Jets in the Coastal Areas of the Crimean Peninsula. Microbiology, 84(6), pp. 838-
845. https://doi.org/10.1134/S0026261715060053

7. Malakhova, T.V., Egorov, V.N., Malakhova, L.V., Artemov, Yu. and Pimenov, N.V., 2020.
Biogeochemical Characteristics of Shallow Methane Seeps of Crimean Coastal Areas in
Comparison with Deep-Sea Seeps of the Black Sea. Marine Biological Journal, 5(4), pp. 37-55.
https://doi.org/10.21072/mbj.2020.05.4.04 (in Russian).

8. Leifer, I., 2019. A Synthesis Review of Emissions and Fates for the Coal Oil Point Marine
Hydrocarbon Seep Field and California Marine Seepage. Geofluids, 2019(1), 4724587.
https://doi.org/10.1155/2019/4724587

9. Leifer, I. and MacDonald, I., 2003. Dynamics of the Gas Flux from Shallow Gas Hydrate
Deposits: Interaction between Oily Hydrate Bubbles and the Oceanic Environment. Earth and
Planetary Science Letters, 210(3–4), pp. 411-424. https://doi.org/10.1016/S0012-
821X(03)00173-0

10. Muyakshin, S.I. and Sauter, E., 2010. The Hydroacoustic Method for the Quantification of
the Gas Flux from a Submersed Bubble Plume. Oceanology, 50(6), pp. 995–1001.
https://doi.org/10.1134/S0001437010060202

PHYSICAL OCEANOGRAPHY   VOL. 33   ISS. 1   (2026) 29 

https://doi.org/10.21072/mbj.2020.05.4.04


11. Sauter, E.J., Muyakshin, S.I., Charlou, J.-L., Schlüter, M., Boetius, A., Jerosch, K., Damm, E., Foucher,
J.-P. and Klages, M., 2006. Methane Discharge from a Deep-Sea Submarine Mud Volcano into
the Upper Water Column by Gas Hydrate-Coated Methane Bubbles. Earth and Planetary Science
Letters, 243(3–4), pp. 354-365. https://doi.org/10.1016/j.epsl.2006.01.041 

12. Leifer, I., 2015. Seabed Bubble Flux Estimation by Calibrated Video Survey for a Large Blowout
Seep in the North Sea. Marine and Petroleum Geology, 68(B), pp. 743-752.
https://doi.org/10.1016/j.marpetgeo.2015.08.032

13. Veloso, M., Greinert, J., Mienert, J. and De Batist, M., 2015. A New Methodology for Quantifying
Bubble Flow Rates in Deep Water Using Splitbeam Echosounders: Examples from the Arctic
Offshore NW-Svalbard. Limnology and Oceanography: Methods, 13(6), pp. 267-287.
https://doi.org/10.1002/lom3.10024

14. Leifer, I.D., Chernykh, D., Shakhova, N. and Semiletov, I., 2017. Sonar Gas Flux Estimation by
Bubble Insonification: Application to Methane Bubble Flux from Seep Areas in the Outer Laptev
Sea. The Cryosphere, 11(3), pp. 1333-1350. https://doi.org/10.5194/tc-11-1333-2017

15. Leifer, I., 2010. Characteristics and Scaling of Bubble Plumes from Marine Hydrocarbon Seepage
in the Coal Oil Point Seep Field. Journal of Geophysical Research: Oceans, 115(C11), C11014.
https://doi.org/10.1029/2009JC005844

16. Römer, M., Sahling, H., Pape, T., Bahr, A., Feseker, T., Wintersteller, P. and Bohrmann, G., 2012.
Geological Control and Magnitude of Methane Ebullition from a High-Flux Seep Area in
the Black Sea – the Kerch Seep Area. Marine Geology, 319–322, pp. 57-74.
https://doi.org/10.1016/j.margeo.2012.07.005

17. Malakhova, T.V., Budnikov, A.A., Ivanova, I.N., Khurchak, A.I., Khurchak, A.P. and Krasnova,
E.A., 2024. Passive Acoustic Monitoring for Seabed Bubble Flows: Case of Shallow Methane
Seeps at Laspi Bay (Black Sea). The Journal of the Acoustical Society of America, 156(6),
pp. 4202-4216. https://doi.org/10.1121/10.0034605

18. Malakhova, T.V., Makarov, M.M., Khurchak, A.I., Stetsiuk, A.P., Kucher, K.M., Syrbu, N.S.,
Legkodimov, A.A., Ivanov, M.V. and Budnikov, A.A., 2025. Shallow Gas Seeps Offshore Crimea 
(Black Sea): Mapping, Bubble Flow Quantification and Geochemical Study. Regional Studies in
Marine Science, 89, 104290. https://doi.org/10.1016/j.rsma.2025.104290

19. Malakhova, T.V., Murashova, A.I., Ivanova, I.N., Budnikov, A.A., Malakhova, L.V., Krasnova,
E.A., Rylkova, O.A. and Pimenov, N.V., 2023. Environment-Forming Effect of Bubble Gas
Emissions in the Golubaya Bay, Black Sea: Oxygen Regime and Bacterial Mats. Geochemistry
International, 61(3), pp. 274-284.  https://doi.org/10.1134/S0016702923030084

20. Egorov, V.N., Plugatar, Y.V., Malakhova, T.V., Sadogursky, S.Y. and Moseichenko, I.N., 2018.
Gas Seeps Detection in the Offshore Area near Cape Martyan. Bulletin of the State Nikitsky
Botanical Gardens, 126, pp. 9-13.  https://doi.org/10.25684/NBG.boolt.126.2018.01 (in Russian).

21. Agarkova-Lyakh, I.V., 2015. Nature Complexes of the Coastal Zone of the Southern Coast of
Crimea.  Scientific Notes of the V.I. Vernadsky Crimean Federal University. Geography. Geology,
1 (3), pp. 42-58 (in Russian).

22. Makarov, M.M., Muyakshin, S.I., Kucher, K.M., Aslamov, I.A. and Granin, N.G., 2020. A Study
of the Gas Seep Istok in the Selenga Shoal Using Active Acoustic, Passive Acoustic and Optical
Methods. Journal of Great Lakes Research, 46(1), pp. 95-101.
https://doi.org/10.1016/j.jglr.2019.10.014

23. Judd, A.G. and Hovland, M., 2007. Seabed Fluid Flow: The Impact on Geology, Biology and
the Marine Environment. Cambridge: Cambridge University Press, 492 p.

24. Chernykh, D.V., Salomatin, A.S., Yusupov, V.I., Shakhova, N.E., Kosmach, D.A., Dudarev,
O.V., Gershelis, E.V., Silionov, V.I., Ananiev, R.A., Grinko, A.A. [et al.], 2021. Acoustic
Investigations of the Deepest Methane Seeps in the Okhotsk Sea. Bulletin of the Tomsk
Polytechnic University. Geo Assets Engineering, 332(10), pp. 57-68.
https://doi.org/10.18799/24131830/2021/10/3286 (in Russian).

25. Judd, A., Davies, G., Wilson, J., Holmes, R., Baron, G. and Bryden, I., 1997. Contributions to
Atmospheric Methane by Natural Seepages on the UK Continental Shelf. Marine Geology,
137(1–2), pp. 165-189. https://doi.org/10.1016/S0025-3227(96)00087-4

PHYSICAL OCEANOGRAPHY   VOL. 33   ISS. 1   (2026) 30 

https://doi.org/10.1121/10.0034605
https://doi.org/10.31857/S0016752523030081
https://doi.org/10.31857/S0016752523030081
https://doi.org/10.25684/NBG.boolt.126.2018.01
https://doi.org/10.25684/NBG.boolt.126.2018.01
https://doi.org/10.1016/j.jglr.2019.10.014


26. Greinert, J., McGinnis, D.F., Naudts, L., Linke, P. and De Batist, M., 2010. Atmospheric Methane
Flux from Bubbling Seeps: Spatially Extrapolated Quantification from a Black Sea Shelf Area.
Journal of Geophysical Research: Oceans, 115(C1), C01002.
https://doi.org/10.1029/2009JC005381

27. Leifer, I. and Patro, R.K., 2002. The Bubble Mechanism for Methane Transport from the Shallow
Sea Bed to the Surface: A Review and Sensitivity Study. Continental Shelf Research, 22(16),
pp. 2409–2428. https://doi.org/10.1016/S0278-4343(02)00065-1

28. Krasnova, E.A., Budnikov, A.A., Ivanova, I.N., Khurchak, A.I., Gryaznova, A.S., Krylov, O.V.
and Malakhova, T.V., 2024. Geological and Geochemical Characteristics of Hydrocarbon Seeps
in the Continental Margin of Southwestern Crimea, Laspi Bay. Georesources, 26(4), pp. 83-100.
https://doi.org/10.18599/grs.2024.4.13 (in Russian).

29. Leifer, I., Luyendyk, B.P., Boles, J. and Clark, J.F., 2006. Natural Marine Seepage Blowout:
Contribution to Atmospheric Methane. Global Biogeochemical Cycles, 20(3), GB3008.
https://doi.org/10.1029/2005GB002668

30. Leifer, I. and Boles, J., 2005. Turbine Tent Measurements of Marine Hydrocarbon Seeps on
Subhourly Timescales. Journal of Geophysical Research: Oceans, 110(C1), C01006.
https://doi.org/10.1029/2003JC002207

31. Boles, J.R., Clark, J.F., Leifer, I. and Washburn, L., 2001. Temporal Variation in Natural Methane
Seep Rate Due to Tides, Coal Oil Point Area, California. Journal of Geophysical Research:
Oceans, 106(C11), pp. 27077-27086. https://doi.org/10.1029/2000JC00077

32. Greinert, J., McGinnis, D.F., Naudts, L., Linke, P. and De Batist, M., 2010. Atmospheric Methane
Flux from Bubbling Seeps: Spatially Extrapolated Quantification from a Black Sea Shelf Area.
Journal of Geophysical Research: Oceans, 115(C1), C01002.
https://doi.org/10.1029/2009JC005381

33. Khortov, A.V., Rimskii-Korsakov, N.A., Pronin, A.A. and Mutovkin, A.D., 2023. Results of
Seismostratigraphic Investigations of the Crimean Shelf by Continuous Seismoacoustic Profiling.
Doklady Earth Sciences, 512, pp. 1044-1049. https://doi.org/10.31857/S2686739723601023

34. Abrams, M.A., 2005. Significance of Hydrocarbon Seepage Relative to Petroleum Generation and 
Entrapment. Marine and Petroleum Geology, 22(4), pp. 457-477.
https://doi.org/10.1016/j.marpetgeo.2004.08.003

35. Bonini, M., 2007. Interrelations of Mud Volcanism, Fluid Venting, and Thrust-Anticline Folding:
Examples from the External Northern Apennines (Emilia-Romagna, Italy). Journal of
Geophysical Research: Solid Earth, 112(B8), B08413. https://doi.org/10.1029/2006JB004859

36. Kravchenko, V.G., 2008. [Mechanism of Functioning of Underwater Gas Flares in the Black Sea].
Geology and Minerals of the World Ocean, 1(11), pp. 106-115 (in Russian).

37. Whiticar, M.J., 2002. Diagenetic Relationships of Methanogenesis, Nutrients, Acoustic Turbidity,
Pockmarks and Freshwater Seepages in Eckernförde Bay. Marine Geology, 182(1–2), pp. 29-53.
https://doi.org/10.1016/S0025-3227(01)00227-4

38. Malakhova, T.V., Ivanova, I.N., Budnikov, A.A., Murashova, A.I. and Malakhova, L.V., 2021.
Distribution of Hydrological Parameters over the Methane Seep Site in the Golubaya Bay (the
Black Sea): A Connection with Submarine Freshwater Discharge. Russian Meteorology and
Hydrology, 46(11), pp. 792-798. https://doi.org/10.3103/S1068373921110091

39. Damm, E., Ericson, Y. and Falck, E., 2021. Waterside Convection and Stratification Control
Methane Spreading in Supersaturated Arctic Fjords (Spitsbergen). Continental Shelf Research,
224, 104473. https://doi.org/10.1016/j.csr.2021.104473

Submitted 25.08.2025; approved after review 12.09.2025; 
accepted for publication 10.11.2025. 

About the authors: 
Mikhail M. Makarov, Senior Researcher, Limnological Institute, Siberian Branch of the Russian 

Academy of Sciences (3 Ulan-Batorskaya Str., Irkutsk, 664033, Russian Federation), CSc. (Geogr.), 
ResearcherID: J-4851-2018, Scopus Author ID: 36845115900; ORCID ID: 0000-0002-1758-4458, 
SPIN-code: 6223-8328, mmmsoft@hlserver.lin.irk.ru 
PHYSICAL OCEANOGRAPHY   VOL. 33   ISS. 1   (2026) 31 

https://doi.org/10.18599/grs.2024.4.13
https://doi.org/10.3103/S1068373921110091
http://www.researcherid.com/rid/J-4851-2018
http://www.scopus.com/inward/authorDetails.url?authorID=36845115900&partnerID=MN8TOARS
mailto:mmmsoft@hlserver.lin.irk.ru


 

 

Konstantin M. Kucher, Leading Engineer, Limnological Institute, Siberian Branch of 
the Russian Academy of Sciences (3 Ulan-Batorskaya Str., Irkutsk, 664033, Russian Federation), 
kost@hlserver.lin.irk.ru 

 

Andrey A. Budnikov, Senior Researcher, Lomonosov Moscow State University (1 Leninskie 
Gory, Moscow, 119991, Russian Federation), CSc. (Phys.-Math.), ORCID ID: 0000-0003-3452-2360, 
Scopus Author ID: 6602252189, WoS ResearcherID: E-9926-2014, SPIN-code: 1633-6870, 
budnikovaa@my.msu.ru 

 

Tatiana V. Pomogaeva, Junior Researcher, A.O. Kovalevsky Institute of Biology of the Southern 
Seas of RAS (2 Nakhimov Ave., Sevastopol, 299011, Russian Federation), CSc. (Agric.), SPIN-code: 
5721-4823, pomogtatyana@mail.ru 

 

Tatiana V. Malakhova, Senior Researcher, Department of Radiation and Chemical Biology, 
A.O. Kovalevsky Institute of Biology of the Southern Seas of RAS (2 Nakhimov Ave., Sevastopol, 
299011, Russian Federation); International Scientific Center for Ecology and Climate Change, Sirius 
University of Science and Technology (1 Olympiysky Ave., Sirius Federal Territory, Russian 
Federation), CSc. (Biol.), ORCID ID: 0000-0002-9653-7341, ResearcherID: ABE-3955-2020, 
Scopus Author ID: 56585887900, SPIN-code: 4625-9702, t.malakhova@ibss- ras.ru 

 
Contribution of the co-authors:  
Mikhail M. Makarov – writing of original draft, visualization 
 
Konstantin M. Kucher – investigation, methodology, formal analysis  
 
Andrey A. Budnikov – investigation, methodology, formal analysis 
 
Tatiana V. Pomogaeva – investigation, methodology, formal analysis 
 
Tatiana V. Malakhova – writing of original draft, review and editing of the article, 

conceptualization, supervision 
 
The authors have read and approved the final manuscript.  
The authors declare that they have no conflict of interest. 
 

PHYSICAL OCEANOGRAPHY   VOL. 33   ISS. 1   (2026) 32 

http://orcid.org/0000-0003-3452-2360
http://www.scopus.com/authid/detail.url?authorId=6602252189
mailto:budnikovaa@my.msu.ru
mailto:budnikovaa@my.msu.ru
https://www.webofscience.com/wos/author/rid/ABE-3955-2020
https://www.scopus.com/authid/detail.uri?authorId=56585887900

	Abstract 
	Introduction
	Study area: geomorphology and geology
	Materials and methods
	Results
	Conclusion
	REFERENCES
	About the authors:



