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This study focuses on seafloor methane seep sites and their distribution in the northwestern part of the German North Sea. Methane seepage is a common phenomenon along marine shelves and known to occur in the North Sea, but proof of their existence was lacking in the study area. Using a ship-based multibeam echosounder we detected a minimum of 166 flares that are indicative for free gas releases from the seafloor in the German “Entenschnabel” area, which are not related to morphologic expressions at the seafloor. However, a group of small depressions was detected lacking water column anomalies but with indications of dissolved fluid release. Spatial analysis revealed that flares were not randomly distributed but show a relation to locations of subsurface salt diapirs. More than 60% of all flares were found in the vicinity of the salt diapir “Berta”. Dissolved methane concentrations of ∼100 nM in bottom waters were ten times the background value in the “Entenschnabel” area (CH4 < 10 nM), supporting the finding of enhanced seepage activity in this part of our study area. Furthermore, locations of flares were often related to acoustic blanking and high amplitude reflections in sediment profiler echograms, most prominently observed at location Berta. These hydroacoustic signatures are interpreted to result from increased free gas concentrations in the sediments. Electromagnetic seabed mapping depicts local sediment conductivity anomalies below a flare cluster at Berta, which can be explained by small amounts of free gas in the sediment. In our area of interest, ten abandoned well sites were included in our mapping campaign, but flare observations were spatially not related to these wells. Naturally seeping methane is presumably transported to the seafloor along sub-vertical faults, which have formed concurrently to the updoming salt. Due to the shallow water depths of 30 to 50 m in the study area, flares were observed to reach close to the sea surface and a slight oversaturation of surface waters with methane in the flare-rich northeastern part of the working area indicates that part of the released methane through seepage may contribute to the atmospheric inventory.

Keywords: gas emissions, flares, hydroacoustic mapping, subsurface gas indications, North Sea, salt diapirism


INTRODUCTION

Seafloor methane (CH4) seepage is widely known to occur along almost all continental margins. This includes the diffusion or advection of dissolved methane from the sediment into the bottom water or the expulsion of free methane gas bubbles. Known natural seep areas in the North Sea, a shelf sea with an average water depth of 95 m, include: (1) Tommeliten seep area in the Norwegian Exclusive Economic Zone (EEZ; Hovland, 1993; Niemann et al., 2005), (2) Dutch Dogger Bank seep area in Netherlands EEZ (Schroot et al., 2005; Römer et al., 2017), (3) pockmarks in the Witch Ground Basin in the EEZ of United Kingdom (Judd et al., 1994; Böttner et al., 2019), and (4) the German Helgoland Reef pockmark field (Krämer et al., 2017; locations see Figure 1A). The North Sea comprises large areas where shallow gas is being trapped in Cenozoic deltaic and marine sediments and has been detected as “bright spots” in seismic data (Müller et al., 2018). The observed bright spots are characterized by high amplitude seismic reflections, which can indicate a change in pore space filling (White, 1975). Hydrocarbon migration and accumulation are often related to salt diapirism, associated faulting and gas-charged sand-filled ice-scours and channels (Woodbury et al., 1980; Schroot and Schüttenhelm, 2003). Since the Pleistocene, the area has been effected by climate and sea level variations, leading to deposits of glacial-interglacial sediments that are characterized by abundant subglacial tunnel valleys related to melt water flows (Lutz et al., 2009). In our study area, several clusters of bright spots were identified above known salt diapirs, suggesting that salt diapirism lead to fracturing of the overburden strata and formation of migration pathways as well as anticlinal structures for hydrocarbon accumulation (Müller et al., 2018).
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FIGURE 1. (A) Overview of the study area in the German Exclusive Economic Zone [EEZ, Flanders Marine and Institute (2019)] of the North Sea (orange area). Known seep sites are marked as red dots. D: Dutch Dogger Bank seep area (Schroot et al., 2005), F: Figge-Maar (Thatje et al., 1999), H: Helgoland Reef pockmark field (Krämer et al., 2017), T: Tommeliten seep area (Hovland, 1993), and W: Witch Ground Basin (Judd et al., 1994). Bathymetry downloaded from www.gebco.net. (B) Overview of the study area in the “Entenschnabel,” the northwestern part of the German EEZ. Major structural features depicted from Arfai et al. (2014) are the Central Graben (outlined in orange) and salt diapirs in the subsurface (green areas). Yellow dots point to sampling and measurement stations during R/V Heincke cruise HE537 conducted at seven abandoned well sites, a reference site at salt diapir Birgit, and the Dutch Dogger Bank seep area for comparison. Bathymetry downloaded from www.gpdn.de.


Indications of elevated methane concentrations in the North Sea have been deduced from continuous surface water measurements (Rehder et al., 1998) and atmospheric measurements (Judd, 2015), both conducted while crossing our study area in the “Entenschnabel” (local term of that area, meaning “Duck’s Bill,” because of the shape of its outline, Figure 1A). Methane sources were thought to be related to natural seafloor seepage or alternatively to an anthropogenic well (Judd, 2015). Abandoned wells have been suggested to act as focused migration pathways for hydrocarbons after decommissioning and several recent studies on onshore boreholes have proven the release of hydrocarbons from former gas and oil wells (Kang et al., 2014; Boothroyd et al., 2016; Townsend-Small et al., 2016; Schout et al., 2019). The relative importance of this phenomenon is a matter of discussion [e.g., Schout et al. (2019) found 1 of 29 onshore wells to leak methane]. In a marine setting Vielstädte et al. (2015) studied three well sites in the North Sea and found gas bubbles emitting methane in varying amounts (1–19 tons of CH4 per year per well). The authors demonstrated by stable carbon isotope analyses that the methane originates from shallow, microbial sources rather than the gas reservoirs. They concluded that mechanic disruption by drilling operations is responsible for methane leakages from shallow, methane-loaded sediments, and that such processes may hold for one third of wells in the North Sea. By extrapolating their observations to the roughly 11,000 abandoned well sites in the North Sea, Vielstädte et al. (2017) estimated that 3–17 kt year–1 methane potentially escape from the seafloor, which highly exceeds naturally released methane in this area. A recent study by Böttner et al. (2020) suggests that gas release from 1792 investigated decommissioned hydrocarbon wells in the United Kingdom sector of the North Sea is with 0.9–3.7 kt year–1 a major source of methane in the North Sea. Even larger amounts of methane are emitted through well site 22/4b that experienced a man-made blowout in 1990 (Leifer and Judd, 2015 and references therein; Rehder et al., 1998). Leifer (2015) calculated an emission of 25 kt year–1 of methane through gas bubbles even 22 years after the blowout.

Shallow seas such as the German sector of the North Sea may potentially be prone to natural and anthropogenic methane leakages into the sea-air boundary layer, because bubbles may reach shallow water layers and the sea surface. Gas exchange leads to fast dissolution of methane out of the bubbles during their ascent in the water column but shallow seep sites are expected to transport some fraction of the methane up to the sea surface and contribute to the atmospheric methane inventory (Leifer and Patro, 2002). It has been shown for the nearby Dutch Dogger Bank seep area, located in ∼40 m water depth, that released bubbles reached the sea surface and elevated methane concentration could be detected in the air above the most intense flare areas (Römer et al., 2017). The vertical transport of dissolved methane is highly restricted by the density stratification in the water column and strong summer thermoclines can also limit the vertical gaseous transport (Schmale et al., 2010; Mau et al., 2015). For example, at the 70 m deep Tommeliten area in the Norwegian sector of the North Sea, a summer thermocline constrained methane transport to the atmosphere, and numerical modeling showed that during the summer season less than 4% of the gas initially released as bubbles at the seafloor reaches the mixed layer (Schneider Von Deimling et al., 2011). An even smaller fraction of only 3% of the total water column inventory of dissolved methane was located in the mixed surface layer above the crater of the blowout well 22/4b, revealing that methane transfer across the thermocline was strongly impeded (Sommer et al., 2015).

The area of our investigation is located in the northwestern part of the German North Sea Sector. The geology there is characterized by a prominent Mesozoic rift-structure, the so-called Central Graben. The Central Graben is genetically a half-graben, whose eastern flank is formed by a major fault array, the Schillgrund Fault, and whose western flank is dominated by a series of horst and graben structures (Arfai et al., 2014). During several Mesozoic rifting phases, organic-rich marine mudstones were deposited that are important source rocks of the southern North Sea area and pose a possible source for thermogenic gas (Wong, 2007). The Central Graben is therefore a major hydrocarbon province in the North Sea (Littke et al., 2008; Pletsch et al., 2010) and was the target area of extended oil and gas exploration and drilling activities, which resulted in more than 49 exploration drill sites in the “Entenschnabel” since 1976 (see Lower Saxony’s borehole database: www.lbeg.niedersachsen.de).

This study reports on the first detection of methane seepage in the “Entenschnabel” located in the North Sea with water depths between 30 and 50 m. An extensive hydroacoustic mapping campaign including water column recording and sediment profiling has been conducted to determine the presence and distribution of flares indicative for gas bubble releases, as knowledge on the integrity of respective deep wells and the occurrence of natural seep sites is so far limited. Continuous and discrete measurements of dissolved methane concentrations in the water column were retrieved to support identification of seepage from the seafloor. A major focus was the investigation of gas emission in relation to subsurface salt diapir locations, seismically identified gas accumulations and abandoned well sites. Our interdisciplinary approach enabled a first characterization of the seepage detected in the work area in the North Sea.



MATERIALS AND METHODS

The data for this study were acquired during R/V Heincke cruise HE537 in July 2019. The track line shown in Figure 1B shows the hydroacoustic mapping strategy in the study area and illustrates the surveys focusing at six dedicated salt diapirs and seven abandoned well sites. Sediment and water samples were taken at five different salt diapir structures and two further abandoned well sites (yellow dots in Figure 1B). A detailed electromagnetic (EM) survey of the shallow seafloor has been analyzed at salt diapir Berta. Finally, methane sensor (METS) deployments were conducted at salt diapirs Bella, Berta, Belinda and Britta as well as the two other abandoned well sites. An example of the survey and sampling strategy is shown in the Supplementary Figure 1.


Hydroacoustic Data

The Kongsberg EM710 is a shallow to mid-water specific multibeam echosounder (MBES) operating between 70 and 100 kHz and an optimal depth range from 10 to 1,200 m. With a transducer configuration of 1 by 2 degrees, this system has 200 beams, with 400 soundings in high density mode, measuring both bathymetry and backscatter. The system was operated with a swath angle of 130° (65° to both sides). Vessel speed was at maximum (during transit times) 8–10 knots, however, was reduced for hydroacoustic mapping in the work area to 3–5 knots. Between the surveys, CTD profiles were carried out and used to calculate sound velocity profiles that were inserted in the acquisition software Seafloor Information System. The open source software package MB-System (Caress and Chayes, 2017) has been utilized to post-process the bathymetric and backscatter data. The investigation of active gas emission sites on the seafloor where gas bubbles can be detected hydroacoustically in the water column (flares) was enabled by analyzing the water column data generated by the EM710. Post-cruise analyses with the FM Midwater module of QPS Fledermaus allowed for manual flare identification and geo-picking of flare sources.

Geographical visualization and statistical analysis were performed using ESRI ArcMap 10.4. The spatial analyst tool “near” was used to obtain distances of all flare positions to outlines of salt diapirs, bright spots and abandoned well sites. All results were further normalized using the ships track (distances of 10-m points to the same features) to account for the different coverages and survey focus during cruise HE537. Maps included in this study were spatially projected in UTM zone 32N (WGS84).

During the second half of cruise HE537, the hull-mounted SES-2000 medium (Innomar Technologies) sediment echosounder system was used to image shallow sedimentary structures and gas indications. The SES-2000 employs the parametric effect to achieve a small signal opening angle of about 2° at relatively low frequencies between 4 and 15 kHz. The data used in this study were recorded at 6 kHz and penetration depths down to ∼25 m below seafloor were achieved. The raw data were converted to SEGY-format using the custom PS32SGY software (Hanno Keil, University of Bremen). The data were loaded into the commercial software package Kingdom Software (IHS) for display and interpretation (i.e., mean amplitude grid calculation and horizon mapping of gas indications). Conversions from two-way-traveltime to depth have been calculated using a sound velocity of 1,500 m/s.



Electromagnetic Data

Sediment-physical properties of the seabed were mapped with MARUM’s benthic EM profiler NERIDIS III, dedicated for EM seafloor classification. The bottom-towed sled has dimensions of 5.2 × 1.2 × 0.8 m, and a weight of approx. 250 kg in water. It is equipped with a horizontal EM induction-loop sensor (1 m diameter), an Attitude-Heading-Reference-System (AHRS), and conductivity-temperature-depth probe (CTD) with turbidity sensor (Müller et al., 2011). The profiler was towed in contact with the seabed at speeds of 2–4 kn (1–2 m/s). The position of the EM-sensor was determined from triangulation using the ship’s differential GPS coordinates, tow cable length and water depths. EM data were measured at salt diapir Berta along 11 parallel profile lines with 50 m line spacing, covering an area of 2,300 × 600 m. Comparison of the CTD depth-profile of the bottom-towed sled with echosounder bathymetry allows to assess the position accuracy of EM soundings. Error propagation of DGPS-, layback-, and AHRS-uncertainty results in sensor positioning with about 5 m accuracy.

The central loop EM method coevally quantifies electric and magnetic properties in the topmost 1–2 m of the sediment by measuring the EM response at seven frequencies (range: 75–10 kHz) with stable sensor elevation of 25 cm (pitch varies between −0.5° and 1°). A half-space inversion method (Müller et al., 2012) was used to convert calibrated raw-data into appropriate SI units of apparent electric conductivity and magnetic susceptibility (the term apparent is used to specify that this value is derived from EM data modeling and no vertical layering is considered). The apparent conductivity of the highest (10 kHz) frequency was despiked to remove local high-amplitude anomalies of metallic objects in the subsurface and median filtered (25 samples per second raw data, 2 s median). Data were interpolated on a regular grid of 10 m cell size using inverse distance gridding (100 m search radius). A directional cosine and a 100 m low pass filter was applied to remove small line-to-line errors and noise.

Gas saturation is often calculated from EM conductivities using Archie’s empirical porosity-resistivity relation (Archie, 1942) for a three-phase porous system of sediment grains, pore-fluid and resistive hydrocarbons such as gas or gas-hydrate (e.g., Schwalenberg et al., 2020):
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where σg is the electric bulk conductivity of the sediment section derived by inversion from EM data, σw the conductivity of the pore fluid (usually close to bottom water conductivity measured by the CTD probe), ϕ the sediment porosity and Sg the gas saturation of the pore space. Equation (1) contains empirical constants that are usually determined from physical properties measured in boreholes and on sediment samples, where a describes the tortuosity, m the cementation factor and n the saturation exponent. The latter varies from 1.8 to 4.0 but is often found close to 2.0 (e.g., Schwalenberg et al., 2017). Assuming that the lithology does not change between gas-charged and gas-free sediment sections, Eq. (1) simplifies to:
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where σ0 is the background conductivity of the pore water saturated sediment and σg the bulk conductivity of the gas-charged sediment section (both derived by inversion from EM data). Assuming the widely used gas saturation parameter n = 2.0 one can estimate the gas-saturation from electric conductivity anomalies without actual porosity determination, although local sediment compaction or dilution is omitted.



Water Sampling

The hydro-geochemistry (e.g., temperature, oxygen saturation, fluorescence, and transmission) was analyzed and samples were taken using a CTD SBE911plus and carousel water sampler SBE32 equipped with additional sensors including oxygen sensors (SBE43), fluorometer (Wetlabs, EcoFLR), transmissiometer (Webtabs CStar, 25 cm). Bottom waters were sampled with a Mini-Multicorer (MIC). Samples from the water sampler were taken immediately and bubble free after retrieval using a silicon tube. Samples were directly transferred into 118 ml glass bottles and were acidified with 2 ml 37% HCl. The bottles were sealed with a Teflon coated butyl rubber seal and were closed with aluminum crimp caps. Dissolved gas concentrations were determined applying a headspace equilibration technique described in detail by Schloemer et al. (2018). 25 ml of the water samples were replaced by laboratory grade Helium (5.9) and the samples equilibrated to ambient temperature varying from 23° to 28°C (since the laboratory was not air-conditioned) for at least 2 h on a laboratory shaker. After equilibration, the total headspace pressure was measured using a pressure transducer (range 0 to 160, 0.8 kPa accuracy). For gas chromatography analysis of methane and higher hydrocarbons up to i-/n-butane in the headspace a Shimadzu 14B gas chromatrograph with splitless injection was used and 1 ml of the equilibrated gas was injected with a gas-tight syringe. Compounds were separated on a 3 m packed column (1/8” Porapak Q) using nitrogen as carrier gas and detected on a flame ionization detector. Methane was calibrated with a 10 ppm standard air (Linde Minican) and laboratory air diluted with helium down to 0.09 ppm CH4. The concentrations of the dissolved methane, and if present of higher hydrocarbons, were calculated using the partial pressure, derived from fractional concentration and total headspace pressure, temperature of the sample, volume of headspace gas (25 ml) and remaining water (93 ml) applying the Henry’s Law constant of methane. A correction for the salting-out effect was applied using a total salinity of 0.59 mol/L and the Setchenow constant for the analyzed components. The relative error of the GC analysis is around ± 3% and for the total analyses ∼ ± 10%.



Methane Sensor Deployment

The METS from the company Franatech was mounted at a frame (together with CTD, video cameras, forward looking sonar, altimeter, and USBL transponder), which was towed 0.5–2 m above the sea floor at tow speeds of only 0.5–1 knots. The detector is a semiconductor, which is in contact with a gas-filled chamber that is separated from the surrounding water by a sintered disk supporting a gas-permeable membrane. This allows for the separation of dissolved gases from the water where the gas flow is driven by diffusion following Fick’s Law. To support a constant flow of water at the outside of the membrane, a Seabird 5 M pump is used. The listed measuring range of the METS is 1–500 nM, which covers methane maxima as well as open ocean background values. The reaction time of the sensor is limited by the diffusion through the membrane. Accuracy and precision of calculated concentrations are further dependent on the response time of the temperature sensor (Pt100), listed with T90 = 1–30 min as the response of a semiconductor exposed to a target gas is highly temperature sensitive. Since the frame was towed in a nearly horizontal direction, temperatures were comparably stable and an equilibrium reached shortly after descending the frame. The sensor was calibrated by Franatech just before the HE537 cruise. Excluding the temperature dependency, the measured conductivity has a linear relationship with gas concentration. The precision of a Pt100 sensor is commonly ± 0.05°C, which induces an error of 5 nM at temperatures between 9.0 and 9.8°C as measured in the bottom water of the working area in bottom depths of 40–44 m.



RESULTS AND DISCUSSION


Gas Flare Occurrence in the “Entenschnabel”-Area

Gas emissions were detected and identified as flares in water column echograms of the MBES. Due to the limited coverage of the swath for water column observations, the total area covered for flare imaging was roughly 65 km2. In total, 315 water column anomalies were recorded in the “Entenschnabel,” in the northwestern part of the German North Sea (Supplementary Table 1). Flare observations were classified according to their appearance being certainly caused by gas bubble emissions or having an uncertainty of being misinterpreted and caused by schools of fish, which may have a similar appearance in the echogram as a flare. Relatively weak appearing anomalies or anomalies with anomalous shapes (deviant from a continuous linear feature) were therefore classified as uncertain. This uncertainty increases during bad weather conditions causing enhanced noise in the echogram or when gas emissions occur in pulses of bubble release that show up as single anomalies within the water column instead of continuous linear flares that are connected to the seafloor. Consequently, 210 flares were classified as certain flare observations, whereas 105 anomalies appeared too weak or unclear for being undoubtedly interpreted to be caused by gas bubbles. As some areas were studied multiple times, flare observations were partly repeated and flare numbers have been corrected for probable double counting. The numbers reduce to 269 detected water column anomalies of which 166 were classified as certain flare observations and 103 uncertain anomalies. Although double detection during different survey times suggests that most flares may be spatially and temporally stable, about 50 certain flares (30%) that were passed more than once were non-recurring. Natural gas emissions have often been observed to be highly transient in a variety of time scales in both the marine and freshwater settings (e.g., Tryon et al., 1999; Boles et al., 2001; Torres et al., 2002; Varadharajan and Hemond, 2012; Kannberg et al., 2013; Römer et al., 2016). It was argued that the variability of methane fluxes might be controlled by fluid flow rates mediated by microbial processes or physical changes in bottom pressure by, e.g., tides, bottom water currents, storms, swell, or earthquakes (Fechner-Levy and Hemond, 1996; Leifer and Boles, 2005; Scandella et al., 2011). Long-term monitoring or repeated observations would allow for evaluation of the variability of gas emissions and provide evidence for the controlling mechanisms in our study area.

Flare height determination is generally limited by the swath geometry, and the upper parts of most flares detected in this study are cut off in about 5–15 m below surface. Flares were detected in heights from less than 10 m and ending within the water column (as seen in Figure 2A) to more than 30 m to shallow water depths (e.g., the flare shown in Figure 2B would have probably reached the surface, if a full view would allow imaging the upper parts). Flares were detected at seafloor depths of 31 to 48 m. Bubbles released in such shallow depths are expected to reach the surface and contain some fraction of their initial methane content when reaching the sea surface, where the bubbles burst and directly contribute to the atmospheric methane inventory (Leifer and Patro, 2002). This has been measured and visually observed, e.g., at the nearby Dutch Dogger Bank seep area with a water depth of ∼40 m. In this seep area, flares were observed to reach the surface, and air measurements above some of the seep sites confirmed a transport of methane into the atmosphere (Römer et al., 2017). During the HE537 cruise, measurements of dissolved methane confirmed an oversaturation of methane in surface waters at the Dutch Dogger Bank seep area (see below). Surface water and atmospheric underway measurements reported in earlier studies from Rehder et al. (1998) and Judd (2015) passing through our “Entenschnabel” study area as well as our own measurements also detected elevated methane concentrations in surface waters (as described in section “Dissolved methane in the water column and bottom waters”), which would support the suggestion that the detected flares transport methane from the seafloor to the atmosphere.
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FIGURE 2. (A) Flares extracted from the water column data imaged with the bathymetric data, recorded by ship-based multibeam echosounder Kongsberg EM710 during R/V Heincke cruise HE537. White outline: subsurface salt diapirs (Arfai et al. (2014), white dots: abandoned well sites (from Lower Saxony’s borehole database: www.lbeg.niedersachsen.de). (B) Swath image of the water column data illustrating a flare detected above salt diapir Berta. The flare represents the pathway of gas bubbles released in 42 m water depth through almost the entire water column.


Bathymetric mapping of the study area revealed that flare locations are not related to morphological seafloor indications (e.g., mounds, pockmarks, and linear cracks) or seafloor backscatter anomalies (due to, e.g., authigenic carbonate precipitation or colonization) that might be indicative for gas seepage. The seafloor is generally flat, between 30 and 50 m deep and smoothly slopes down from the Schillgrund High in the SE toward the Central Graben and further up at the northern part of the study area NW of the Central Graben. In the area of salt diapir Britta, however, we found several depressions that could have been formed by fluid release. No flares were detected in the Britta area despite several site surveys and station work. Nevertheless, the current lack or inactivity of gas release may not restrict its presence in the past forming such depressions. More than 17 depressions have been detected of which 13 appear in a semi-circular arrangement southeast of well B18–4 (Figure 3A). Some are partly intercalated, forming linear or composite depressions. Four other depressions were detected in distances between 460 and 980 m southwest and east of the well site (not shown). The depressions are circular to subcircular in shape with dimension of a few meters to maximal 25 m cross sections. Their shape is funnel-like with slopes of 1–5° and depths of up to ∼50 cm (Figure 3C). Backscatter mapping additionally revealed elevated backscatter patches related to the depressions (Figure 3B). Although most prominent hydrocarbon seeps have surface relief manifestations such as pockmarks (Judd and Hovland, 2007), other examples of seep areas lacking morphological features were described from the North Sea, including the Dutch Dogger Bank seep area (Schroot et al., 2005; Römer et al., 2017) and the “Heincke” seep area [Gullfaks in the Norwegian North Sea, Hovland (2007)]. It has been speculated that coarse-grained material of gravel/sand beach deposits might prevent pockmark formation (Hovland, 2007). Known natural seep sites in the North Sea correlated with pockmark formation include the large pockmarks in the Witch Ground Basin (Judd et al., 1994; Böttner et al., 2019), complex pockmarks in the Nyegga area (Hovland et al., 2005), the temporally dynamic Helgoland Reef pockmark field (Krämer et al., 2017), and small depressions at the Tommeliten seep area (Schneider Von Deimling et al., 2011). In addition, artificially created blowout events formed large depressions in the North Sea. Examples are the well site 22/4b, which displays a 50 m wide and 20 m deep depression formed in 1990 (Schneider Von Deimling et al., 2007; Leifer and Judd, 2015), and the so-called “Figge-Maar” with a depression of 400 m width and an initial depth of ∼30 m depth after a carbon dioxide eruption in 1964 (Thatje et al., 1999; see location in Figure 1A). The depressions detected in this study at salt diapir Britta are located in distances of 30 to 750 m of the abandoned well site B18–4, which does not exclude nor prove a generic relationship.
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FIGURE 3. (A) Bathymetric map of the area at salt diapir Britta, where several depressions were detected. Grid cell size is 2 m. Note: linear features in cm-scale vertically are artifacts. (B) The backscatter map shows that depressions are characterized by high backscatter signals (white patches). The area around well B18–4 and the depressions have been sampled for water (CTD casts) and bottom water (MIC stations) with station numbers (Supplementary Table 2). (C) Bathymetric profile crossing the depressions (marked by red arrows) from A to A’ (A), indicating their sizes, depths, and shapes.




Dissolved Methane in the Water Column and Bottom Waters

Dissolved methane concentrations measured in bottom waters (sampled with MIC) and waters below the pycnocline (sampled with CTD) at the salt diapir Berta (close to well B11–4) were 10 to 13 times higher (max. 120 nM) than background values of about 9 nM detected in the “Entenschnabel” (Figure 4A and Supplementary Table 2). These elevated methane concentrations extended approximately 500 m to the east and west of the well site and did not increase toward the well. Slightly increased methane values of 20–30 nM also existed southeast of Berta close to abandoned well site B11–1. Well B11–1 is unlikely the origin of methane seepage, since no flares were detected near the site by hydroacoustics (coverage: 1,000 × 300 m), and we consider that diffuse seafloor venting would have led to a different methane profile with the highest amounts in the bottom water layer. However, the measured methane profiles showed slightly decreasing values with increasing depth and lower concentrations in the bottom water (Figure 4A and Supplementary Table 2). Since the most distant CTD cast from B11–1 exhibited highest methane concentrations in the deep water layer, and area B11–1 is ∼3 km apart from salt diapir Berta, a horizontal input from, e.g., the Berta seep area is feasible. Data extracted from the Operational Circulation Model of the BSH (Dick et al., 2001) show that a transport of water masses originating from the Berta area is feasible due the strong tidal currents. At the time of sampling, the current had only just switched directions after a period (5 h) of steady easterly currents (up to 24 cm/s). Compared to the Berta area the methane concentrations at the nearby Dutch Dogger Bank seep area were much higher and more variable. Here, values in the deepest water samples reached up to 2,085 nM (Figure 4A), which is 200 times the background value and compares well with the published concentrations of up to 1,628 nM by Mau et al. (2015). Bottom water samples, taken from MIC sampling, reached values of up to 11.14 μM. This compares to 113 nM measured at the Berta seep area (Figure 4A).
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FIGURE 4. (A) Profiles of methane in the water column of the “Entenschnabel” study area and for comparison of the Dutch Dogger Bank seep area (Please note break in the x-axis to address the different ranges of methane concentrations) as well as of concentrations in bottom waters (dots, MIC water samples) close to water column stations. Light gray samples represent background values at the reference site at salt diapir Birgit and four abandoned wells (wells B15–1, B15–2, B15–3, and B11–3). (B) Methane concentrations measured with the METS during towed deployments in seven areas in the “Entenschnabel” and the Dutch Dogger Bank seep area while passing a known flare cluster for comparison.


The water column methane profiles generally decrease quickly in the CTD casts toward the surface but methane concentrations vary between areas. Table 1 shows mean values for each studied area and zones of the water column (above pycnocline, surface and bottom waters). By far the highest surface water concentrations of methane are restricted to the Dutch Dogger Bank. Here, methane concentrations at 3–6 m water depth were about 18 nM in three CTD casts (Figure 4A) but reached up to 263 nM at one station, clearly indicating gas emissions reaching surface waters. No shallower samples were taken due to rough weather conditions. Based on water temperature, salinity and the current atmospheric methane concentration of 1,877 ppb (Nov 2019; https://esrl.noaa.gov/gmd/ccgg/trends_ch4/; last visited 27.03.2020), methane concentrations in equilibrium with the overlaying air (air saturated sea water; ASSW) are in the range of 2.6 nM calculated after Wiesenberg and Guinasso (1979). In the southern “Entenschnabel” area with water sampling above salt diapirs Britta and Belinda, methane surface values were only very slightly oversaturated (Supplementary Table 1). The observed oversaturation increased slightly toward this northwestern part of the working area, reaching up to 5 nM at locations Berta and Bella (Supplementary Figure 2), representing a small source of methane to the atmosphere. This is in agreement with the increased numbers of gas flares found here compared to the southern working area and measurements by Rehder et al. (1999) of slightly elevated surface concentrations in the region.


TABLE 1. Mean values of dissolved methane in the studied areas and in the water column zones.

[image: Table 1]Ethane, the only higher hydrocarbon detected, was found in trace amounts at two sites, one of them the Dutch Dogger Bank site. The second site is located above the Britta salt diapir in the southern part of the “Entenschnabel.” Here, bottom water samples collected from all six MIC cores contained traces of ethane. The MIC sample taken close to well site B18–4 was devoid of ethane and showed methane concentrations close to the background (9.8 nM). The MICs with ethane originated from a series of depressions occurring in a linear array near the well site B18–4, extending further to the south (as described above, see Figure 3B). In addition, methane values of bottom and deep water samples were slightly elevated with concentrations of 18 nM and 12 nM, respectively. Flares were absent in the region of these depressions, and considering the very low absolute concentrations, we assume the depressions to be pockmarks characterized by diffuse fluid transport or episodically occurring gas emissions. Trace amounts of ethane are common in biogenic gases in different environments and usually methane/ethane ratios in such samples are high (>>100). We assume that the low observed methane/ethane ratios found in the depressions at Britta (∼40) are the result of the preferential oxidation of methane compared to ethane occurring during a slow diffusive ascend of the fluid. Equally low methane/ethane ratios were assigned to partly oxidized biogenic gases in ground waters based on enrichments in 13C isotopes of methane (Schloemer et al., 2018). Propane, which would be an indicator for a migrated deeper sourced thermal (natural) gas, was not found, neither in the samples from the depressions in the Britta area nor in bottom waters at the Dogger Bank seep site.

The METS data are in good agreement with discrete water sampling from vertical CTD casts. Like the CTD casts, the METS profiles do not indicate any seepage of methane at salt diapir Belinda (well sites B15–3 and B15–2) and salt diapir Bella (well site B11–3; light gray lines in Figure 4B). At salt diapir Britta the deployments crossing the line of pockmarks detected slightly elevated methane concentrations of up to 20 nM in relatively flat time-series (Figure 4B) confirming a small methane flux into the water column. The pattern is similar close to well B11–1 with elevated concentrations of up to 40 nM. At Berta, where numerous gas flares were observed, the METS detected methane concentrations of ∼120 nM throughout most of the deployment (Figure 4B), indicating a strong oversaturation with methane over a wider area despite no active seepage having been crossed. The METS time series at Berta is relatively flat with no spikes. This is unlike a profile measured at the Dutch Dogger Bank seep area, where two clear peaks occurred during the crossing of a prominent flare cluster (Figure 4B). The METS data not only confirm the results from the discrete water sampling but show, that methane oversaturation extend beyond the small grid covered by the CTD stations.



Subsurface Gas Indications


Sediment Echosounder Profiling

Due to increased impedance contrasts resulting from enriched free gas content in the pore-space, gas in the subsurface becomes visible in sediment echosounder profiles as enhanced reflectors with high amplitudes and acoustic signal blanking appearing as vertical zones lacking any reflectors underneath these high amplitude reflections. Subsurface gas indications such as acoustic blanking and high amplitude reflections interpreted as gas pockets have been widely found and described in the Dutch North Sea sector including the nearby Dutch Dogger Bank seep area (Schroot et al., 2005; Römer et al., 2017). Subsurface acoustic blanking in our study area has been observed as (1) narrow vertical chimneys (examples shown with red arrows in Figures 5A,B), and (2) below subsurface seafloor incisions filled by sediments (Figure 5C). Chimneys were documented to reach within ∼3 m of the seafloor and are commonly few tens of meters wide. The most prominent chimney has been detected below the flare cluster at salt diapir Berta with a width of about 200 to 300 m (Figures 5A,B). Acoustic blanking below sediment-filled channels or basins becomes visible below the incised structure and follows the flanks up to the shallow subsurface (Figure 5C). This type of acoustic blanking is generally more extensive than the narrow chimneys. Acoustic blanking interpreted to result from increased free gas content were described also in relation to Pleistocene glacial valley-fills in the Netherlands EEZ (Schroot and Schüttenhelm, 2003; Schroot et al., 2005). In several sediment-filled incisions, blanking also pierces through the bottom of the channel or basin and is accompanied by high amplitude reflections at their upper limit (Figure 5C), where the gas appears to be hindered from further upward migration and accumulated. High amplitude reflections also occur in areas close to acoustic blanking in about 20 m depth below seafloor and were interpreted to represent gas pockets (Figures 5A,B). Another type of high amplitude reflections was frequently observed close to the seafloor connecting gas chimneys with flare observations in the water column (Figures 5A–C), appearing as narrow vertical lineations.
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FIGURE 5. Subbottom profiles recorded with the sediment echosounder Innomar SES-2000 during R/V Heincke cruise HE537 in the area close to salt diapir Berta. See Figure 6B for locations. Depth conversion has been estimated using a sound velocity of 1,500 m/s. (A) Profile covering the bright spot mapped in the deeper subsurface above salt diapir Berta. Acoustic blanking forming chimneys are indicated with red arrows, with the widest chimney below the flare cluster detected in the water column (red dashed line marks the outline). (B) Detailed profile focusing on the chimney (red dashed line), in which the high amplitudes between acoustic blanking and water column flare cluster becomes visible. (C) Detailed profile showing a sediment-filled channel with columnar acoustic blanking and high amplitude reflectors below, indicating increased gas concentrations migrating along the flanks of the channel up to the seafloor.


Gas indications in shallow sediments are most concentrated at but not restricted to the area at salt diapir Berta. The mean amplitude calculated in a sediment depth interval between 10 and 15 meters below seafloor (mbsf) illustrates differences in the “Entenschnabel” (Figure 6A). Whereas the northernmost part of the study area (around salt diapirs Bella and Berta) as well as the southern part (around salt diapirs Britta, Barbara and Carola) shows lowest mean amplitudes, the central part shows overall higher values indicating better sound penetration. Besides being influenced by higher gas concentrations, such differences could be also related to sedimentological differences of the deposits. However, in the central part, areas of highest mean amplitudes are related to the presence of high amplitude reflections in sediments deeper than 10 mbsf, possibly illustrating the occurrence of free gas, which rather accumulated in the subsurface and not percolated throughout the shallowest deposits. Mapping of high amplitude reflections further indicates that their occurrence is restricted to the northern and central parts (blue lines in Figure 6A), suggesting that these areas are influenced by higher gas concentrations. Furthermore, focused acoustic blanking zones were mapped revealing several occurrences apart from salt diapir Berta (red areas in Figure 6A). With few exceptions, acoustic blanking was observed close to the outlines of salt diapirs, e.g., of Birgit, Belinda, Bruni, and Carola. However, the highest abundance of acoustic blanking was detected in the area of salt diapir Berta (Figure 6B). In part, these were related to two sediment-filled incisions (black outlines in Figure 6B), which also show up as elevated mean amplitudes when deeper incised than 10 mbsf. High amplitude reflections and acoustic blanking not related to the sediment-filled incisions were concentrated in the northeastern part of the salt diapir.
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FIGURE 6. Subbottom analysis maps showing mean amplitude values between 10 and 15 mbsf throughout the entire dataset acquired, the locations of high-amplitude reflections (blue) and acoustic blanking (red). (A) Overview map (interpolated raster surface from track points using kriging, grid cell size is 50 m and maximum point distance is 500 m), (B) detailed map of the area mapped at salt diapir Berta (interpolated raster surface from track points using kriging, grid cell size is 10 m and maximum point distance is 100 m).




Electromagnetic Seabed Mapping

Free gas is considered to reduce the electric conductivity of the subsurface by replacing conductive pore-fluid with resistive gas and blocking of conduction paths through the sediment (Evans et al., 1999). EM methods are therefore used to derive volume estimates of free gas in the sediment (Cheesman et al., 1993; Schwalenberg et al., 2017). However, the sediment electric conductivity is controlled by other factors as well, such as pore-water salinity and temperature, lithology, clay content, grain-size, and sorting (e.g., Winsauer et al., 1952; Jackson et al., 1978).

The survey area at salt diapir Berta including borehole B11–4 (Figure 7A) is dominated by fine sands, with higher (11–20%) clay and silt content in the west, and medium to coarse sands in the northeastern section (Laurer et al., 2012). Apparent electric conductivities of the sediments are in the range of 0.711–0.953 S/m and follow the general sedimentary units with slightly lower values in fine sands in the western part and highest values in coarser sands in the eastern half of the survey area. This trend is interpreted to result from sediment sorting, where porosity is reduced with increasing content of fine particles. The large-scale sedimentary units are interrupted by several distinct electric conductivity lows. A prominent low is associated with acoustic blanking visible in subbottom data (see above) below the flare cluster (Figure 7A and profiles P2 and P3 in Figure 7B). The profile view (Figure 7B) depicts several focused conductivity minima, less than 50 m in diameter, which are smoothed by the gridding interpolation. In profile P3, three local minima are observed, where conductivity drops from background values of 0.82 to 0.74 S/m. Neglecting the saturation term in Eq. 1 we can derive a mean porosity for the study area of approx. 40% from the background conductivity outside the anomaly using Archie coefficients a = 1 and m = 1.6 for medium-fine to coarse sands (e.g., Evans et al., 1999), and a CTD-derived pore water conductivity of 3.7 S/m. According to Eq. 2, the drop in conductivity at the flare cluster relates to a free-gas saturation up to 5% of the pore-space. Similar patterns are observed in profile P2 although less developed and frequent. Another minimum has been mapped further south that appears to follow a SSE trending structure, which roughly mimics the boundary of the salt diapir. Profile P1 identifies a bimodal conductivity anomaly with a similar drop in amplitude, about 30 m to the east of the location of borehole B11–4. Video transects did not reveal changes (e.g., small-scale morphologies or sediment characteristics) of the seafloor sediments in this region. Due to the absence of acoustic blanking in the sediment echosounder profiles, we do not expect free gas to cause this conductivity low and assume over consolidated or contaminated sediments as a result of the drilling operation that took place in 2001. Note that we made the assumption that the sediment matrix (hence porosity) does not change for gas-charged sediments, thereby the gas saturation is a pure function of the conductivity difference and the empirical saturation exponent n, and hence independent from porosity, pore-water conductivity and grain-size. However, Szpak et al. (2012) and Garcia et al. (2014) even observed higher conductivities with highest volumes of gas within pockmarks which they explain by an increase in porosity and fining of the sediment in consequence of gas migration (and potentially by gas-driven microbial activity). Consequently, even higher free-gas concentrations are required to explain the drop in conductivity below the flare clusters. The impact of gas migration on the sediment fabric may be resolved combining electric conductivity mapping with, e.g., high-resolution sediment sampling, magnetic susceptibility mapping, or joint inversion with seismic data (e.g., Müller et al., 2011; Baasch et al., 2017; Attias et al., 2020), which is out of scope in this publication.
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FIGURE 7. Sediment electric conductivity data of the benthic EM Profiler. (A) Gridded 10 kHz EM conductivity data with flare locations (red dots), acoustic blanking from subbottom data (gray lines), and transect of subbottom profile B (Figure 5B; dashed line). (B) Selected profiles crossing conductivity minima (indicated by black lines in a; gray: raw data, black: median filtered) with projected flare locations. Background colors indicate areas of high flare density and acoustic blanking. Gas saturation estimates are based on the conductivity contrast (Eq. 1). A white cross marks the location of borehole B11–4 in both figures.




Gas Distribution and the Shallow Gas System in the “Entenschnabel”-Area


Flare Distribution in the Study Area

The flares detected during R/V Heincke cruise HE537 were not randomly distributed in the study area. Most flares (149 out of 166 certain flares) were found in the vicinity of subsurface salt diapir structures (Figure 8 and Table 2). Highest abundance of flares were located at or around salt diapir Berta (104 flares) and Bella (19 flares). Five other salt diapirs revealed the presence of 1 to 13 flares. Salt diapirs Clara, Bruni and Bettina did not show any sign of gas bubble seepage. However, they were not mapped with a larger coverage, but passed during transits with partly increased vessel speeds of 5–10 knots, limiting the data quality. In order to account for the different coverage in the study area, the fraction of each defined area that has been mapped for the presence of flares was calculated and related to the number of flare findings (Table 2). The results show that the flare abundance at those salt diapirs with only 1 to 13 flares are similar or only very slightly elevated in relation to transits (areas between salt diapirs). However, even when accounting for the coverage, Bella and especially Berta exhibit elevated flare abundances. The relation of gas seepage to salt diapirs is also known from closely located seep areas: the Tommeliten seep area (Hovland and Judd, 1988) and the Dutch Dogger Bank seep area (Schroot et al., 2005). Seismic studies revealed that shallow gas accumulations seem to be concentrated above salt structures, which act as focal structures for migration (Schroot et al., 2005; Müller et al., 2018). Distances of flare findings related to the outlines of subsurface salt diapirs show a clear peak in flare abundance in a distance of 1 to 500 m (Figures 9A,B). Most flares are actually not located directly above salt diapirs, but just around them. This observation might be interpreted to result from a certain lateral migration of gas along weakening zones or gas migration that is focused along the flanks of the diapir, probably depending on the deformation pattern above the salt diapir. Buoyant gas migrates upward to the seafloor, either along diapir-induced faults or at locations where the gas columns are tall enough that the pressure of the accumulated gas is higher than the capillary entry pressure of the unconsolidated sediments above (Müller et al., 2018). Faults are common structures at the crest of salt diapirs. They form during the growth of salt structures as a result of the deformation of the overburden (Jackson and Hudec, 2017). Shallow gas reservoirs have been detected and imaged as bright spots in about 300 to 800 mbsf (Müller et al., 2018). Distances of flare positions detected during this study were also plotted in relation to bright spot detections revealing a clear relation, with the majority of flares located directly above a bright spot (Figures 9A,B). Only 21% of all detected flares and 13% of flares classified as certain were found without a bright spot in the subsurface, whereas the maximum distance of a certain flare to the closest bright spot was 1.8 km.
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FIGURE 8. Map compiling flare detections in relation to subsurface salt diapirs and bright spots as well as abandoned wells. Almost 90% of all detected flares were found in the vicinity of subsurface salt diapir structures [depicted from Arfai et al. (2014)]. Note that salt diapir and bright spot areas are slightly transparent to illustrate their extents where overlapping each other. Bathymetry downloaded from www.gpdn.de.



TABLE 2. Spatial analysis of flare findings at different areas including coverage for water column mapping.
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FIGURE 9. Histogram plots showing the distances of flares to (A) salt diapirs, abandoned wells sites, and (B) bright spots (seismically identified). Only flares classified as certain were included. The histograms were binned at 500 m intervals, with the first bin = 0 m (flares plot above a salt diapir or bright spot area), second bin >0–500 m, third bin >500–1,000 m, ect. Darker colored bars illustrate the total numbers of flares, whereas the lighter colored bars indicate the relative abundance of flares including a normalization by the ship track coverage. The normalization corrects for the non-uniform mapping strategy in the study area.


It was examined if faults play a role as migration pathways for fluids in the “Entenschnabel” area by passing the Schillgrund fault four times during transits. This fault is the southeastern boundary of the Central Graben to the Schillgrund High (Figure 8). Faults and fractures were reported to relate in different ways to fluid flow patterns: acting as seals [i.e., Ligtenberg and Connolly (2003)] or providing temporally efficient migration pathways, as observed, e.g., in the Sea of Marmara (Dupré et al., 2015), the Sea of Okhotsk (Jin et al., 2011), and the Black Sea (Riboulot et al., 2017). The Schillgrund Fault has been shown to provide a pathway for salt diapirism, as salt intrusions south of salt diapirs Clara and Claudia rise up along this fault zone (Arfai et al., 2014). Salt diapirism in the Central Graben area is connected to pre-Zechstein faults (Davison et al., 2000; Ten Veen et al., 2012; Duffy et al., 2013; Arfai et al., 2014). Our water column mapping detected flares during three of the four crossings of the Schillgrund Fault zone, however, only two of the four detected flares were classified as certain. Since the two flares were closely located to salt diapir Clara, a relation of the Schillgrund Fault as active fluid migration pathway might be indicated but not proven.



Potential Gas Release Related to Abandoned Wells

Near distance analysis of flares to abandoned well sites showed a widespread distribution between 125 and 9,500 m (Figure 9A). Most flares were found in a distance of 1 to 1.5 km to a well site. When normalizing the distribution with the coverage during cruise HE537, individual flare findings in larger distances get amplified and the resulting distribution did not suggest a positive correlation with distance to abandoned well sites. No flare has been detected while exactly crossing one of the ten well sites surveyed during R/V Heincke cruise HE537 in the German North Sea. The closest distance of a flare to a well site is 125 m and only 13 certain flares were found in a distance of less than 500 m. However, seismic data acquired at a blowout in a Norwegian North Sea hydrocarbon exploration well indicated that gas entered into a shallow tunnel valley complex and migrated horizontally (Landrø et al., 2019), illustrating the complexity of shallow gas migration. Hence, the lack of correlation of flares with abandoned wells does not exclude any relationship particularly in complex geological settings, but we consider this to argue against a direct or indirect well-origin of gas emissions.

Six of ten wells were located in areas underlain by a bright spot, thus could be potential sites for release of shallow gas from the seafloor. Water column mapping revealed that flares were found in the vicinity of these six wells, but no flares were observed close to the four wells that are not related to a bright spot. Water column methane concentrations measured from samples at seven wells only showed clearly elevated concentrations at well B11–4 (located at salt diapir Berta). However, methane concentrations measured 500 m east and west of the well had similar values, pointing to a rather widespread gas release system above the salt diapir that is not focused at the well site. Methane concentrations were slightly above background (9 nM) in the bottom waters in the areas of wells B11–1 and B18–4 (Table 1 and Figure 4), but leakage at the well sites appears unlikely due to the lack of flares and dissolved methane concentrations in the water column did not increase toward the well positions (see above).

Abandoned wells can act as migration pathways for gas through the sediment column as shown in several studies at onshore wells (Kang et al., 2014; Boothroyd et al., 2016; Townsend-Small et al., 2016; Schout et al., 2019). However, much less is known about their importance as leakage sites of methane release into the water column and subsequently into the atmosphere. In contrast to a study by Vielstädte et al. (2015), who focused on gas release at abandoned wells in the central North Sea, our study suggests that surveyed abandoned wells did not provide clear evidence for fluid release along the wells. The flares found near abandoned well sites in this study were rather interpreted to relate to a system of natural migration pathways. Vielstädte et al. (2017) discuss that one-third of all wells may potentially leak and bring the awareness of a probably unrecognized methane emission pathway contributing to the greenhouse gas inventory. Supporting this estimate, Böttner et al. (2020) could show that 28 out of 43 investigated wells in the United Kingdom sector of the North Sea release gas from the seafloor into the water column. Although our data including abandoned wells in the German EEZ do not replicate these findings, our observations were limited to ten wells and base on infrequent crossing of the wells decades after drilling. Hence, we cannot entirely exclude methane seepage from the well sites nor can we confirm it.



Specific Gas System at Salt Diapir Berta

Flare abundance analysis has shown that the main seepage area in the “Entenschnabel” is located close to salt diapir Berta. In total, 104 flares (out of 166 flares classified as certain) were detected in this area covering about 8.4 km2. The flare distribution shows that gas seepage is not homogeneous across the area, but is concentrated in specific areas. Most prominent is a flare cluster comprising more than half of all detected flares (66 flares) in a small area of about 300 × 100 m (Figure 10). All flares are located above or in the vicinity (with a maximum distance of 1.3 km) of the subsurface salt diapir. The top of the salt diapir is located in approximately 2,000 mbsf (Müller et al., 2018). Whereas 20 flares are located directly above the salt diapir, the flare cluster is about 150 to 450 m northeast of the diapir outline.
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FIGURE 10. Map compiling data acquired at salt diapir Berta, where most of the flare findings were concentrated. Seismic interpretation (bright spot extent, subsurface fault indication, and gas chimney) was depicted from Figure 7 in Müller et al. (2018). Bottom water methane concentrations (yellow numbers) do not increase toward the well site.


Seismic interpretation including bright spots, faults and gas chimneys [depicted from Figure 7 in Müller et al. (2018)] reveal good correlation to flare locations mapped in this study (Figure 10). Except for one flare, all flares are located in the area underlain by seismically detected stacked bright spots. Eight flares align along the fault plane intersection with the seafloor. Müller et al. (2018) described that the horizons above the salt diapir intersect with a NW-SE striking normal fault. In addition, increased amplitudes at the flank of the fault and at the uppermost reflections above the fault indicated gas migration from the fault toward the seafloor. The flare cluster and 15 other flares (80% of all flares at Berta) plot in the area interpreted by Müller et al. (2018) as a gas chimney, which is indicated by discontinuous low amplitude reflections from the top of the salt diapir to the center of the bright spots. Hence, seepage found at Berta appears mainly focused through naturally evolved pathways related to salt diapirism.



CONCLUSION AND OUTLOOK

Our results show that methane seepage is not uncommon in the German “Entenschnabel” region in the North Sea. An extensive mapping campaign has proven the presence of at least 166 flares. As flares were not observed closer than 125 m to a well site, we conclude that the seepage is focused on naturally evolved pathways related to salt diapirism rather than drill holes and related mechanical sediment disruption. The majority of flares were located at salt diapir Berta, which is characterized by subsurface gas indications such as acoustic blanking, high amplitude reflectors, and sediment electric conductivity anomalies. Geochemical analyses of water samples suggest a shallow, microbial origin of the gas. However, additional deep subsurface imaging is needed to interpret the relation between salt diapirism and seepage into the water column. Our hydroacoustic flare observations imaged gas bubbles rising close to the sea surface and methane concentrations in surface waters were slightly elevated, both suggesting that gas bubbles might be a pathway to transport fractions of methane from the seafloor to the atmosphere.

Based on this study, we suggest to further characterize the nature of the active gas system in the German North Sea including the quantity of emitted methane, the gas source and address the following questions:

1. How much methane is released in form of gas bubbles and dissolved in pore water from the seafloor? Although our study did not systematically investigate the temporal variability, first results do indicate that flares are not stable over times of hours and days. Better understanding this variability and the controlling factors would be crucial to evaluate the gas quantities released.

2. Are the depressions detected at salt diapir Britta formed by fluid release? Are they related to the drilling activities at this site?

3 What is the origin of the methane emissions detected? If related to subsurface gas accumulations above salt diapirs, why is seepage mainly focused on salt diapir Berta?

4. Does methane released from the seafloor in the “Entenschnabel” reach the sea-air interface and contribute to the atmospheric inventory?

5. Is the Schillgrund Fault providing efficient fluid migration pathways

A better knowledge about shallow seep systems along continental shelf margins would be needed to evaluate the importance for gas exchange and fluid fluxes from the seafloor into the water column and eventually into the atmosphere.
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Supplementary Figure 1 | Survey and sampling strategy conducted during RV HEINCKE cruise HE537 exemplified at well B15–2. The area at and around the well was covered with eleven parallel transect lines and a line spacing of about 50 m for hydroacoustic mapping including water column recording. A MIC station for bottom water sampling was taken close to the well site, whereas CTD stations have been conducted around the well site with distances between 10 and 30 m. The METS sensor was towed close to the seafloor in a star-like pattern crossing the well site four times.

Supplementary Figure 2 | Map of the study area illustrating measured methane concentrations above the pycnocline. Methane concentrations increase from the SE to the NW.

Supplementary Table 1 | List of all flare detections during R/V Heincke cruise HE537 in the “Entenschnabel” area. Date, time, geographical position, and seafloor depth of findings are provided as well as a classification (in certain or uncertain) and the near distance calculation to salt diapirs, seismic bright spots, and abandoned wells.

Supplementary Table 2 | List of CTD and MIC stations taken during R/V Heincke cruise HE537, including geographic position, area name and measured methane and ethane concentrations in the water samples taken. bdl: below detection limit.
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Area Above pycnocline Surface waters Bottom waters

Name (well site) @ CHy4 (nM) 10 (nM) n @ CH4 (nM) 10 (nM) n @ CH4 (nM) 10 (nM) n
Bella (B11-3) 4.2 0.5 12 44 0.5 4 7.0 na 2
Berta (B11-4) 5.0 1.1 18 4.5 0.5 5 106.4 4.9 10
SE of Berta (B11-1) 51 0.9 16 4.4 0.6 4 17.8 na 2
Belinda (B15-1) 2.6 0.2 19 2.7 0.3 4 4.2 na 2
Belinda (B15-3) 3.3 0.5 16 3.7 0.3 4 6.1 na 2
Britta 2.6 0.1 8 2.7 0.1 2 10.2 na 2
Britta (B18-4) 2.8 0.2 10 2.6 0.1 2 15.2 3.4 8
Birgit 4.0 0.5 16 3.8 0.4 4 9.5 na 3
E of Belinda (B15-2) 35 0.3 12 3.6 0.1 4 8.5 na 2
Dutch Dogger Bank seep area 349.7 362.7 16 79.8 106.5 4 3491.9 4149.2 7

“Above pycnocline” combines all concentrations above the thermocline, “surface” between 3 and 6 m and “bottom” the bottom water samples from MIC deployments
and the deepest sample from CTD casts (for data see Supplementary Table 2).
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Area Area Coverage Area Number of Number of Flares per

(name) (km?2)  (km2?) covered certain flares-  coverage
(%) flares  normalized
Bella 20.3 5.4 27 19 0.71 3.52
Berta 17.7 8.4 47 104 219 12.38
Birgit 165 4.7 30 3 0.10 0.64
Britta 7.3 4.6 63 8 0.13 1.74
Belinda 35.5 5.9 17 13 0.78 2.20
Barbara 36.5 0.9 2 1 0.41 il |
Carola 16.4 1.4 9 1 0.12 0.71
Transit 1750.8 33.7 2 17 8.83 0.50
Entire study 1900 65 3 166 48.52 2.55

area

Flare numbers were normalized accounting for the area covered during HE537.
The calculated values for flares per coverage illustrate that areas Bella and Berta
are above the average of other areas and the entire study area.
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