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The continental slopes of the Black Sea show abundant manifestations of gas seepage in water depth of <720 m, but underlying controls are still not fully understood. Here, we investigate gas seepage along the Bulgarian and Romanian Black Sea margin using acoustic multibeam water column, bathymetry, backscatter, and sub-bottom profiler data to determine linkages between sub-seafloor structures, seafloor gas seeps, and gas discharge into the water column. More than 10,000 seepage sites over an area of ∼3,000 km2 were identified. The maximum water depth of gas seepage is controlled by the onset of the structure I gas hydrate stability zone in ∼720 m depth. However, gas seepage is not randomly distributed elsewhere. We classify three factors controlling on gas seepage locations into depositional, erosional, and tectonic factors. Depositional factors are associated with regionally occurring sediment waves forming focusing effects and mass-transport deposits (MTDs) with limited sediment drape. Elongated seafloor depressions linked to faulting and gas seepage develop at the base between adjacent sediment waves. The elongated depressions become progressively wider and deeper toward shallow water depths and culminate in some locations into clusters of pockmarks. MTDs cover larger regions and level out paleo-topography. Their surface morphology results in fault-like deformation patterns of the sediment drape on top of the MTDs that is locally utilized for gas migration. Erosional factors are seen along channels and canyons as well as slope failures, where gas discharge occurs along head-scarps and ridges. Sediment that was removed by slope failures cover larger regions down-slope. Those regions are devoid of gas seepage either by forming impermeable barriers to gas migration or by removal of the formerly gas-rich sediments. Deep-rooted tectonic control on gas migration is seen in the eastern study region with wide-spread normal faulting promoting gas migration. Overall, gas seepage is widespread along the margin. Gas migration appears more vigorous in shallow waters below ∼160 m water depth, but the number of flare sites is not necessarily an indicator of the total volume of gas released.
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INTRODUCTION
Studies on Gas Hydrates and Gas Venting in the Black Sea
In 1974, sampling of natural gas hydrates has been described for the first time in the Black Sea (Yefremova and Zhizchenko, 1974). Since then, many research expeditions and projects were undertaken to study the occurrence and distribution of methane gas and gas hydrates along the continental margins of the Black Sea (see e.g., Ginsburg, 1998; Vassilev and Dimitrov, 2002; Bohrmann et al., 2003; Starostenko et al., 2010; Haeckel et al., 2017).
Over the course of the past 20 years of research on gas hydrates conducted in the Black Sea, numerous active gas expulsion sites, mud volcanoes, and indicators for gas and hydrate distribution have been found (e.g., Ergün et al., 2002; Vassilev and Dimitrov 2002; Greinert et al., 2006; Klaucke et al., 2006; Naudts et al., 2006; Popescu et al., 2007; Sahling et al., 2009; Greinert et al., 2010; Pape et al., 2010; Starostenko et al., 2010; Römer et al., 2012; Römer et al., 2019; Körber et al., 2014; Hillman et al., 2018a; Wu et al., 2019; Zander et al., 2019).
According to current temperature and salinity conditions in the Black Sea gas hydrate of structure I is stable in water depth greater than 720 m (e.g., Pape et al., 2011; Riboulot et al., 2017). Depending on the depth of the seafloor and the temperature gradient in the sediments, gas hydrates are expected to be stable within 200 m–300 mbsf (Bialas et al., 2014; Zander et al., 2017; Riboulot et al., 2018), defining upper and lower limits of the bottom-simulating reflector (BSR) distribution as initially shown by Popescu et al. (2006). As part of these investigations, several authors identified that gas seepage sites are not necessarily randomly distributed, but show some association to structural and seafloor morphological features, such as slump scars, canyon flanks, or ridges (Naudts et al., 2006; Naudts et al., 2009; Riboulot et al., 2017; Römer et al., 2019). In a study along the Bulgarian slope in the south-western Black Sea, Xu et al. (2018) reported on active gas expulsion above the gas hydrate stability field that appears in unique elongated, slope-parallel depressions. Similar observations were made at other margins where elongated depressions are either interpreted as merging of pockmark-chains (e.g., Pilcher and Argent, 2007; Çifi̧ et al., 2003; Reiche et al., 2011) or as a result of extensional cracking and linked to slope failures (e.g., Driscoll et al., 2000; Mienert et al., 2010; Laberg et al., 2013). All these studies highlighted the need of multibeam bathymetry and water column data for the identification of gas seepages.
In our new study, we refer specifically to gas hydrate-related studies based on the expeditions from the French-Romanian BlaSON project (e.g., Popescu et al., 2006; Popescu et al., 2007), the French GHASS expedition (Ker and Riboulot, 2015), the German MSM34 expedition (Bialas et al., 2014) and the most recent expeditions M142 (Bohrmann, 2018) and M143 (Riedel et al., 2018) with the latter three conducted as part of the German SUGAR-III program. Using the MARUM MeBo200 seafloor drilling system (Freudenthal and Wefer, 2013), two deep drill sites up to 146 m below seafloor (mbsf) and to the depth of the base of gas hydrate stability were accomplished (Bohrmann, 2018; Freudenthal et al., 2020) into the Danube deep sea fan (Site GeoB22603–1, MeBo-16; GeoB22605–1, MeBo-17, Figure 1). A summary of many of these activities and findings in the Black Sea was recently provided by Minshull et al. (2020) as part of the European Union-funded project “Marine gas hydrate–an indigenous resource of natural gas for Europe” (MIGRATE). Bialas et al. (2020) jointly summarized seismic and electromagnetic results achieved for the north-western margin within the SUGAR III project.
[image: Figure 1]FIGURE 1 | (A) Study region of expeditions MSM34, M142, and M143 (white rectangle) in the western Black Sea. (B) Seafloor bathymetry of the study region and outline of data utilized in this study with naming of channel systems. Following Winguth et al. (2000) the S1–S4 channels are linked to the Danube fan and the N1–N4 channels are linked to the Dnepr fan. Location of areas studied in detail in this study are indicated by white rectangles. (C) Seafloor bathymetry overlain with location of gas seeps. The seismically determined bottom-simulating reflector (BSR) occurs exclusively deeper than 720 m which is the inferred limit of the gas hydrate stability zone (GHSZ). In comparison, earlier outlines of BSR-distributions are shown. Two sites of gas venting deeper than the 720 m isobath (labeled in red) are linked to vent sites with gas hydrate occurrences. (D) Histogram of the water depth distribution of all vent sites mapped in the region. Water depth at the vent site locations was taken from the newly acquired bathymetry of expeditions M142 and M143.
As part of R/V Meteor expeditions M142 and M143 seafloor mapping along the Romanian shelf and slope was expanded from the initial coverage achieved during R/V Maria S. Merian expedition MSM34 (Bialas et al., 2014) and the GHASS expedition onboard R/V Pourquoi pas? (Ker and Riboulot, 2015). Discoveries of clustered gas seepage as reported by Riboulot et al. (2017) were confirmed and observations were expanded further West and East along the slope in water depths of 200–800 m up to the Ukrainian border (Figure 1). As a result of these new surveys, a total region of ∼3,400 km2 was additionally mapped with multibeam echosounder systems and combined with ∼4 kHz sub-bottom profiler data acquisition.
Understanding the regional distribution and amount of gas venting is an important element in estimating the geological methane budget at continental margins and implications on the global climate (e.g., Judd et al., 2002; Ruppel and Kessler, 2017 and references therein). How much of the methane that is emitted at the seafloor actually reaches the atmosphere is still poorly constrained (e.g., McGinnis et al., 2006) and depends on many factors (other than water depth) including bubble size and rise rates (e.g., Greinert et al., 2010). The shallower the water depth of a given gas seep, the higher the percentage of methane transfer to the atmosphere (e.g., Schmale et al., 2010; Ruppel and Kessler, 2017). In our study we first show a comprehensive, regional inventory of gas accumulation and seepage manifestations including the outer continental shelf. From this we determine three levels of control of venting distribution: physical-chemical controls, sedimentological controls, and structural controls. While the presence of gas vents was previously mapped in sub-regions of our study area and mostly explained by canyon and slope failure head-scarps exposing gas-bearing sediment layers or providing structural focusing for gas migration (e.g., Naudts et al., 2006; Riboulot et al., 2017), our new data show 1) large regions of the study area in water depths shallower than the upper limit of GHSZ that are devoid of gas vents, 2) widespread mass transport deposits without clear correlation to gas venting, and 3) the continental shelf to be the region with the highest gas flare density. Possible explanations for these observations are discussed in the light of morpho-sedimentological interpretations of the newly acquired geo-acoustical data. In particular, we show that paleo-topography and older structures have a strong deterministic influence on the distribution of gas seepage irrespective of more recent sediment deposition (drape).
Geological Background
The Black Sea Basin is a back-arc basin that formed due to the closure of the Thetys Ocean and has undergone several phases of extension and closure since the Neogene (Robinson et al., 1996). Our study region in the North-Western Black Sea (Figure 1) is a typical passive margin setting with wide continental shelves (Ryan et al., 1997), and dominated by several large-scale submarine channel systems, with the Viteaz or Danube channel being the largest system seen (Winguth et al., 2000). Nine channel systems have been identified in our study region (Figure 1). The S1 to S5 channels are linked to the Danube river, whereas the N1 to N4 channels have been linked to the Dnepr river (Wong et al., 1994; Wong et al., 1997; Winguth et al., 2000). The sediments found in the two associated deep-sea fans consist of mainly fine-grained turbidites and form stacks of alternating channel and levees deposits interspersed with mass-transport deposits (Popescu et al., 2001; Popescu et al., 2004; Hillman et al., 2018a). The deep-sea fans began to develop ∼900 ka BP (Winguth et al., 2000) and the Viteaz Channel is the most recently active channel. It began to develop around 25 ka BP during the last glacial maximum (LGM) when sea-level in the Black Sea was 100–150 m lower than today (e.g., Lericolais et al., 2009; Lericolais et al., 2013). During the LGM, sea water in the Black Sea was also fresher with a salinity of 3–4 PSU (practical salinity unit) compared to today’s value of ∼22 PSU (Özsoy and Ünlüata, 1997). Bottom-water temperatures during the LGM were ∼4°C (e.g., Soulet et al., 2010) compared to today’s temperature of ∼9°C (Degens and Ross, 1974; Vassilev and Dimitrov, 2002). Implications of this drastic change in temperature and pressure conditions on the gas hydrate regime of the Black Sea have been described by Poort et al. (2005), Riboulot et al. (2018), and Ker et al. (2019) and the equilibration process in the sub-surface is still ongoing (e.g., Hillman et al., 2018b). The temperature increase at the sea floor has resulted in an up-dip migration of the upper limit (feather edge) of the base of gas hydrate stability zone, which is one of the primary controls on the limits of gas venting occurrences in the region (e.g., Riboulot et al., 2017).
DATA AND METHODS
Multibeam and Water-Column Data
During expeditions M142 and M143 onboard the R/V Meteor the hull-mounted Kongsberg EM710 (1°/1° beam angle and 70–100 kHz operating frequency) multibeam echosounder (MBES) system was the primary acquisition system in water depths <600 m. The ping rate (dependent on water depth) was up to 40 Hz. In water depth of >600 m, a hull-mounted Kongsberg EM122 12 kHz MBES system was used during cruises MSM34 (2°/2° beam angle), M142, and M143 (1°/2° beam angle). The EM122 ping rate was also adjusted dependent on water depth with a maximum rate of 5 Hz. In both systems, the maximum swath angle was set to 130° (Bohrmann, 2018), running in equidistance mode for spacing the beams across track. Survey speed during acquisition was varying between 3 and 8 kn. Motion data and static offsets were recorded by the ship’s internal sensors and directly applied to the two MBES data sets. Weather conditions during multibeam data acquisition were often severe with significant wave heights, deteriorating data quality. Manual editing of the data was therefore performed to clean the data using the open-source software MB-System (Caress et al., 2017). The multibeam data from both surveys were corrected post-expedition to include the measured sound velocity profiles (Bohrmann, 2018) prior to merging the data sets into one bathymetric depth map. A tide correction by utilizing the Oregon State University (OSU) Tidal Prediction Software OTPS (http://volkov.oce.orst.edu/tides/otps.html) was also performed. The various multibeam data sets were ultimately gridded with a 10 m by 10 m regular spacing. Additional details on the physical settings of the two multibeam systems installed on the R/V Meteor can be found in the M142 cruise report available online (Bohrmann, 2018).
Water column data from the two MBES of all expeditions were displayed post-acquisition using the QPS Fledermaus™ FM-Midwater-Tool to detect gas flares. Individual gas flares are seen as semi-vertical high-amplitude anomalies in the water-column data and are traced from swath to swath until the gas flare can be traced to the actual outlet at the seafloor. If this was not possible, the best projection of seafloor position is made according to the survey conditions (direction and speed of travel). Gas flares may be detected during multiple passes over the same region but the manual pick of the exact seafloor location may be somewhat different between overlapping lines, also due to the nature of gas venting changing over time. In order to avoid false counting of gas flares, picks within a critical distance from each other from overlapping lines were treated as one gas vent location and presented as such in the maps. This distance is water-depth dependent linked to the range in the beam-angle and swath width. In water depths of <200 m, the critical distance is 25 m, and this increases to 50 m for larger water depths.
Backscatter
Seafloor backscattering strength was determined from both shipborne multibeam systems EM122 and EM710 operated during expeditions M142 and M143. We processed the data using MB-system routine “mbbackangle” (Caress et al., 2017) to generate average seafloor backscatter values by binning them according to their grazing angle and averaging the amplitudes within each bin. The number of grazing angle bins was set to 81 and the maximum angle considered was set to 80. The grazing angle has been corrected for varying across-track bottom slopes, and amplitude correction tables within MB-system have been applied using a reference angle of 60°. The resulting backscatter mosaic grids have a resolution of 10 m by 10 m regular spacing. Mainly due to the different frequencies utilized for the EM710 and EM122 MBES, the resulting seafloor backscatter maps cannot be merged. In fact, the products highlight different aspects of the seafloor. While EM710 backscatter illuminates the seafloor morphology but less sediment specific characteristics, EM122 backscatter emphasizes the sediment differences by penetrating into the sub-surface on a meter scale. Partial severe weather conditions during data acquisition effected the data quality due to a significantly lower signal to noise ratio, especially the EM710 data. Therefore, we only use seafloor backscatter derived from the EM122 system, as it was overall less affected by the severe weather conditions.
PARASOUND Sub-Bottom Profiler Data
The PARASOUND echosounder installed on board the R/V Meteor and R/V Maria S. Merian utilizes the parametric effect which results from the nonlinear relation of pressure and density during sonar propagation. Two high-intensity acoustic waves with frequencies of 18–20 kHz (primary high frequency, PHF) and 22–24 kHz were used to create a secondary high (40–42 kHz, SHF) and a secondary low-frequency (∼4 kHz, SLF) pulse. The opening angle of the transducer is 4° by 5°, which corresponds to a footprint size of about 7% of the water depth. While the SLF is used for the sub-bottom profiling, the PHF can be used to image gas bubbles in the water column. The PHF data have been used occasionally to verify gas flare detection in the EM122 data, mainly for data from expedition MSM34. For the purpose of this study, we mostly focus on the SLF data for sub-seafloor imaging, as water column imaging for gas flare detection was made primarily with the EM710 and EM122 multibeam systems. The SLF during the M142 was set to 3.6 kHz to limit the interference with the EM122 signal. The pulse shape was set to continuous wave mode with one period per pulse and a pulse length of 0.25 ms. The sub-bottom profiler data show penetration depths varying from only 20 m across the shelf region to >100 m in deeper water settings. For display purposes we always use the instantaneous amplitude (envelope) attribute, and where required to highlight deeper occurrences, we used a time-varying gain function with 50 ms window length. The PARASOUND data are used to describe the sedimentary environment. The acoustic data are further used to identify the presence of free gas in the subsurface. The presence of free gas was identified either from high-amplitude reflections (bright-spots) and/or from acoustic masking of sediment reflections underneath the bright spot.
Multichannel Seismic Data
During expedition MSM34 (Bialas et al., 2014) a grid of 27 regional 2-D multichannel seismic (MCS) data was acquired covering the area of the Danube deep-sea fan with the S1–S5 channel systems (Figure 1B). The regional 2-D MCS data were acquired using a single GI gun (volume ∼4 L, 250 in3) as acoustic source and a single streamer with a total active length of 1050 m (168 channels). A high-resolution subset of 2-D MCS lines was acquired but with a smaller-sized GI gun (1.5 L, 90 in3) and shorter streamer (237.5 m active length, 76 channels). Additional high-resolution 3-D seismic data were acquired with the P-cable system in two regions linked to the SUGAR program activities (details see e.g., Zander et al., 2017; Hillman et al., 2018a; Hillman et al., 2018b; Bialas et al., 2020). Processing of the 2-D regional and high-res MCS data included geometry definition and sorting to common-mid-point locations, band-pass filtering (10–180 Hz), followed by velocity analysis with normal move-out (NMO) correction, and stacking. Post-stack time migration was performed subsequently using the MCS-derived NMO-velocities.
Gas Hydrate Stability Zone and Methane Solubility Calculations
Methane is the dominant gas in the sedimentary system of the Danube deep-sea fan as shown by previous work (Riboulot et al., 2018; Ker et al., 2019) and new drilling with the MARUM MeBo200 system during the M142 expedition (Pape et al., 2020). No significant amounts of other hydrocarbons were detected so that we assume a pure methane system in the modeling of the gas hydrate stability in our study region following the theory described by Tishchenko et al. (2015). Temperature data in the water column are used from multiple water-column measurements during the M142 expedition (Bohrmann, 2018). The sub-seafloor temperature gradient is assumed to follow an average of 24°C/km for the regional extrapolation of the base of gas hydrate stability. Local variations in the temperature gradient may occur and topographic effects could add complexity to the sub-surface temperature regime (as noted by Hillman et al., 2018b), but can be neglected here as we do not derive site-specific properties.
Gas venting and free gas within sediments were observed mostly above the feather edge of the GHSZ (∼720 m water depth). In order to investigate the nature of free gas occurrences in the sediments and their acoustic character in sub-bottom profiler data, we model methane gas solubilities for methane in seawater following the equation provided by Duan and Mao (2006) and implemented in the SUGAR toolbox (KosselBigalke et al., 2013). Two generic diagrams of solubility as function of pressure (at constant temperature and salinity) as well as solubility as function of temperature (at constant pressure and salinity) are shown in Supplementary Figure S1.
RESULTS
General Locations of Bottom-Simulating Reflectors Relative to the Limit of GHSZ
Figure 1 shows an overview of observations of the BSR in the MCS data set available and previous outlines of BSR occurrences from Baristeas (2006), Popescu et al. (2006), Haeckel et al. (2015), and Zander et al. (2016). The BSR is identified from the data as a prominent reflection that is sub-parallel to the seafloor but crossing deeper stratigraphy and has a reflection polarity opposite to the seafloor. In some areas, up-dip truncations of high-amplitude reflections align in a BSR-like pattern. The up-dip extent of the BSR coincides with the 720 m isobath (Figure 1C) which is the shallow-water limit of the methane hydrate stability zone for the current bottom-water conditions (9°C, 22 PSU). The BSR is distributed across the Danube deep-sea fan in a non-uniform pattern. Three main patches of BSR occurrences are seen closely tied to the channel-levee deposits.
Controls on Gas Seepage Distribution
Gas venting is not randomly distributed in water depths <720 m across the study region (Figure 1C). On first inspection, the gas vent locations are closely aligned to the ridges of the sub-marine canyons and channels. They also occur at head-scarps of slope-failures. Additionally, the densest occurrence of venting is seen on the outer continental shelf in the western-most region upslope of the S1 channel/canyon system and the eastern-most region linked to the N1 channel system. With few exceptions, there are no gas vents seen deeper than the 720 m isobath limit (Figure 1C). A histogram of the depth-distribution of all mapped vents is given in Figure 1D. The highest abundance of mapped flares is in 110–135 m of water depth on the outer continental shelf. Two prominent exceptions (Figure 2) are sites of active gas discharge with known near-seafloor gas hydrate occurrences recovered in gravity cores. The first example is near the MeBo200 drilling Site MeBo-16 and gas hydrate was seen in the cored sediment (Figure 2A, Bohrmann, 2018), which was also previously reported from the GHASS expedition (Ker and Riboulot, 2015). A second example is linked to a site of mud volcanoes observed in ∼760 m water depth, just SE of the feather-edge of gas hydrate stability (Figure 2B). Here, recovery of gas hydrates in sediment cores was reported by Akhmetzhanov and Falkenstein (2017) as part of reconnaissance surveys conducted in the region by industry.
[image: Figure 2]FIGURE 2 | Example of two sites with gas hydrate recovery investigated during M142: (A) Site close to drill site MeBo-16 with gas hydrate recovered in gravity core (station GeoB22606–1, inset image) and (B) site of two mud volcanoes, 500–800 m west of the hydrate feather edge (720 m isobath). (C,D) are examples of gas flares seen in the EM710 water column data. Beam-opening angle α is 60°.
In the following, we present several examples of gas venting patterns typical for the region offshore Bulgaria and Romania (see Figure 1 for an overview of these areas). We include venting-occurrences at canyons (Canyons–Sediment Erosion, Head-Scarps and Mass Flows), faults (Gas Venting and Fault Occurrences), sediment waves and elongated depressions (Sediment Wave Patterns and Elongated Depressions), mass-transport deposits (MTDs, Mass-Transport Deposits), isolated occurrences or chains of pockmarks (Pockmarks), and at the western-most shelf region (Shelf Region With Highest Gas Flare Occurrence). Occurrences of chimney-like structures are described in Seismic Chimney Structures. The nature of the acoustic reflectivity from the top of free gas occurrence is described in Step-Wise Top of Gas Reflection. In all these settings, multibeam seafloor mapping is combined with water-column acoustic imaging of the gas flares, backscatter imagery, and sub-bottom profiler imaging.
Canyons–Sediment Erosion, Head-Scarps and Mass Flows
The northern-most region of our study area is dominated by the large N1 channel and canyon system (Figure 3). Although only partially imaged, the canyon starts as a NS-oriented incision, which turns eastwards at a latitude of approximately 44° 35′N. Due to its location, the canyon was defined to belong to the Dnepr river-fan system (Winguth et al., 2000) rather than the Danube deep-sea fan which is located further to the west. The canyon is ∼2,500 m wide at its flat base, but spans a total width of nearly 10 km between the eastern and western canyon head-scarps (Figure 3A). The inner base of the canyon shows an overall smooth seafloor that deepens eastwards. The western and eastern flanks are dominated by numerous head-scarps and tributary canyons feeding into the main drainage system (Figure 3B). Backscatter intensity increases from the head-scarps into the main channel floor and subsequently decreases down-slope along the channel floor. Gas venting across this canyon system is almost exclusively associated with scarps, with the gas vent sites outlining the canyon walls.
[image: Figure 3]FIGURE 3 | Northern-most N1 canyon system, associated with the Dnepr river system. (A) Multibeam data with overlay of gas vent sites (black dots). (B) Seafloor backscatter with overlay of gas vents (red dots) highlighting individual chutes of mass-transport material removed from the canyon walls. These deposits overlap and merge in the talweg of the canyon. Gas seeps are tightly linked to the head-scarps and remaining ridges in the canyon walls. Two examples of sub-bottom profiler data are given in Figure 4. Poor weather conditions created the black-and-white striping pattern on some of the lines.
The canyon floor is covered with a homogenous sediment drape of ∼3–5 m thickness above an acoustically turbid unit, interpreted as a small MTD (Figure 4A) that also shows high backscatter intensity on the EM122 backscatter data. Furthermore, the entire region around the canyon is characterized by a thick package of relatively uniform sedimentary layers. The sub-bottom profiler data image up to 100 m of sediment (∼120 ms two-way time) of seafloor-parallel layers that at the canyon walls are heavily faulted in response to slope instability and mass-failure (Figure 4B). Gas venting occurs almost exclusively where the faults crop out at the seafloor.
[image: Figure 4]FIGURE 4 | Acoustic sub-bottom profiler data of features of the northern-most N1 canyon. (A) Section across the canyon wall showing in the southern half a faulted sedimentary package with gas seeps (location indicated by blue lines). Faults are indicated by dashed black lines. The northern half of the section is within the talweg of the canyon with a shallow mass-transport deposit (MTD) near the seafloor. Although the MTD is covered by 3–5 m thick layered (recent) sediment, seafloor backscatter is high only where the MTD occurs. This is seen especially in the section shown in (B). (C–E) Examples of gas flares from the EM710 water column data along section shown in (A). Beam-opening angle α is 60°.
Gas Venting and Fault Occurrences
South of the N1 northern canyon system, a smaller, E-W oriented canyon system (N2, Winguth et al., 2000) is observed between 44° 30.4′N and 44° 22.5′N (Figure 5). Here, the canyon is only ∼1 km wide at its base and is covered with a homogenous drape of 3–5 m thick sediments (Figure 5C). The most significant feature across this canyon system is the occurrence of E-W oriented normal faults with a seafloor offset of up to 20 m (Figure 6A). Individual fault traces can be followed for nearly 20 km in E-W extent. The region of normal faulting stretches N-S for almost 16 km. At the western edge of the data coverage, the talweg of this canyon has been cut by one of the normal faults after the canyon has ceased being active (Figure 5C). Gas venting is abundant along the canyon walls and is strikingly linked to the fault outcrops (Figures 5E,F, Figures 6D,F). High backscatter zones indicate several smaller mass-failures at the head-scarps of the outer canyon walls (Figure 6B). As seen at the N1 canyon, the high backscatter intensity stems from buried mass-transport deposits that are covered by a homogenous sediment drape of 3–5 m thickness (Figure 6B). On top of the northern plateau of this N2 canyon, a series of pockmarks and smaller fault-scarps are seen, many of which show gas venting. Wider depressions can be identified from the sub-bottom profiler data as erosional gullies (Figure 6C).
[image: Figure 5]FIGURE 5 | Examples from the N2 channel systems: (A) multibeam bathymetry and (B) seafloor backscatter. Location of gas seeps are shown as red dots. Dominant E-W trending normal faults are indicated by arrows. Buried, small-scale mass-transport deposits show high seafloor backscatter. Sub-bottom profiler data (black/blue thick lines in (A,B)) across the talweg of the EW-canyon system showing (C) 3–5 m thick drape on top of the youngest mass-transport deposit from the time when the canyon was last active, (D) fault cutting the talweg. Faults are indicated by dashed black lines. (E,F) are examples of gas flares from the EM710 water column data along section shown in (D). Beam-opening angle α is 60°.
[image: Figure 6]FIGURE 6 | Sub-bottom profiler showing (A) ∼20 m vertical offset at E-W trending normal fault, (B) mass-transport deposit (MTD) sluffed off the canyon wall creating high seafloor backscatter although it is covered by 3–5 m thick sediment drape, and (C) fault-related erosional gullies (elongated depressions) on top of the N2 canyon plateau. Location of gas venting sites are shown as vertical blue lines. Selected faults are indicated by dashed black lines. (D–F) Examples of gas flares from the EM710 water column data. Beam-opening angle α is 60°.
Prominent normal faults in this region frequently split laterally into smaller sub-faults (Figure 7A) often only few 10 s of meters apart. They appear in multibeam bathymetry data as lineaments with a small depression. The backscatter return is higher than background along the entire fault traces. Gas vents are seen along these fault traces that are as narrow as 15 m (Figure 7B) but cut the entire sediment package imaged by the sub-bottom profiler (Figure 7C). At some locations along these faults, gas venting forms semi-circular pockmarks, mostly on elevated topographic features (Figure 7A).
[image: Figure 7]FIGURE 7 | Normal faults in the region of the N2-channel system show branching into several smaller sub-faults as seen in (A) the multibeam bathymetry and (B) as high seafloor backscatter return. (C) Sub bottom profiler data (black/blue line in (A,B)) show small-offset faults (black dashed lines) cutting the entire sediment sequence. Gas seepage shown as red dots in (A,B) correlate to the fault location as shown by blue lines in (C,D). (E–G) Examples of gas flares from the EM710 water column data. Beam-opening angle α is 60°.
Sediment Wave Patterns and Elongated Depressions
The multibeam data reveal a smooth but regularly undulating topography in many regions of the study area (Figure 8), that may be described as “hummocky terrain” and was previously interpreted as sediment wave crests (Riboulot et al., 2017). Elongated depressions that develop between crests are narrow with steep edges and the depressions are linked to sub-seafloor faulting penetrating at least 100 m (Figure 9). These features are associated with gas discharge and occur in a predominant direction (10°–25° clockwise from North) following the overall orientation of crests (Figure 8). We observe a progressive evolution in these features. In deep water depth (∼500 m) the depressions start as thin sinusoidal lineaments on the seafloor (Figure 8A) linked to individual small-offset faults (Figure 9A). The fault offset itself is often below the resolution of the acoustic data but reflectivity is characteristically reduced (or blurred) at the fault location itself in a cone-shaped pattern. In shallower water (300–400 m) the depressions widen and deepen with each depression including several of these small-offset faults. Gas accumulation in the subsurface is generally identified by increased seismic or acoustic reflection amplitudes. Focusing of the gas is controlled by the topography, where gas accumulates underneath the crest (Figures 9C,D), but upward migration is facilitated by faults at the knick-point between neighboring crests. Seafloor backscatter is high along the small fault patterns and in the depressions, not only where gas is seen escaping at the seafloor (Figure 8B). Gas venting along the elongated depression continues across head-scarps into the region of mass wasting.
[image: Figure 8]FIGURE 8 | Example of the seafloor morphology in a region with old sediment-wave crests (now draped) creating sub-seafloor pathways for upward migrating gas (red dots are seep sites). (A) multibeam bathymetry and (B) seafloor backscatter. Dotted lines in (A) are some examples of the old wave-crest outline. Solid black lines are sections of sub-bottom profiler data shown in Figure 10.
[image: Figure 9]FIGURE 9 | Examples of sub-bottom profiler data showing evolution of elongated depressions (marked with arrows) and faults (black dashed lines). (A) In deeper water the fault-offsets between adjacent sediment layers are below resolution limit of acoustic data and acoustic reflectivity is only blurred or generally decreased, (B) upward migrating gas creates slightly larger seafloor depressions, (C) several faults merge and, (D) create wider elongated depressions.
Low-frequency airgun seismic data with coincident high-resolution sub-bottom profiler data are available for only a sub-region of the zones with elongated depressions and crests. The seismic data show a deeper set of sediment waves now covered in parts by an MTD that levels out the paleo (initial) sediment wave topography (Figure 10). The old sediment wave structure and MTDs are both subsequently draped by a relatively homogenous sediment package of ∼30 m thickness. Gas has migrated upward and accumulates in the crests creating local bright spots and velocity-reduction related sags underneath. In some instances, this gas has been able to migrate through the MTD and accumulates at the top of the MTD layer. Gas seeps out at the seafloor only where gas has accumulated at greater depth and migration to the seafloor is facilitated by a set of small-offset faults that are imposed by the rough topography of the MTD into the veneer of layered sediments.
[image: Figure 10]FIGURE 10 | Examples of airgun multichannel seismic data showing deeper (older) sediment-waves structure, that are draped by the veneer of sediment imaged in sub-bottom profiler data. (A,B) are coincident along line 897–14, (C,D) are coincident on line 897–02. Gas accumulates underneath the wave crests and in part penetrates the mass-transport deposit (MTD). Gas venting (vertical blue lines) occurs at the seafloor where upward gas migration from the lower accumulation is facilitated by small-offset discontinuities (faults) in the overlying veneer (drape) of layered sediments. These faults (black dashed lines) are created from the rough topography of the MTD. (E,F) Examples of gas flares from the EM122 water column data (expedition MSM34). Beam-opening angle α is 60°.
Mass-Transport Deposits
Large-scale MTDs occur at several locations (Figure 11). The MTDs are characterized by a chaotic to transparent seismic reflection pattern and the absence of any clear layering. The lower boundary can be either conformable to the underlying strata, or irregular and incised into them. The upper boundary is often irregular and lacks a coherent reflection. MTDs show a positive impedance contrast at the top, but a negative impedance contrast at the base (Riedel et al., 2020), which indicates that they are of denser material than the surrounding sediment layers. One could infer that the MTDs are therefore less permeable than hemipelagic sediments (as e.g. described by Hillman et al., 2018a). These MTDs almost all originate at erosional head-scarps at the slope edge in water depths ∼120–200 m. The MTDs cover deeper sediment-wave topography but their own rough surface still impacts gas migration. The rough topography from small-scale heterogeneities results in a fault-like pattern in the sediment drape which can be locally exploited for gas migration (Figure 10B). Where the MTDs are only covered by recent post-glacial Holocene sediments and are buried by 3–5 m of sediment at most, we observe no gas venting at all (marked as Regions 1 – 3 in Figure 11).
[image: Figure 11]FIGURE 11 | Overview of mass-transport deposits (MTDs) within the uppermost ∼100 m below seafloor correlating to occurrences of gas vent sites. Three regions devoid of vents are linked to recent mass-transport deposits and seafloor failure (Regions 1–3). In the central region between the S2 and S4 channel, up to three MTDs are stacked. Here, the highest density of seismic chimneys (vertical columns of gas accumulation, Hillman et al., 2018a) are observed (Region 4).
Pockmarks
More than 340 individual pockmarks, typically 40–50 m wide, occur unevenly distributed in the study area. Pockmarks are only seen east of the S2 channel (30° 46′E) and are most abundant around the upper canyon-segments of the S4, N3, and N4 channels in water depth <480 m. Most of these pockmarks are semi-circular depressions and several of these features merged into larger elongated depressions. The pockmarks often cluster and occur in chains along structural highs or morphological features such as canyon walls (Figure 12A). Within this type of pockmark occurrence, the largest pockmarks are up to 350 m in diameter (measuring the width of the depressions). Gas venting is constrained to the outer rims of the pockmark, but given the uncertainty in the location of an individual vent (25–50 m), no clear correlation in vent outlet to pockmark morphology can be defined. Not all pockmarks have shown active gas discharge at the time of data acquisition but our backscatter data show that these structures usually are associated with high backscatter indicative of gas-rich sediments (Figure 12B). The typical structure of these pockmarks shows doming at the rim and a central depression (10–20 m deep) from where material has been eroded (Figure 12C). The pockmark and surrounding topographic ridges also show normal faulting, all promoting upward gas migration.
[image: Figure 12]FIGURE 12 | Examples of pockmark-chains along ridges and canyon wall at the upper-slope portion of the N4 channel: (A) multibeam bathymetry and (B) seafloor backscatter. Structural focusing of gas migration toward the highest elevation creates gas outlets on top of the ridges. Additional gas venting comes from faulting associated with seafloor instabilities and slumping at the canyon walls. The sub-bottom profiler data (C) show small offset faults (black dashed lines) around a pockmark and that sediments are removed from the central portion of the (circular) depression. (D) Inside the pockmark several gas vents are seen in the EM710 water column data. Beam-opening angle α is 60°.
Some pockmarks occur isolated and are not associated to underlying topographic highs (Figure 13A). These are also the largest pockmarks seen and their diameter can be up to 1000 m. A characteristic feature of these pockmarks is the occurrence of ring-faults that also show high backscatter (Figure 13B). Gas venting is strictly associated to the ring faults although gas is seen trapped in sedimentary layers everywhere underneath the pockmark. Although free gas occurs within these sediment layers, concentration may not be high as acoustic wipe-outs masking deeper sediment stratigraphy are not created. The inner depression of these pockmarks is only ∼5 m deeper than the surrounding topography and no erosion has removed any of the sediments (Figure 13C). The isolated pockmarks are, however, linked to larger fault-segments (Figures 3D, 13B) that often can be traced over several kilometers.
[image: Figure 13]FIGURE 13 | Example of ring-faults around isolated pockmarks. (A) Multibeam bathymetry, (B) seafloor backscatter, with gas seepage shown as red dots. Blue lines indicate location of sub-bottom data shown in (C,D). A nearly E-W trending fault cuts the pockmark and is identified by high backscatter signal along which gas escape is seen NW of the pockmark, tightly linked to small-offset fault-branches. Black dashed lines on sub-bottom profiler data show faults. (E,F) Examples of gas flares from the EM710 water column data (expedition MSM34). Beam-opening angle α is 60°.
Shelf Region With Highest Gas Flare Occurrence
Dense clusters of gas vents on the shelf in water depths <150 m were observed in the western-most portion of the study region (Figure 14). Here, gas flares are associated with a characteristic speckled backscatter signal of the seafloor. Gas detection from the water column multibeam data is often limited to a small region long the track line but the backscatter data reveal a wide-spread occurrence of the speckled high-amplitude seafloor backscatter intensity. Sub-bottom profiler imaging reveals a veneer of layered sediment draping an erosional unconformity (Figure 14C) of a former anticlinal structure. Free gas is seen in the sub-surface sediments from numerous small pockets of high amplitude reflections that sometimes merge into continuous gas-fronts acoustically masking underlying structures. The clusters of gas venting and high backscatter speckles at the seafloor are associated with topographic variations on that unconformity, in particular where dipping strata crop out at the unconformity.
[image: Figure 14]FIGURE 14 | Examples of gas vent occurrences (red dots) along the western portion of the shelf region in our study area. Shown are (A) water depth, and (B) seafloor backscatter near the S1 channel head. (C) The sub-profiler data reveal a drape of post-glacial sediments (∼10 m thick) above an erosional unconformity. Here, the gas flares are occurring in dense clusters that also can be seen in the backscatter data as high-amplitude patches, described as speckled seafloor (D). (E–G) are examples of EM710 multibeam data showing abundant gas flares in the water column above the speckled seafloor.
Seismic Chimney Structures
Some of the gas accumulations are forming structures called seismic chimneys (e.g., described previously for our research region by Hillman et al., 2018a), with a high-reflectivity top and semi-vertical acoustic wipe-out underneath (Figure 10). More than 50 of these chimneys have been detected in the seismic and sub-bottom profiler data to date. They occur along the slope only in the region up to the S4 channel system (Figure 11). No such vertical chimneys are seen further to the east linked to channels N1–N4. Examples of chimney structures seen in the region are included in Figure 10.
Step-wize Top of Gas Reflection
In many cases the occurrence of free gas is creating a diffuse front in the acoustic sub-bottom profiler data (see e.g., Figures 6A,B or 9 days). Acoustic imaging beneath such a gas front may be limited (reduced reflectivity) or completely masked. Free gas within the sediment can also create isolated bright spots or enhance the reflectivity of individual reflectors for some distance without diminishing acoustic penetration (e.g., Figures 3D, 13C). A different observation of free gas occurrence in layered sediments can be made across topographic changes. Here, the top of free gas is mimicking seafloor topography, but still appears to be discretely bound to individual sedimentary layers creating a step-wize pattern (Figure 15). This bottom-simulating nature is best observed across larger topographic changes and when the acoustic data is acquired up/down slope. The free gas enhances the acoustic reflectivity of a given sediment layer at a critical depth (Figure 15). The layer remains acoustically bright for some distance before returning to a normal reflectivity as seen elsewhere along the profile. Several bright reflections can be stacked on top of each other (Figure 15B).
[image: Figure 15]FIGURE 15 | Two examples of free gas in sediments enhancing the layer’s reflectivity without creating gas-masking. (A) Example near the S2 channel, (B) example from the eastern study region around the N2 channel. The free gas occurrences are marked by an increase in reflectivity (orange arrows and dotted line) of individual layers. As seafloor depth decreases, the top of free gas jumps to the next shallower sedimentary layer without forming a continuous (diffuse) gas front as observed in other locations (compare to Figure 14D). This bottom-simulating nature is explained by the pressure and temperature dependence of methane gas solubility (see Supplementary Figure S1 for schematic functions). The mass-transport deposit (MTD) seen in (A) is also mapped across the region (compare to Figure 11, referred to as intermediate MTD 1).
DISCUSSION
Combining data from several research expeditions, we identified >10,100 individual vent sites within the Romanian and Bulgarian margin linked to the Danube deep-sea fan and eastern extension to the Dnepr fan (up to the Ukrainian exclusive economic zone). Gravity coring and gas sampling indicate that the gas may originate from in situ microbial production or from deeper (upward migrating) biogenic sources. Deep drilling in 2017 (Bohrmann, 2018) also showed little amounts of thermogenic gases and methane was the dominant gas sampled in sediments of the upper ∼150 mbsf (Pape et al., 2020). Thus, all references made to gas hydrate stability are for a methane-only structure I gas hydrate system.
Separation of Bottom-Simulating Reflector and Gas Venting
The limitation of gas vents to water depths above the depth-limit of the GHSZ at ∼720 m water depth (Figure 1) was previously discussed as primary controlling factor in the occurrence of gas vents (e.g., Riboulot et al., 2017; Hillman et al., 2018a). Two prominent exceptions of gas vents in water depths >720 m were identified. These two locations are associated with shallow sub-surface gas hydrate occurrences (Figure 2). Gas venting may here be linked to deeper-rooted gas-migration pathways that can circumvent the GHSZ-limit by advection of warm-fluid, thus locally creating a warped GHSZ as e.g., described at vent systems in the Gulf of Mexico (Macelloni et al., 2015) or Lake Baikal (De Batist et al., 2002). Alternatively, larger fluid-pressure may lead to sediment fracturing and release of gas to the seafloor (e.g., Daigle et al., 2011; PaullCaress et al., 2015).
The 720 m isobath is also strongly correlated to the onset of the BSR in seismic data. Several previous BSR-distributions were proposed (Popescu et al., 2006; Baristeas, 2006; Haeckel et al., 2015; Zander et al., 2016) as summarized in Figure 1C. All these previous analyses are in general agreement with each other but differ slightly from our new interpretation. All previous maps seemingly interpolated occurrences across regions of clear BSR absences, especially between the eastern levee of the S1-channel and western levee of the Viteaz channel. The absence of a BSR reflection or amplitude truncations at the BGHSZ is an important indication for the general absence of free gas in the system, either due to a lack of in situ microbial production or advection of gas from below. The BSR correlates with the 720 m isobath and no discrepancies exist between a theoretical GHSZ and seismic observations. Previously, apparent discrepancies were discussed by Riboulot et al. (2017) and explained by a possible evolution of the degassing zone between individual expeditions (spanning >10 years) or differences in the data analyses (acoustic gas flare detection vs. seismic data acquisition). Yet, the discrepancies most likely resulted from optimistic interpolation of sparse data.
The BSR is generally interpreted to be the seismic expression of the BGHSZ and mark the onset of free gas below hydrate-bearing sediments (e.g., Spence et al., 2010). Thus, the nearly complete regional separation of BSR and gas vent occurrences indicates that gas hydrate may form a seal for upward migration of gas. In regions with gas hydrate occurrences, gas migration may be deflected and occur more horizontally along the BGHSZ up to the upper depth limit of gas hydrate stability in ∼720 m water depth. From this location onwards into shallower water, gas can then also migrate upwards along structural pathways and form vents at the seafloor. Alternatively, the separation of the BSRs and vent sites may indicate that any free gas that migrates upwards from greater depth is not deflected horizontally at a hydrate-permeability boundary but is instead incorporated into the sediment pore space either by forming additional gas hydrate or being dissolved in the pore water if the system is undersaturated relative to methane.
Structural and Sedimentological Controls on Gas Vent Distribution
Additional controls on venting by canyon erosion and slope failure head-scarps exposing gas-bearing sediment layers or providing structural focusing for gas migration were previously discussed by Riboulot et al. (2017) for the Danube deep-sea fan region or by Naudts et al. (2006) for the Dnepr fan system. However, several intriguing observations in our new data warrant some additional explanations.
Buried Sediment Waves
The depositional history of the study region has a much larger impact on the occurrence of gas venting than previously thought. Sediment waves associated with channel-levee systems are seen along all major channels where not removed by mass wasting events. We can observe the sediment wave pattern in MCS data up to a depth of ∼250 mbsf (Figure 10A) although MCS data coverage is not uniform across all regions mapped and some gaps in observations exist. The observations shown in Figure 10 act as type-example for the other occurrences and linkages of sediment waves and patterns of gas migration and gas venting at the seafloor. The paleo sediment wave topography defines a structural control (trap) for gas accumulations at depths of typically 60–80 mbsf (Figure 10A). The old topography has only partially been leveled out by MTDs and was subsequently draped by a veneer of layered sediments leaving a remaining morphology on the current seafloor. That residual wave-like pattern influences the development of faulting (ultimately, they merge and develop into larger elongated depressions) and thus the location of gas discharge at the seafloor.
Mass Transport Deposits
Large scale MTDs occur in the study area (Figure 12) and were proposed to act as an impermeable barrier (Hillman et al., 2018a). However, the rough topography of an MTD and associated small-scale heterogeneities create a fault-like pattern in the sediment drape which can be locally exploited for gas migration (Figures 1D, 11B). There are incidences, where gas has clearly pierced through the entire MTD (see e.g., Figure 13; Region 4 marked in Figure 12). Since the piercements of MTDs by gas all occur within much older (deeply buried) MTDs, the gas may have had more time to accumulate and thus create sufficient pressure to overcome an impermeable barrier imposed by the MTD. This may explain the notable cluster of seismic chimney structures in a region of wide-spread MTD occurrence (Region 4 in Figure 12).
Where the MTDs are only covered by recent (post-glacial) Holocene sediments and are buried by 3–5 m of sediment at most (Figures 4, 6), we observe no gas venting at all (e.g., Region 1–3 marked in Figure 12). This may be the result of the MTD acting as a permeability barrier. Another reason for the absence of gas vents at locations of the youngest MTDs may be that gas-rich sediments were simply removed. Thus, gas may have escaped during the failure and there was not enough time since the failure and new deposition to accumulate new gas that could then overcome the permeability barrier of the MTD.
Faulting
Around the N1 and N2 channel systems we identified abundant mostly E-W oriented normal faults, all strongly associated with gas seepage. This region lies within the tectonic realm of the Histria Depression (e.g., Dinu et al., 2005). The latest sequence of sediment deposited in the region of these two channels are of Miocene age (referred to as Pontian deposits by Dinu et al., 2005) and are described as being highly affected by normal faults that are either controlled by extension or differential compaction within the thick sediment wedge. Thus, the normal faulting we observe may be linked to those large-scale tectonic fault patterns in the Western Black Sea.
The faulting imaged around the N1 and N2 channels is characteristically associated with high backscatter intensity on the seafloor along the often only 15 m wide individual fault traces (e.g., Figures 5, 7B). Gas vents are seen tied to the fault traces at some locations. We therefore interpret the high backscatter signal to reflect generally abundant gas within the sediment. Gas venting may be episodic in time and therefore venting is not always seen when faults were crossed. This close association of faults with high seafloor backscatter intensity and venting is highlighted at the ring-faults around pockmarks (Figure 13).
A similar association of gas in sediments and high backscatter intensity along small faults is seen at the region of elongated depressions (Figure 8). However, here, the faults are not primarily a result of a large-scale tectonic stress regime, but linked to patterns within a sediment drape deposited above paleo-sediment wave crests.
The Shelf Region
Along the shelf portion of the study area imaged, the highest density of gas flares is seen (depth-bin from 110–135 m, Figure 1D) but here, seafloor is mostly flat with no obvious erosional cuts from channels or canyons or faulting (Figure 14). However, the sub-bottom profiler imaging revealed that the flat seafloor with apparently no structural features visible is a result of a homogenous drape of post-glacial sediment above an erosional unconformity. The thickness of the drape and layering within it varies along the region but it is not controlling the gas occurrences. The gas venting activity across the shelf is best visualized by the speckled nature of the seafloor in the backscatter data. Although we could not image gas flares in the water column across all of the individual patches (in part due to the beam-angle limits of the EM systems or weather state), whenever we saw a gas flare in the water column, it corresponds to a patch of high backscatter with a 1:1 correlation. Therefore, we interpreted all these features to be gas vent outlets. The sub-region shown in Figure 14D alone with an area of ∼3.5 km2 hosts a total of 250 gas flares from the water column data analysis and about half of the seafloor is marked by high-amplitude speckles in the backscatter image. The area most affected by gas venting matches regions where the sub-bottom profiler data show dipping strata eroded at the unconformity. From those crop-out locations gas migrates through the drape (mostly vertical) to the seafloor. As no faulting was identified on the shelf associated with the speckled seafloor, gas may be able to migrate through the drape of sediments simply by its own buoyancy as the supposedly high-porosity sediments (no cores available) are not forming a permeability barrier. Although we lack direct age control, it is likely that the drape of sediments is younger than the LGM and represents the depositional history since sea-level started to rise after the last glaciation. Thus, gas venting is controlled by the paleo-seafloor structure and not recent processes.
From these observations, we propose that most gas venting seen at the seafloor may be from a deeper source that has seen some distance of upward migration (though it still is of microbial origin) and not from in situ production.
The general shelf to deep-water trend of reduction in the number of gas flares (Figure 1D, also noted by Naudts et al. (2006) in the Dnepr fan region) may be linked to the distance to source of organic material (river input). Additionally, it may be associated with an overall change in sediment grain size, with finer material in deeper water creating a less permeable layer (veneer) that requires hydro-fracturing where simple gas buoyancy is insufficient.
The fact that apparently most gas venting is seen on the shelf adds to other studies world-wide (e.g., Schmale et al., 2005; Shakhova et al., 2010; Borges et al., 2016; Ruppel and Kessler, 2017; Johnson et al., 2019) proposing that gas emission on continental shelf regions are a significant contributor of methane to the atmosphere as gas is not fully consumed or dissolved into the ocean on its path through the water column.
Temperature and Pressure Control on Solubility
The gas occurrence within the sediments is further controlled by gas solubility (general dependencies of solubility with pressure and temperature are shown in Supplementary Figure S1). Where no advection from below adds methane to overcome the solubility threshold, free gas can only form when temperature and pressure conditions are allowing free gas bubbles to form. In this depth interval above the GHSZ, we deal with a two-phase system (salt-water and gas) only (Riboulot et al., 2018; Ker et al., 2019). Below a depth of ca. 20 mbsf, we observe low pore-fluid salinities near 3-4 with little variation with greater depth (Bohrmann, 2018; Riedel et al., 2020). Salinity increases toward the seafloor to the average value of ∼22 of the Black Sea water body (Özsoy and Ünlüata, 1997). If temperature increases with sub-seafloor depth, solubility is reduced (at constant hydrostatic pressure) and free gas bubbles can form assuming the same in situ methane concentrations. If pressure increases, more methane can be dissolved in the pore water, thus free gas bubble formation is prohibited.
The bottom-simulating nature of the depth of the top of free gas in sediment layers and its lateral change is likely the result of this dependency of gas solubility on temperature and pressure. Following e.g., a specific layer from greater water depth (at constant burial below seafloor, thus same sub-seafloor temperature and salinity), hydrostatic pressure slowly decreases along this layer until free gas bubbles can form. Similarly, when following a layer to deeper water, gas solubility decreases until free gas content becomes too low to be imaged at this sub-seafloor depth and the apparent top of free gas jumps to the next layer at greater depth where temperatures are higher (Figure 15). Gas solubility can be further limited by pore-shape and capillary effects, which are grain-size and pore-shape dependent. Those effects would ride on top of the main pressure/temperature (P/T) controls and could locally modify the top of free gas. However, without additional sediment grain size information, no further explanations to this effect can be given and the step-wize and semi-bottom-simulating nature of the top of free gas is well explained with the main P/T effects on solubility. We observe this behavior mostly in sub-seafloor depths of 30–50 m. At these depths, in situ salinity is around 3–4, sub-seafloor temperature may only be ∼1 °C warmer than at the seafloor given regional thermal gradients measured (Hillman et al., 2018a). With drastically changing salinity toward the seafloor, no clear bottom-simulating effect may be created at shallower sub-seafloor depths in shallower water.
CONCLUDING SUMMARY
Gas venting has been observed along several portions of the continental margin of the Black Sea region from offshore western Bulgaria (e.g,. Xu et al., 2018) to the Romanian sector (Riboulot et al., 2017) of the Danube deep-sea fan, as well as offshore Crimea (Naudts et al., 2006) and the Kerch peninsula (e.g,. Römer et al., 2019). Our new study using newly collected data off Bulgaria and Romania closes a gap between previously mapped regions and complements previous work and augments the knowledge of the structural and sediment depositional control on gas migration. While confirming the observations and conclusions made by previous researchers especially on the general limitation of gas venting to shallower water depths above the GHSZ outcrop at ∼720 m water depths, we show additional controls on gas migration and gas vent formation at the seafloor. Three levels of additional control were identified:
1) A first-order control is governed from sediment depositional styles and character that has imposed a specific topography of sediment waves linked to channel and levee systems. Gas accumulates beneath sediment wave crests (forming a structural trap) after migration from the deeper subsurface. Further migration to the seafloor and venting is facilitated through small-scale sediment heterogeneities. Mass-transport deposits level out some of the deeper (initial) sediment-wave topography but seem not to impose a strict permeability barrier for upward gas migration. In regions of shallow MTDs with <5 m burial depths gas venting is absent. Large-scale tectonic normal faulting with offsets visible at the seafloor also sets a general pattern for upward gas migration as seen in particular in the north-eastern portion of the study region that is associated to the Dnepr fan system.
2) A second-order control is from seafloor-shaping processes such as canyon formation and slope failures cutting through the drape of the uppermost 100 m of sediment. Here, gas migration is promoted from local removal of sediment and exposure of permeable strata at outcrops.
3) A third level of control is given by small-scale faulting (meter to sub-meter scale) that provides pathways for further upward gas migration from deeper accumulations. In all instances, we observe normal faulting either from the large-scale tectonic regime or from gravitational collapse and instability of the formations.
A chemical control on free gas (bubble) formation and occurrence within sediment layers that then may get further funnelled to the seafloor through structural controls is determined by the general temperature and pressure effect on methane solubility. Here, we observe a characteristic bottom-simulating gas charging (and associated enhanced acoustic reflectivity without an acoustic wipe-out) in sediment layers at depth of ∼30–50 mbsf.
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