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Abstract  9 

A large geophysical dataset, including bathymetry, and 2D and 3D P-cable seismic data, revealed 10 

evidence of numerous gas flares near the S2 Canyon in the Danube Fan, northwestern Black Sea. This 11 

dataset allows us to investigate potential relationships between gas migration pathways, gas vents 12 

observed at the seafloor and submarine slope failures. Vertical gas migration structures as revealed in 13 

the seismics appear to be concentrated near submarine slope failure structures. Where these 14 

seismically defined features extend upwards to the seafloor, they correlate with the location of gas 15 

flares. However, not all these structures reach the seafloor, in some cases because they are capped by 16 

overlying sediments. A strong correlation is inferred between gas migration pathways, heterogeneous 17 

mass transport deposits and contacts between adjacent units of contrasting lithology. Although 18 

missing age constrains prevent a final judgement, we discuss the potential relationship between 19 

submarine slope failures and gas migration in order to determine if gas migration is a precursor to 20 

failure, or if the presence of slope failures and associated mass transport deposits facilitates the 21 

migration of gas. Our observations indicate that lithological heterogeneity, mass transport deposits 22 

and minor sediment deformation control gas migration pathways and the formation of gas chimney-23 

like features. Gas migration is focused and gradual, resulting in gas flares where the chimney-like 24 

features extend to the seafloor, with no evidence of erosive features such as pockmarks.  25 

Keywords 26 

Gas migration, chimneys, gas hydrate, Danube Fan, slope failure, Black Sea 27 
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Introduction 28 

The Black Sea is thought to contain 96 x 109 kg of methane dissolved in the water, with an estimated 29 

1–5 x 1012 m3 of gas hydrates, resulting in a basin-wide flux of methane into the water column of 3.60–30 

4.28 Tg yr-1 (Kessler et al., 2006; Starostenko et al., 2010). Reeburgh et al. (1991) and Kessler et al. 31 

(2006) concluded that the Black Sea is the largest surface water reservoir of dissolved methane , 32 

emitting 0.066 Tg yr-1 to the atmosphere, with methane concentrations of >15 μM measured in water 33 

depths of >100 m (Pape et al., 2008). Approximately 68% of the Black Sea basin is thought to be 34 

suitable for gas hydrate formation, but evidence of hydrates in the form of bottom simulating 35 

reflections (BSRs) within the expected gas hydrate stability zone (GHSZ) has been observed in only a 36 

few areas in water depths of 600–1800 m (Lüdmann et al., 2004; Popescu et al., 2007; Popescu, 2006; 37 

Starostenko et al., 2010; Vasilev and Dimitrov, 2002; Zander et al., 2017b). The best and most 38 

widespread BSRs in the Black Sea have been imaged in the Danube Fan area (Popescu et al., 2007, 39 

2006; Zander et al., 2017b). Outlines of the BSR distribution in the Danube Fan by Popescu et al. 40 

(2007, 2006) and Zander et al. (2017b) vary slightly depending on the referred data set, but are clearly 41 

separated by the Viteaz Canyon. Gas hydrates have been recovered in the Danube Delta (Riboulot et 42 

al., 2018), offshore Crimea (Bohrmann et al., 2003; Römer et al., 2012), and offshore Georgia 43 

(Heeschen et al., 2011) but without clear evidence of a BSR. These sites are associated with gas 44 

emissions (gas flares) at the seafloor (Greinert et al., 2006; Klaucke et al., 2006; Römer et al., 2012), 45 

but most gas flares in the Black Sea occur in water depths of less than 725 m, i.e. above the GHSZ 46 

(Naudts et al., 2006).  47 

The precise mechanisms by which gas migrates from depth to reach the seafloor in the Danube Fan 48 

are still poorly understood. Understanding shallow gas migration and the potential relationship with 49 

the hydrate system in this region is of interest for offshore hydrocarbon exploration due to the 50 

potential hazard of shallow gas accumulations when drilling, and also the possible connection to 51 

submarine slope failures which pose a risk to seafloor infrastructure. In this study we present seismic 52 

data acquired during the R/V Maria S. Merian (MSM34) cruise of 2013–2014 (Figs. 1 and 2) to 53 
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demonstrate that there are several settings that are conducive to gas migration in the region, 54 

including lithological contacts acting as flow pathways and vertical gas migration structures, or gas 55 

chimneys. Gas chimneys are defined as an area of low-concentration gas migrating upwards from a 56 

gas accumulation at depth (Cartwright, 2007; Gay et al., 2006; Karstens and Berndt, 2015; Koch et al., 57 

2015). Gas chimneys act as conduits for vertical migration of fluid and/or gas and can be imaged in 58 

seismic data as anomalies characterized by distorted reflections and low velocities caused by 59 

incoherent scattering, absorption and poor stacking due to nonhyperbolic normal moveout (NMO) 60 

(Karstens and Berndt, 2015; Løseth et al., 2009; Sheriff, 2011).  61 

There are several factors that may play a role in controlling the migration of gas through the 62 

sediments. The formation of gas chimneys and other vertical fluid flow anomalies is generally 63 

controlled by overpressure-induced hydrofracturing of overlying, low-permeability sediments (Judd 64 

and Hovland, 2007; Karstens and Berndt, 2015; Mountjoy et al., 2014). Other factors, such as faulting 65 

and deformation, lateral gas migration, formation-wide overpressure, and lithological heterogeneity 66 

may also play a role (Cartwright et al., 2007; Chenrai and Huuse, 2017; Karstens and Berndt, 2015; 67 

Nicoll, 2016; Seebeck et al., 2015). Determining how these factors interact may help us in 68 

understanding the formation history and location of gas chimneys and flares. In addition, we propose 69 

that gas accumulation due to overpressure build up may be one of the driving forces behind the 70 

development of gas flares at the seafloor. Lastly, we investigate the potential link between gas 71 

migration and slope failure events in the vicinity of a submarine canyon in the Danube Fan.  72 

Geological setting of the Danube Fan  73 

The Danube Fan is a fine-grained turbidite system located in the northwest Black Sea, offshore 74 

Romania (Fig. 1 and 2) and consists of a series of stacked channel-levee sequences that have built up 75 

over the last ~900 ka (Popescu et al., 2001; Winguth et al., 2000; Wong et al., 1997, 1994; Zander et 76 

al., 2017b). The continental shelf here is up to 120 km in width, and the Danube Fan lies downslope of 77 

the shelf break (at ~100 m water depth) extending down to the basin floor at depths of >2200 m 78 

(Wong et al., 1997). The channel-levee systems of the Danube Fan are characterized by erosional 79 
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processes in the upper reaches, transitioning to depositional processes in the middle to lower slope 80 

(Feldman et al., 2017; Popescu et al., 2001). The Viteaz Canyon was the most recently active canyon in 81 

the fan during the last glacial maximum when it was connected directly to the Danube River (Popescu 82 

et al. 2001). The development of the submarine canyons that still have a bathymetric expression was 83 

initiated ~22 ka, with several smaller canyons being incised prior to the formation of the main Viteaz 84 

Canyon (Winguth, 1998; Winguth et al., 2000). One such canyon is the S2 Canyon, which lies to the 85 

northeast of the Viteaz Canyon and is the focus of this study (Figs. 1 and 2). These features are 86 

classified as canyons in the upper reaches where they are incising the shelf edge and dominated by 87 

erosional processes, and channels in the outer reaches of the fan where they are dominated by 88 

depositional, aggregational processes (Popescu et al., 2001). For consistency, in this study we refer to 89 

the two features being discussed as the Viteaz Canyon and the S2 Canyon, as we are primarily 90 

concerned with the upper reaches where the canyons incise the shelf edge. The morphology of the 91 

canyons and channels in the Danube Fan is influenced by the Coriolis force—a common observation in 92 

mid- to high-latitude systems with a right deviation of flow direction in currents in the northern 93 

hemisphere (Menard, 1955)—resulting in larger levees on the western side of the canyons (right-hand 94 

to the downslope flows) relative to those to the east (Popescu et al., 2001; Zander et al., 2017b). The 95 

fan was abandoned as sea level rose at about 7,500 years bp, resulting in sediment supply being 96 

restricted to nearshore lagoons (Chepalyga, 1984; Lericolais et al., 2013; Martin and Yanko-Hombach, 97 

2011; Panin and Popescu, 2007). 98 

A key stratigraphic horizon in the region is the Base Neoeuxinian Sequence Boundary (BNSB), which 99 

marks the onset of activity in the Danube Fan during the last sea-level lowstand in the Black Sea (Fig. 100 

3) (Popescu et al., 2001). The BNSB horizon has been dated at ~22 ka using 14C dating of a sample 101 

recovered in core MD04-2762 during the ASSEMBLAGE 1 cruise in 2004 (Lericolais et al., 2013). This 102 

sample was recovered ~150 km southeast of the MSM34 study area, and as such, only provides a 103 

minimum age for the BNSB. Whilst the MD04-2762 core provides a minimum age for the BNSB, the 104 
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maximum age of this horizon ~75 ka can be determined using sea level curves as sea level rise prior to 105 

75 ka prevented sedimentation in the Danube Fan (Chepalyga, 1984; Panin and Popescu, 2007).  106 

There are four key sedimentary facies in the Danube Fan: mass transport deposits (MTDs), channel fill 107 

sediments, lobes and levee deposits (Popescu et al., 2004). Lobes are not significant on the slope and 108 

as such are not discussed further here. The other three are characterised in seismic data as follows.  109 

1. Mass transport deposits (MTDs), or slumps associated with slope failure events are 110 

characterised by hummocky, chaotic and irregular seismic facies, with discontinuous, low to 111 

high amplitude reflections (Popescu et al., 2004; Winguth et al., 2000; Zander et al., 2017a). 112 

These deposits are interpreted as predominantly fine-grained sediment, with occasional 113 

coarse-grained sections in some areas. Although there is some discussion in literature 114 

regarding the definition of slope failure related deposits, for the purposes of this study, all 115 

deposits associated with slope failure events are referred to as MTDs (Mulder and Alexander, 116 

2001; Mulder and Cochonat, 1996). 117 

2. Canyon fill sediments are associated with turbidity-current deposits within the canyons. While 118 

canyons are, by definition, erosive, they become partially infilled by such late-stage deposits 119 

because of waning turbidity current activity. These are characterised by subparallel, irregular 120 

or hummocky reflections along narrow belts with high amplitudes in seismic data (Flood et al., 121 

1991; Konerding, 2008; Lericolais et al., 2013; Winguth et al., 2000). These sediments are 122 

predominantly coarse-grained clastics with a high proportion of sand inferred from the 123 

seismic response and similar analogs, such as the Amazon Fan (Flood et al., 1991).  124 

3. Levee deposits are extensive across the Danube Fan, with the Viteaz Levee sediments 125 

extending across much of the study area. Levees are predominantly composed of finely-126 

laminated, fine-grained spill-over turbidites. They may also contain occasional thin, sand-rich 127 

intervals that can act as permeable pathways. These are characterised in the seismic data by 128 

parallel to convergent, laterally continuous reflections of low to medium amplitudes with an 129 
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overall wedge-shaped geometry (Popescu et al., 2001; Winguth et al., 2000; Wong et al., 130 

1997). 131 

Gas flares in the water column have been recorded in over 5000 locations in the Black Sea and range 132 

from seeps related to deep seated mud volcanoes (Greinert et al., 2006) to widespread seepage in 133 

water depths shallower than the upper limit of the gas hydrate stability zone (Egorov et al., 2011, 134 

2003; Naudts et al., 2006; Römer et al., 2012; Starostenko et al., 2010). Few gas flares have been 135 

observed from within the gas hydrate stability zone (Klaucke et al., 2006; Römer et al., 2012). Upward 136 

migration of gas through the sedimentary column is typically associated with structural or lithological 137 

contacts, which facilitate the movement of gas and can be imaged in seismic data as so-called gas 138 

chimneys, (Bello et al., 2017; Heggland, 2005). It has been suggested that flares in the Black Sea may 139 

be aligned along faults, as such structural features commonly act as conduits for fluid and/or gas flow 140 

(Popescu et al., 2007). In many cases, there appears to be a direct correlation, based on seismic 141 

observations, between the distribution of faults and the occurrence of flares (Popescu et al., 2007). 142 

However, they are also observed in the absence of fault systems, frequently in the vicinity of 143 

submarine slope failures and canyons (Kutas et al., 2004; Starostenko et al., 2010), or they can be 144 

aligned along the crest of submarine ridges (Naudts et al., 2006). Previous studies show that the Viteaz 145 

Canyon is located above the presumed offshore position of the Peceneaga-Camena fault; a feature 146 

which could act as a migration pathway for gas (Popescu et al., 2004; Winguth et al., 2000).  147 

Gas venting in the Black Sea and other areas is commonly observed in conjunction with other seafloor 148 

features such as mud volcanoes, pockmarks, bacterial mats and the precipitation of authigenic 149 

carbonates (Bohrmann et al., 2003; Gay et al., 2007; Judd and Hovland, 2007; Kessler et al., 2006; 150 

Suess, 2014). Authigenic carbonates have been observed in the northwest Black Sea in the vicinity of 151 

seep sites in water depths of 230–1738 m (Mazzini et al., 2004; Peckmann et al., 2001; Starostenko et 152 

al., 2010). The origin of gas in this region is not well constrained, and previous studies have shown 153 

evidence of both thermogenic and biogenic sources in the Black Sea region (Olaru-Florea et al., 2014; 154 
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Starostenko et al., 2010). Data from gas seeps and sediment cores in the northwest region show that 155 

the composition of the gas in this area is >99% methane (Popescu et al., 2006; Zander et al., 2017b).  156 

 
Figure 1Figure 1Figure 1Figure 1 Map of the Danube Fan study area showing the location of the full dataset acquired during the 

MSM34 cruise. The focus of this paper is the S2 Canyon region in Area 2 (see Fig. 2). Inset: Location of 

the study area in the northwestern Black Sea. RO = Romania, TR = Turkey, BG = Bulgaria, UA = Ukraine.  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

FigureFigureFigureFigure    2222 Map of the Danube Fan study area. The location of seismic lines included in this paper is 

indicated by the black dashed lines. 

Gas migration pathways  157 

Evidence of gas migration through the sedimentary column can be observed in seismic data in the 158 

form of enhanced amplitude seismic reflections associated with the presence of free gas in the 159 

sediments (Bünz and Mienert, 2004; Ecker et al., 2000; Hornbach et al., 2003; Max and Johnson, 160 

2014). Free gas in sediments scatters acoustic energy, resulting in the disturbance of seismic 161 

reflections, an effect known as acoustic turbidity (Judd and Hovland, 2007; Popescu et al., 2007). 162 

Where gas content is high, turbidity may fade out to complete ‘blanking’ where sediments appear to 163 

be acoustically impenetrable (Popescu et al., 2007; Yun et al., 2005). Such features are commonly 164 

associated with anomalously high-amplitude enhanced reflections or bright spots, which result from 165 

high concentrations of free gas trapped in the sediments (Andreassen et al., 2007; Gorman et al., 166 

2002; Karstens and Berndt, 2015). Such accumulations of free gas result in increased impedance 167 

contrast with inverted reflectivity across horizons due to the anomalously low velocity, and low 168 
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impedance, of gas bearing sediments (Popescu et al., 2007). Gas chimneys are common in the Black 169 

Sea. On the inner shelf these features tend to terminate against a major unconformity which is 170 

interpreted as Oligocene to Upper Miocene in age (Gillet et al., 2003; Popescu et al., 2007). On the 171 

outer shelf these chimneys may reach the seafloor, resulting in active venting and gas flare formation 172 

at the seafloor (Popescu et al., 2007). This is thought to be a function of the permeability of the base 173 

of the Miocene sediments, and may also be related to increased localized gas supply as some 174 

chimneys are associated with known hydrocarbon fields (Popescu et al., 2007). 175 

In addition to supplying gas to flares, gas migration in the subsurface is thought to have played a role 176 

in the formation of submarine slope failures (McIver, 1982). Such failures are also found along the 177 

shelf break in the Danube Fan (Ker and Riboulot, 2015). Gas hydrates have frequently been linked to 178 

submarine slope failures, and it has been proposed that dissociation of hydrates following a shift in the 179 

GHSZ due to sea level lowering or seafloor warming may be a factor in slope failure events through 180 

generating overpressure and causing sediment destabilisation (Crutchley et al., 2007; Dondurur et al., 181 

2013; Horozal et al., 2017; Li et al., 2016; Mountjoy et al., 2014; Sun et al., 2017). In addition, there is 182 

some debate regarding the impact that the presence of gas hydrates has on the stability of sediments. 183 

Some studies propose that the presence of gas hydrates in sediments may reduce the stability of 184 

slopes as a result of enhanced creep behaviour and high strain-dependence, as demonstrated in 185 

laboratory experiments of hydrate-bearing sediments (Handwerger et al., 2017; Mountjoy et al., 186 

2014). Others propose that hydrates act as a cement, strengthening the sediment and thereby 187 

reducing slope failure occurrence (Winters et al., 2007; Yoneda et al., 2016). A recent paper by Elger 188 

et al. (2018) suggests that overpressure at the base of hydrate stability results in the formation of 189 

pipes, which transfer overpressure to shallow depth and contribute to destabilization of a slope. 190 

Data and methods 191 

During the MSM34 cruise, multibeam bathymetry data, sub-bottom profiler data, regional 2D seismic 192 

lines, high resolution 2D lines, and high resolution 3D P-cable seismic volume were acquired (Figs. 1 193 

and 2) (Bialas et al., 2014). A grid of regional 2D multichannel seismic profiles was acquired as 194 
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reconnaissance data across the entire Danube Fan. A high-resolution set of 2D multichannel seismic 195 

lines and a 3D multichannel seismic cube were acquired across a slope failure structure next to the S2 196 

Canyon, hereafter referred to as the S2 slump. Multibeam bathymetry data were acquired using a 12 197 

kHz, hull mounted Simrad® EM122 multibeam echosounder. Bathymetry data were processed 198 

onboard using MB-systems® and gridded at a resolution of 25 m x 25 m. Sub-bottom profiler data 199 

were acquired using an Atlas Parasound PS70 hull mounted parametric echosounder system. The 200 

system operated with primary frequencies of 18 and 22 kHz resulting in 4.0 kHz secondary 201 

(parametric) signal and a beam width of 4.5–5.0°. The parametric frequency was used to image 202 

shallow subsurface structures and stratigraphy, with a maximum penetration of 200 ms TWT. During 203 

the second leg of the cruise (MSM34-2) the lower primary frequency (18 kHz) was used for water 204 

column imaging to detect gas flares.  205 

Seismic data acquisition  206 

The acquisition parameters for the three seismic data types acquired during the MSM34 cruise are 207 

summarised in Table 1.  208 

Table Table Table Table 1111 Summary of acquisition parameters for seismic surveys included in this study (Fig. 1). Nominal 209 

vessel speed of 3.5 knots.     210 

 2D regional lines2D regional lines2D regional lines2D regional lines    2D high resolution lines2D high resolution lines2D high resolution lines2D high resolution lines    3D P3D P3D P3D P----cable volumecable volumecable volumecable volume    

Source 45 in3 / 45 in3 GI gun, shot 

interval 18.75 m, source 

depth 2 m 

45 in3 / 45 in3 GI gun, shot 

interval of 3 s, source depth 

2 m 

45 in3 / 45 in3 GI gun, shot 

interval of 3 s, source depth 

2 m 

Streamer HydroScience SeaMUX 

Digital-bidirectional, 1050 m 

long, 168 channels, 6.25 m 

group interval, 8 

hydrophones per group. 

Record length 45 s max. 

Streamer depth 4 m.  

225 m long, 144 channel 

streamer. Vibration 

isolation section of 25 m, 

55 m tow cable and 19 

active sections of 12.5 m 

length. Total active length 

of 237.5 m.  

Streamer depth 2 m. 20 

streamers towed in parallel, 

active sections of 12.5 m 

length, 8 channels per 

section.  

Data 

acquired 
2114 km 110 km  30 km2 

2D seismic data processing 211 
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Processing of the regional 2D seismic data consisted of correction of the navigation data, signal-212 

processing, stacking, semblance picking and true-amplitude time migration. No gain was applied 213 

during processing. The regional seismic lines have a CDP spacing of 3.12 m and a centre frequency of 214 

70 Hz. The high resolution seismic lines have a CDP spacing of 1.5625 m, with a centre frequency of 215 

130 Hz (Bialas et al., 2014; Zander et al., 2017b). The streamers used for the high resolution seismic 216 

lines are too short for semblance analysis. The velocity information for the regional seismic profiles 217 

was therefore extrapolated to the high-resolution data. Both data types were converted from time to 218 

depth domain using the velocity information derived from the regional seismic lines and cross-checked 219 

with P-wave velocities from ocean bottom seismometers that were available in the study area (Bialas 220 

et al., 2014; Zander et al., 2017b). 221 

P-cable 3D seismic data processing 222 

Processing of the 3D seismic data included shot and receiver repositioning, shot based signal 223 

processing, a low-cut frequency filter of 28 Hz, a 3D marine cable filter (3D FK-dip-filt) and lastly, trace 224 

balancing. The data was then binned to a grid of 3.125 x 3.125 m and stacked with a fairly averaged 225 

NMO, followed by a post-stack trace interpolation. Post stack time-migration was conducted using an 226 

extended 3D Stolt migration followed by a 2-pass frequency domain (residual) migration inline-227 

crossline. This was done using a simple velocity model with a water velocity of 1482 m/s. The 3D 228 

volume was then depth converted using a pseudo-3D depth variant velocity model constructed using 229 

ocean bottom seismometer (OBS) data acquired during the MSM34 cruise.  230 

Seismic and sequence stratigraphic interpretation 231 

Both the 2D and 3D seismic data were loaded into IHS Kingdom® for the interpretation of key horizons 232 

and structures. The 2D seismic data acquired during MSM34 were used to map out regional 233 

stratigraphic horizons across the Danube submarine fan complex to provide relative age constraints 234 

for the development of the S2 channel–levee complex, and the S2 slump. Interpretation of the BNSB 235 

surface was based on the location of the sequence boundary as per Popescu et al. (2001) and 236 
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modified based on the new seismic data available in this study and at ExxonMobil Upstream Research 237 

Company (EMURC). 238 

Results  239 

The key stratigraphic horizons and units identified in the seismics are summarized in Table 2 and Figs. 240 

3 and 4. In addition to the key lithological and stratigraphic units, a distinct BSR was identified in the 241 

2D and 3D seismic data across the Danube Fan. In some areas of the fan the BSR is characterized as a 242 

clear reflection that is phase-reversed relative to the seafloor, roughly mimics seafloor topography 243 

and cross-cuts strata. However, in the vicinity of the S2 Canyon in the 3D seismic volume the BSR is 244 

characterized instead by the abrupt termination of high amplitude reflections at a depth of 90-120 m 245 

below the seafloor, creating a distinct boundary, with clear phase reversal of cross-cutting reflections 246 

(Fig. 5). 247 

Table 2Table 2Table 2Table 2 Summary of key units (Fig. 3) and geomorphological features (Fig. 4) identified in the MSM34 248 

seismic data. 249 

UnitUnitUnitUnit        Seismic CharacteristicsSeismic CharacteristicsSeismic CharacteristicsSeismic Characteristics    Extent / LocationExtent / LocationExtent / LocationExtent / Location    

Viteaz Levee 

Parallel to convergent, laterally continuous 

reflections with low to medium amplitudes. 

Wedge shaped geometry with increased 

thickness on the western flank of the Viteaz 

Canyon. Interpreted as slit/clay rich sediment 

associated with turbidity currents. Higher 

amplitude reflections interpreted as coarse-

grained, sand-rich horizons. 

Located along flanks of the main 

Viteaz Canyon at the center of the 

Danube Fan (Figs. 2 and 3). Extends 

across the full lateral extent of the 

seismic dataset, thinning with 

distance from the canyon.  

S2 Levee 

Parallel to convergent, laterally continuous 

reflections with low amplitudes. Wedge 

shaped unit that is generally thicker to the 

west of the S2 Canyon. Interpreted as slit/clay 

rich sediment associated with turbidity 

currents. 

Located along the flanks of the S2 

Canyon. Narrow extent laterally, 

constrained to ~7 km west and 

~4 km east of the S2 Canyon.  

MTD 1 Irregular, chaotic, discontinuous reflections 

with variable amplitudes. Interpreted as 

predominantly fine-grained material with 

some coarse-grained sediment, highly 

heterogeneous across units.  

Located directly above the BNSB. 

Extends across ~3200 km2 of the 

Danube Fan with maximum 

thickness between the S2 and 

Viteaz Canyons (Fig. 3).  

MTD 2 

Located between the S2 and Viteaz 

Canyons, with maximum thickness 

immediately west of the latter (Fig. 

3). Extends across ~520 km2 of the 
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fan.  

MTD 3 

(see Fig. 9) 

Located at the seafloor, forming the 

‘floor’ of Slump A. Average 

thickness of the unit is 25 m. The 

unit is not fully mapped in the 

MSM34 seismic data. 

MTD 4 

(see Fig. 5) 

Chaotic, discontinuous reflections with variable 

seismic amplitude beneath the S2 Slump scar. 

Interpreted as predominantly fine-grained 

material with some coarse-grained sediment, 

highly heterogeneous across units.  

Located beneath S2 Slump, 

discontinuous when mapped out 

across the 3D seismic data. Base of 

the deposits is not consistently 

imaged in the seismic data due to 

limited signal penetration. 

 
 

 
 

FeatureFeatureFeatureFeature    CharacteristicsCharacteristicsCharacteristicsCharacteristics    Extent / LocationExtent / LocationExtent / LocationExtent / Location    

Slump A 

Elongate downslope feature that extends 

~6 km upslope of the S2 slump headwall. 

Headwall of the slump is slightly crenulated 

and has been incised by younger canyon 

features (Ker and Riboulot, 2015). Average 

height of the headwall is 10 m, average width 

is 2.6 km.  

Upslope of the S2 Slump (Figs. 2 

and 4), covers ~20 km2, not fully 

mapped in MSM34 data – extent 

estimated from Ker and Riboulot 

(2015).  

Slump B 
Small slump adjacent to the S2 Canyon with a 

relatively smooth headwall.  

Southwest flank of the S2 Canyon in 

water depths of 540 to 650 m (Figs. 

2 and 4), covers ~3 km2. 

S2 Slump 

Well defined, horseshoe shaped feature with a 

relatively smooth headwall. Average height of 

the headwall is 55 m, average width is 2.2 km.  

Southwest flank of the S2 Canyon in 

water depths of 560 to 790 m, 

downslope of Slump A and Slump B 

(Figs. 2 and 4), covers ~8 km2. 

Sequence Stratigraphy  250 

Based on stratigraphic interpretation of more extensive datasets available at EMURC, the BNSB has 251 

been identified in the MSM34 dataset as the prominent regional unconformity at the base of the 252 

widespread MTD 1 (Fig. 3). Above the BNSB, several other stratigraphic horizons were mapped across 253 

the extent of the 2D seismic data, delineating 4 key stratigraphic units (Fig. 3). These are MTD 1, the 254 

levee associated with the S2 Canyon, MTD 2, and the extensive levee associated with main 255 

Danube/Viteaz Canyon (Fig. 3).  256 

Based on the interpreted sequence stratigraphy and the absolute age estimates presented above, 257 

sedimentation rates can be calculated for the key sediment packages in the Danube Fan and these are 258 

summarised in Table 3.  259 
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Table Table Table Table 3333    Sedimentation rates for the Danube Fan, calculated using average unit thickness along Line 11 260 

(see Fig. 3). *In the absence of core samples to establish the precise nature of the formation MTD 1, we 261 

assign a nominal duration of 1 ka for the purpose of the calculation.  262 

UnitUnitUnitUnit    Age (Age (Age (Age (ka ka ka ka 

BP)BP)BP)BP)    

Duration Duration Duration Duration 

(ka)(ka)(ka)(ka)    

Average Average Average Average 

thickness (m)thickness (m)thickness (m)thickness (m)    

Volume Volume Volume Volume 

(km(km(km(km3333))))    

Sedimentation rate Sedimentation rate Sedimentation rate Sedimentation rate 

(m/ka)(m/ka)(m/ka)(m/ka)    

Viteaz Levee 19-7.5 11.5 170.53 1161.86 14.8 

S2 Levee 21-19 2 47.35 5.50 23.68 

MTD 1 22-21 <1* 239.19 596.32 239.19 

Gas flares  263 

During the MSM34 cruise several acoustic anomalies in the water column were imaged in the high 264 

frequency sub-bottom profiler data (Fig. 5). Most of these occur at approximate water depths of 265 

~665 m, which correlates to the calculated top of the GHSZ. Several of the flares were observed during 266 

multiple crossings. Gas flares are abundant near the S2 Canyon and S2 slump, with several gas flares 267 

imaged along the headwall and sidewalls of the S2 slump (Figs. 4 and 5).  268 
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Figure 3Figure 3Figure 3Figure 3 a) Seismic Line 11. b) Line drawing of the interpreted seismic line (Line 11). BNSB = base 

Neoeuxinian sequence boundary, MTD = mass transport deposit. For location of the seismic line see Fig. 1. 

c) Schematic stratigraphic column of the key units in the Danube Fan that are the focus of this study. 
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Figure 4Figure 4Figure 4Figure 4 3D perspective view of the S2 canyon and slump to show the location of flares identified during 

the MSM34 cruise in the area. The dashed lines delineate the edges of the 3 slope failure features – the S2 

slump, slump A, and slump B. The majority of slump A is not imaged in the MSM34 bathymetry; however, 

this can be identified clearly in the bathymetric data acquired during the GHASS cruise (Ker and Riboulot, 

2015). For the purposes of the 3D visualization, a 10x vertical exaggeration has been applied.   

Gas migration pathways 269 

The seismic data acquired during cruise MSM34 show several amplitude anomalies that are 270 

interpreted as potential gas migration pathways. They are subdivided into migration pathways related 271 

to lithology, and gas chimney-like structures.  272 

Migration pathways related to lithology 273 

In the vicinity of the S2 slump the BSR is closer to the seafloor than in adjacent areas, although the BSR 274 

does not actually intersect the seafloor in the seismic data (Figs. 6 and 7). In this area, the BSR appears 275 

to approach the base of the chaotic, deformed strata (MTD 4) beneath the S2 slump (Fig. 7). Beneath 276 

the S2 Canyon, the BSR is clearly defined by the termination of several high amplitude reflections, with 277 

patches of enhanced amplitudes along the BSR and in the sediments underlying the S2 slump. Several 278 

of these high amplitude reflection packages near the seafloor underlie the southwestern sidewall of 279 

the S2 slump (Fig. 8), and correlate with the position of observed flares at the seafloor.  280 
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In the levee sediments to the northeast of the S2 Canyon, there are two high amplitude horizons; at 281 

the base of the package of well-laminated near seafloor sediments, and within a unit characterized by 282 

relatively seismically transparent facies (Fig. 6). These two horizons are truncated along the canyon 283 

wall and correlate with the position of flares observed during the MSM34 cruise. A similar relationship 284 

is observed further to the northeast along the canyon. 285 

Gas migration structures  286 

In the seismic data, numerous structures have been identified that are tens-of-meters in diameter, 287 

conical in geometry, and are capped by high amplitudes underlain by zones of acoustic blanking (Figs. 288 

7–10). Based on observations in the seismic data these structures can be categorized into Groups A, B 289 

and C, based on their dimensions, amplitude characteristics and geometry (Table 3).  290 

Table Table Table Table 3333    Characteristics of the 3 groups of vertical migration structures identified in the MSM34 seismic 291 

data.  292 

 Group AGroup AGroup AGroup A    Group BGroup BGroup BGroup B    Group CGroup CGroup CGroup C    

Number 26 15 7 

Geometry 

Narrow (10s to 100s of 

m), steep sided 

structures 

Conical, narrow peak 

(10s to 100s m) and 

broad base (several 

100 m) 

Varied, some broad and 

elongate, others patchy 

and dispersed 

Amplitude 

characteristics 

High amplitude at top, 

with blanking or dimmed 

amplitudes below 

High amplitude at the 

peak and to the edges, 

with blanking or dimmed 

amplitudes at the center 

of the structure 

Broad area of high 

amplitudes, or patchy, 

dispersed high 

amplitudes, less well 

defined  

Active 

migration? 

Associated with active 

flares where they extend 

to the seafloor 

Associated with active 

flares where they extend 

to the seafloor 

Associated with active 

flares where they extend 

to the seafloor 

The structures in Group A and B are both characterized by distinct high amplitude anomalies, and/or 293 

acoustic blanking, and are differentiated primarily by their geometry and size, with Group B being 294 

more complex in structure and larger in size (100s of m in diameter). Group B are also frequently 295 

associated with high amplitude strata at depth, which fade into zones of acoustic blanking at the base 296 

of these structures (e.g. Fig. 8). Several of the larger features in Group B show stacked concentric 297 

circles of high seismic amplitudes, centered on a zone of acoustic blanking (Fig. 9). Both Group A and B 298 
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are characterized by distinct chimney-like shapes, with circular to elliptical horizontal geometry when 299 

observed in the 3D seismic data. Group C are less well defined in the seismic data, and do not exhibit 300 

the same ‘chimney-like’ shape, with some characterized by discrete, broad high-amplitude anomalies, 301 

and others as clusters of chaotic seismic facies with patchy high amplitudes (e.g. Fig. 8).  302 
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Figure Figure Figure Figure 5555 a) Map of gas migration structures identified in seismic data, and flares observed in high frequency 

sub-bottom profiler data in the vicinity of the S2 canyon. b) Example of a flare observed in the water 

column, location of the line is shown in (a). c) Map of gas migration structures identified in seismic data 

across the MSM34 study area.  

 

Figure Figure Figure Figure 6666 a) Map to show the extent of the BSR in the 3D seismic data. The S2 slump headwall is outlined on 

the seafloor bathymetry for reference. b) Inline 1730: seismic profile. c) Inline 1730: Line drawing. The BSR 

bends upward beneath the S2 slump. Increased amplitudes terminating and stacking along the potential 

pathway of the BSR image vertical gas migration leading to potential gas accumulations near the seafloor 

along the southwestern sidewall of the S2 slump. Along its eastern flank the S2 Canyon truncates two high-

amplitude horizons in the levee deposits that correlate to the position of flares along the canyon.  
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Figure 7 Figure 7 Figure 7 Figure 7 a) Crossline 1291: seismic line showing the position of the BSR relative the lithological contact 

beneath the MTD. The position of the BSR is reinforced through observations of Inline 1730 (Fig. 6). See Fig. 

2 for line location. b) Crossline 1291: interpreted line drawing. The position of the BSR merges with the 

lithological contact to the SE. To the NW the BSR is clearly distinguished by the termination of high 

amplitudes. The stratified sediments beneath the BSR are offset by minor faults, with possible small 

stratigraphic traps along the BSR.     
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Figure Figure Figure Figure 8888 a) Crossline 1049: seismic line showing examples of Group A and C gas migration features. Inset – 

enlarged view of narrow, conical structure showing high amplitude reflections capping a column of acoustic 

blanking. See Fig. 2 for line location. b) Crossline 1049: interpreted line drawing. Structures 1, 3 and 4 are 

capped by overlying sediments and do not reach the seafloor. Structure 2 reaches the seafloor and underlies 

the location of an identified flare. There is also a flare above the chaotic seismic facies interpreted as MTD 

deposits associated with the S2 slump. c) Crossline 1162: seismic line showing an example of Group A gas 

migration features. See Fig. 2 for line location. d) Crossline 1162: interpreted line drawing. These narrow, 

vertical structures clearly cross-cut the sedimentary strata at depth.  
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Figure Figure Figure Figure 9999 a) Slope map of the seafloor – the three slump features near the S2 canyon are outlined. Slump A is 

associated with MTD 3, shown in (b) and (d) that caps the chimney. b) Line 3449: seismic line showing an 

example of a Group B gas migration structure. c) Isopach map of the MTD 3 unit. The thickness of the unit 

decreases above the large gas-migration feature and dome structure (c) in the NE of the study area. The 

heavy black line indicates the extent of the 3D seismic volume. d) Line 3449: interpreted line drawing. The 

Group B structure here does not reach the seafloor; it is capped by MTD 3 associated with the slope failure 

(Slump A) upslope of the S2 slump. There appears to be doming at the top of the structure, resulting in 

thinning of the overlying sediments.  

Discussion 303 

Sequence stratigraphy 304 

Our interpretation of the regional seismic stratigraphy differs from previous work such as Popescu et 305 

al. (2001), who interpret the BNSB as a shallower horizon underlying a smaller MTD 2 (see Fig. 3). The 306 

major change between the older interpretations of the position of the BNSB and ours presented in this 307 

paper, is that Popescu et al. (2001) placed the sequence boundary above the S2 levee (Popescu et al 308 

2001, their Fig. 3), and we are placing it well below the S2 levee. However; there is general consensus 309 

that the sequence boundary is below a major MTD that occurs just at the base of the Late Pleistocene 310 

fan (For example Popescu et al. 2001 Fig. 4; Constantinescu et al. 2015 Fig. 3). The new seismic data 311 

allows the relationship between the MTD that rests on the sequence boundary (MTD 1) and the S2 312 
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levee to be established without ambiguity, and the MTD seen in the Popescu et al. (2001) and 313 

Constantinescu et al. (2015) figures is well below the S2 levee confirming that the S2 levee is within 314 

the Late Pleistocene fan. Since the S2 levee is below the main levee of the Late Pleistocene fan, it 315 

represents a channel system that was active briefly after MTD 1 was deposited (~22 ka), and before 316 

the main channel was occupied.  317 

As our sedimentation rate estimates are based on widely spaced regional 2D seismic lines, there is 318 

some uncertainty in the calculations (Table 3); however, the calculated values provide an indication of 319 

the relative sedimentation rates in the region. Due to the difference in our sequence stratigraphic 320 

interpretations to those of previous studies, these values are significantly higher than those of 321 

Winguth et al. (2000). 322 

Nature of the observed seismic anomalies  323 

We interpret the high amplitude horizons (Fig. 6) as gas-charged sediments that are supplying gas to 324 

the flares where they are truncated by the S2 Canyon. In several locations, particularly within the large 325 

levee deposits of the Viteaz Canyon, there are discrete patches of high seismic amplitudes along some 326 

strata. This could be the result of lateral migration of gas along these strata, forming shallow 327 

accumulations of gas within the levee sediments. The vertical, sub circular to elliptical disruptive 328 

features, on the other hand, are most likely associated with gas migration, with Group A and B 329 

comprising more classical chimney structures, and Group C as anomalous features associated with gas 330 

migration and/or accumulation. While these structures may not exhibit all the characteristics of ‘true’ 331 

seismic chimneys, they are certainly indicative of upward gas migration through sediments that has 332 

resulted in the formation of vertical features characterized by regions of acoustic blanking and capped 333 

by high amplitudes that may be interpreted as gas accumulations. 48 such structures are observed in 334 

the MSM34 seismic data, with the majority clustered in the vicinity of the S2 Canyon; however, there 335 

is an inherent data bias here due to the location of the 3D seismic volume. Those that do reach the 336 

seafloor correlate to the position of flares observed during the cruise, indicating that there is active 337 

upward migration of gas occurring. However, there are also vertical gas migration structures that 338 
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accumulate gas at their summit, being ‘capped’ by the overlying sediments and do not extend to the 339 

seafloor (Figs. 5 and 8).  340 

These gas migration structures appear to be restricted to water depths of <700 m, with none 341 

identified in the seismic data in the more distal reaches of the Danube Fan. Some of the structures in 342 

Group B that do not reach the seafloor (i.e. those that are capped by overlying sediment), show 343 

evidence of doming above the chimneys, with reduced thickness in the overlying sediment package 344 

(Fig. 9). The structure in Fig. 9 seems to appear in connection with a local summit of the base MTD C 345 

horizon. Based on the interpretation of these horizons across the extent of the 3D seismic volume, this 346 

local summit is likely an effect of doming caused by gas, which results in upward bending of the strata. 347 

Horizontal layering of the neighbouring sediments would not be expected in case of tectonically 348 

forced folding. 349 

Formation and role of gas chimneys in gas migration  350 

There are several factors that may control the upward propagation of gas and the formation of these 351 

chimney-like structures; the rate of gas supply, contrasting lithology forming seals and localized 352 

variations in lithological properties such as porosity and permeability. Here we discuss the factors that 353 

likely influenced the formation of the three groups of structures identified in the MSM34 seismic data.  354 

Group A structures  355 

The structures in Group A are characterized as narrow, steep sided gas migration features, with an 356 

overall simple geometry, somewhat similar to those observed offshore Norway (Karstens and Berndt, 357 

2015), Namibia (Moss and Cartwright, 2010), northern Australia (Rollet et al., 2009), and in the Congo 358 

Basin (Gay et al., 2006; Ho et al., 2012). Several such structures are observed beneath the S2 slump, 359 

where they appear to correlate with locations where the overlying unit of stratified sediments thins 360 

out (Fig.  8), suggesting that upward gas migration exploits the thinned, weakened overburden at such 361 

points. The high seismic amplitudes observed at the peak of these structures are indicative of shallow 362 

gas accumulations (Rollet et al., 2009). However, as some of these chimney-like structures are capped 363 
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and do not extend to the seafloor, the gas accumulation most likely did not result into an overpressure 364 

strong enough to initiate fracturing (Cathles et al., 2010; Karstens and Berndt, 2015). Where these 365 

chimney-like structures do reach the seafloor, they correlate to the observed flares. The absence of 366 

any resolvable erosional features, or pockmarks, at the seafloor above these features again suggests 367 

that the venting is gradual and focused (Moss and Cartwright, 2010), compared to the intermittent 368 

more explosive, blow-out type venting observed in locations such as offshore Nigeria (Løseth et al., 369 

2011). Pockmarks are, however, observed upslope of the study area in water depths of ~500 m, and 370 

further to the northwest along the shelf edge (Riboulot et al., 2017).  371 

Group B structures  372 

The structures in Group B are generally larger in size, typically with a more complex internal geometry 373 

than those of Group A. In particular, the near-circular, capped gas migration structures upslope of the 374 

S2 slump (Fig. 9) have a geometry that is reminiscent of a larger (km-scale) feature observed in 2D 375 

seismic data on the Hikurangi Margin, offshore New Zealand. There, high amplitudes that correlate 376 

with high seismic velocities (~2150 m/s) are observed on the edges of a chimney-like feature, with 377 

blanking and low velocities (~1850 m/s) at the center and below (~1600 m/s) (Fraser et al., 2016). This 378 

is interpreted as gas hydrates forming at the boundary of the chimney structure (corresponding to 379 

high seismic amplitudes and velocities), with free gas at the center (corresponding to seismic blanking 380 

and low velocities). A similar interpretation could be possible here; however, given that these 381 

structures lie above the predicted GHSZ, it is more likely that the high seismic amplitudes correspond 382 

to free gas accumulations at the edges of the structures, rather than hydrate. The presence of free gas 383 

in sediments can be characterized in seismic data by both high and low amplitudes (Ecker et al., 2000; 384 

Hornbach et al., 2003), and it may be that the variation across these chimney structures is due to a 385 

change in the concentration of free gas in the sediments, or the degree of disruption in the sediments 386 

caused by the upward flow of free gas (Cathles et al., 2010; Karstens and Berndt, 2015). 387 

In addition to the ‘stacked rings’ that characterize the chimneys upslope of the S2 slump (Fig. 9), there 388 

is also evidence of seafloor doming above some of the capped chimney structures, along with possible 389 
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deformation of the sediments (Fig. 9). Flattening the seismic volume along a horizon that caps this 390 

chimney structure (i.e. the base of MTD 3) reveals decreased sedimentation above the domed 391 

chimney, which is consistent with previous work by Koch et al. (2015) on similar structures in the very 392 

shallow subsurface offshore New Zealand. The fact that the domed structures are preserved in the 393 

subsurface indicates that the dome morphology can sustain burial, as suggested by Koch et al. (2015). 394 

This would suggest that the MTD unit capping the gas migration structure was deposited following the 395 

development of the gas chimneys in this region. Based on the stratigraphic relationships, Slump A (Fig. 396 

4) pre-dates the S2 slump, and therefore this unit must have been deposited prior to ~20 ka, providing 397 

a minimum age constraint for the development of the gas chimneys. However; precise timing of the 398 

development of individual chimneys is not possible. Gas doming has been observed elsewhere in the 399 

Black Sea on the Turkish continental slope (Golmshtok et al., 1992). In that location, the dome reaches 400 

the seafloor and correlates with the location of a gas vent at the seafloor. The absence of a high 401 

amplitude ‘cap’ at the apex of the capped chimneys may be related to the deposition of MTD 3 (Fig. 402 

9), as the deposition of this unit may have eroded the top of the original chimney structure (which 403 

may have been connected to the seafloor), resulting in a sealed vertical migration pathway. Potentially 404 

as a result of limited gas supply, the original high amplitude ‘cap’ has not been replenished since this 405 

occurred. The possible deformation of sediments in the vicinity of these larger chimney structures 406 

(e.g. Fig. 9), suggests that this deformation, or minor folding, of the sediments may have resulted in 407 

gas being channeled towards a particular location, allowing the buildup of an accumulation sufficient 408 

to generate hydrofracturing and form a large chimney.  409 

Group C structures  410 

While the structures in Groups A and B can be interpreted as true gas migration structures, with many 411 

of the typical features of chimneys, those in Group C are more anomalous and do not follow the same 412 

characteristics. Some of the structures in Group C are likely the result of small, shallow gas 413 

accumulations, similar to those described by Andreassen et al. (2007) in the Barents Sea, the locations 414 

of which are controlled by minor structural traps in the channel-levee complexes of the Danube Fan.. 415 
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The structures in Group C that are associated with flares at the seafloor are characterized by patchy 416 

distributions of high amplitudes in the seismic data (e.g. Figs. 6 and 8). These are likely due to the 417 

dispersed accumulation of gas within the sediments, which may be controlled by localized, small-scale 418 

heterogeneity in the lithology (Deckers, 2015; Thöle et al., 2016). This is particularly evident at the 419 

foot of the S2 slump headwall, where the MTD is exposed at the seafloor, and corresponds with the 420 

location of several flares (Figs. 4 and 10).  421 

Evidence of gas beneath the BGHSZ and hydrofracturing  422 

Beneath the BSR gas saturation generally increases with proximity towards the BSR (Berndt et al., 423 

2004). In the vicinity of the S2 Canyon, high amplitude reflections abruptly terminate at the BSR, 424 

indicating that gas migration/accumulation is focused along certain stratigraphic intervals, as was also 425 

observed in other hydrate provinces (e.g. Vanneste et al., 2001). Beneath the S2 channel, the BSR 426 

appears to act as a seal, preventing upward gas migration beneath the canyon. However, to the west, 427 

underlying the S2 slump, the BSR is warped upward. Increased amplitudes terminate along the BSR 428 

appear at irregular intervals and with variable strength (Fig. 6 & 7). The upward continuation of the 429 

BSR leads to patches of high amplitudes near the seafloor, some of which correlate to flares in the 430 

water column. Vertical correlated stacks of high amplitudes next to the seafloor in correlation with 431 

active gas expulsion at the seafloor suggests that gas may be migrating along the BGHS as it bends 432 

upward beneath the slump deposits, and that gas is then ‘leaking’ from beneath the BSR and may be 433 

forming accumulations of free gas near the seafloor and forming small gas chimneys that feed the 434 

observed flares. This is further evidenced by the observation of several flares along the northern edge 435 

of the S2 Canyon (Fig. 6). These flares correlate with the truncation of high amplitude reflections and 436 

minor disturbances in the sediments along the edge of the canyon (Figs. 6 and 10), indicating that free 437 

gas may be migrating along these horizons, forming flares where they are exposed at the seafloor. 438 

Levee deposits consist of fine grained muds, with intermittent beds of silty and sandy sediments, as 439 

observed in cores recovered from this region (Constantinescu et al., 2015; Lericolais et al., 2013). We 440 

therefore interpret these high amplitude reflections as coarser grained sediments with higher porosity 441 
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and permeability which facilitate the migration of free gas through the levee towards the canyon 442 

whereas fine-grained, muddy units hinder vertical gas migration.  443 

Mass transport deposits and gas migration 444 

It should be noted that within a chaotic body such as an MTD there are other possible explanations for 445 

high amplitude patches in the seismic data, such as variations in lithology. Without additional data 446 

from core samples, it is not possible to rule this out in this location. It is not immediately apparent as 447 

to why some structures are capped, and others extend to the seafloor. Based on the observation of 448 

the position of the BSR corresponding with the base of MTD 4 deposits beneath the S2 slump scar in 449 

the seismic data, it would appear that the sediments of MTD 4 also facilitate the migration of gas, with 450 

discontinuities in the chaotic seismic facies likely providing flow conduits that result in the formation 451 

of gas migration features and flares (Thöle et al., 2016). Upward migration of gas through the 452 

sediments is also prevented by MTD deposits in some cases (Sun et al., 2017). This would explain the 453 

capped structures that are observed upslope of the S2 slump (Figs. 4 and 9). The chimneys terminate 454 

at the contact with the MTD 3 associated with Slump A, which indicates that the sediments of the 455 

MTD form a seal, preventing upward gas migration. while minor variations in porosity and/or 456 

permeability of sediments may already be sufficient to allow or control the movement of gas. This is of 457 

particular significance in the case of MTD sediments as these are highly heterogeneous and have 458 

limited lateral connectivity (Manley et al., 1997; Moscardelli et al., 2006; Piper et al., 1997). The high 459 

concentration of vertical gas migration features within MTD 4 supports this, indicating that the 460 

positions at which these structures are able to propagate upwards through the MTD sediments may 461 

correlate to sediments with slightly higher porosity/permeability.  462 

MTD deposits on continental slopes generally involve a mixture of lithologies from the original failed 463 

area and transported by various gravitational processes (Mulder and Cochonat, 1996). Short transport 464 

distances would prevent effective sorting and consequently result in low permeability of the MTD, 465 

forming a seal unit, unless the failed deposits were already well sorted. As the primary source of failed 466 

material in the Danube Fan is likely to be levee sediments presenting a mixture of fine-grained and 467 
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slightly coarser spill-over deposits. The thickness of deposits from failure of such material most likely 468 

corresponds to sealing effectiveness as shown by the correlation between the thickness of the MTD 4 469 

and the location of flares, which generally occur where the MTD thins to <25 m. On the other hand, 470 

active gas migration structures capped by an MTD unit should lead to gas accumulation at the base of 471 

the MTD, or to gas migration along its base. We do observe increased amplitudes at the top of some 472 

of these capped structures (Fig. 8), but this could also be the effect of the impedance contrast 473 

between the MTD und underlying deposits. It is also possible that gas flow rates have been low since 474 

the MTDs were emplaced, resulting in limited accumulation and lateral migration of gas underlying 475 

those MTD units that act as seals.  476 

Hydrofracturing  477 

Geochemical analysis of porewater samples during the MSM34 cruise indicates that a dry gas system 478 

is present in the Danube Fan, with little to no gas dissolved in porewater (Bialas et al. 2014, Haeckel, 479 

pers. comm. 2016). Amplitude anomalies within the gas chimneys observed in the MSM34 seismic 480 

data occur preferentially along the continuation of high amplitude horizons (Fig. 9) (Chenrai and 481 

Huuse, 2017; Koch et al., 2015). This could be due to gas gradually accumulating over a period of time 482 

at one stratigraphic horizon, until a sufficient volume builds up to exceed the overburden pressure, at 483 

this point hydrofracturing occurs, and the gas migrates upward. This would lead to the development 484 

of a series of stacked gas accumulations in the sediment column, forming a chimney-like structure, as 485 

observed in the seismic data (Fig. 9). In order for hydrofracturing to occur, the pressure must exceed 486 

the combined least principle stress and tensile strength of the sediment (Karstens and Berndt, 2015; 487 

Maestrelli et al., 2017). The buoyancy of free gas exerts a localized pressure on the seal unit, which is 488 

directly proportional to the column height of the gas accumulation (Cathles et al., 2010). The height of 489 

the gas column required to breach the overburden seal can be calculated using the following equation 490 

(Karstens and Berndt, 2015): 491 

���	 =	������		/����  492 
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where Pwm is the capillary pressure between methane and water, Pwn is the capillary pressure between 493 

nitrogen and water (3 MPa), γwc is the interfacial tension coefficient for methane and water at 7.5 MPa 494 

and 13.94°C (65 x 10-3 N/m; Khosharay and Varaminian, 2013), and γwn is the interfacial tension 495 

coefficient for nitrogen and water (72.8 x 10-3 N/m) (Karstens and Berndt, 2015). As an estimate for 496 

the locations of gas accumulation we average the imaged depth to the base of the chimneys imaged in 497 

our seismic data, therefore Pwm can be calculated as 2.679 MPa,  assuming only vertical gas migration. 498 

It should be noted that a continuous gas column is one possible end-member of the potential 499 

saturation spectrum. This value for Pwm can therefore be used to determine the gas column height 500 

required to breach the overburden seal, using the following equation (Karstens and Berndt, 2015; 501 

Zander et al., 2017b):  502 

�
� =	����� × ��� − ������ 

where Hhf is the gas column height required for hydrofracturing to occur, g is the gravitational 503 

acceleration (9.81 m/s2), ρw is the density of formation water (1025 kg/m3) (Karstens and Berndt, 504 

2015; Zander et al., 2017b), and ρCH4 is the density of methane (58.54 kg/m3) (calculated for values of 505 

7.5 MPa and 13.94°C using the SUGAR Toolbox; Kossel et al., 2013). Based on this calculation, the gas 506 

column height required for hydrofracturing would be 283 m. The average depth to the base of the 507 

chimney structures in our seismic data is 158.3 mbsf, indicating that gas column height alone would be 508 

insufficient to result in hydrofracturing and seal breaching. However, due to the limited depth of 509 

penetration in our seismic data, we are not able to definitively image the base of the chimneys, and as 510 

such, there is a significant margin of error in the calculation.  511 

Due to the limited depth of penetration in the seismic data the source of the gas that is feeding into 512 

these structures is unclear. However, in the vicinity of the S2 slump the position of the BSR correlates 513 

with a lithological contact between an MTD 3nd underlying layered sediments. This suggests that the 514 

boundary between the two units may be acting as a migration pathway for gas along the base of gas 515 

hydrate stability (BGHS) (Fig. 7). This is consistent with the observation of flares overlying chaotic 516 
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seismic facies interpreted as MTD higher up the slope in the S2 slump. In this location, the MTD is 517 

exposed at the seafloor and provide a gas conduit to feed the flares (Fig. 8 and 10). Unfortunately, in 518 

our seismic data we are unable to image the base of these structures. Geochemical data suggest that 519 

the gas is biogenic in origin (Bialas et al., 2014). Although deeper thermogenic reservoirs may be 520 

present in the area (Olaru-Florea et al., 2014; Starostenko et al., 2010), there is no evidence to suggest 521 

that these are connected to the near-surface gas system. 522 

 
Figure 1Figure 1Figure 1Figure 10000    3D view of the BSR, flares and gas migration structures in relation to key stratigraphic units 

across the extent of the 3D seismic volume. a) Gas charged horizons truncated by the S2 canyon 

forming flares. b) Chaotic MTD unit allowing upward migration of gas to form flares in the S2 slump. 

c) Gas migration structure extending upwards to the seafloor along the western edge of the S2 slump, 

and a capped gas migration structure. In this area gas clearly migrates up from beneath the up-

bending BSR (see Fig. 4).  

Gas migration and submarine slope failure?  523 

There are several ways in which gas hydrates may influence slope stability and potentially contribute 524 

to the formation of submarine landslides; overpressure beneath low-permeability, hydrate-bearing 525 

sediments resulting in hydrofracturing, dissociation of hydrates resulting in excess pore pressure, and 526 

plastic deformation of hydrate-bearing sediments causing glacier-style deformation of sediments 527 
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(Crutchley et al., 2010; Mountjoy et al., 2014; Phrampus and Hornbach, 2012). There is no evidence of 528 

the latter style of deformation in this area so this will not be discussed further. Studies in other regions 529 

(Li et al., 2016; Mountjoy et al., 2014), have proposed that hydrates may play a role in triggering slope 530 

failure due to the build-up of overpressure in high porosity sediments beneath low-permeability, 531 

hydrate-bearing sediments in the GHSZ. The removal of large volumes of sediment during such an 532 

event could then further destabilise hydrates due to a change in the thermal regime of the near 533 

seafloor sediments. However, in the upper section of the sediment column the pressure would likely 534 

be hydrostatic and therefore removal of near-seafloor sediments would not necessarily impact 535 

hydrate stability in terms of pressure.  536 

In the vicinity of the S2 canyon there are three large submarine slope failures (Slump A, B and the S2 537 

slump (Fig. 4; Table 2), Slump A is the oldest, and the S2 slump the most recent. The average height of 538 

the headwall scarp at the S2 slump is ~25 m, resulting in an estimated volume of 0.36 km3 of sediment 539 

being removed in this slope failure event (Badhani, 2016). However, there is no evidence for deposits 540 

downslope or in the canyon that could be related to this event suggesting that the S2 Canyon was 541 

active at the time of the slope failure.  542 

Previous work in the Monterey (Locat and Lee, 2002) and Cook Strait (Mountjoy et al., 2009) canyons 543 

indicates that undercutting at the toe of a slope due to the erosive action of hyperpycnal turbidity 544 

currents in canyons may result in axial incision of the canyon floor, triggering slope failure due to 545 

oversteepening. In case of the S2, oversteepening due to the canyon undercutting likely played a role 546 

as well but overpressure generation due to rapid deposition of slope sediments may have also 547 

contributed to slope instability.  548 

Based on the relative timing of the slope failures surrounding the S2 Canyon, and the observed 549 

seafloor doming beneath MTD 3, we can determine that at least some of the gas migration structures 550 

have been active since prior to the slope failures occurred. The deposition of the MTD units then 551 

capped many of the gas migration structures; however, some have been able to breach this unit and 552 
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extend to the seafloor to form active gas flares (Fig. 10). Whether the structures reach the seafloor or 553 

not appears to be primarily controlled by the thickness and lithology of the overlying sediment, with 554 

thinner, chaotic MTD units being readily breached along the slope failure scarp of the S2 slump, 555 

resulting in a concentration of flares in this area.  556 

Conclusions 557 

Gas migration structures are abundant in the vicinity of the S2 Canyon and the surrounding sediments 558 

of the Danube Fan, occurring at water depths of <700 m. Where these chimneys reach the seafloor, 559 

they correspond to observed gas flares in the water column. We classified the structures into three 560 

groups based on their seismic characteristics, size, and geometry. Groups A and B are more 561 

reminiscent of true gas chimneys at varying scales and complexities, whereas Group C contains 562 

anomalous gas accumulations and features related to MTDs. The location of these structures appears 563 

to be controlled by: a) overlying units acting as seals, b) variations in lithology across heterogeneous 564 

sediments (particularly MTDs), and c) intermittent/gradual gas supply leading to the development of 565 

stacked accumulations of gas. The MTD units identified in the 3D seismic volume appear to have 566 

contrasting lithological properties; MTD 3 is thicker and acts as a seal, preventing upward gas 567 

migration from several structures, whereas MTD 4 is more irregular in thickness, and seems to 568 

facilitate the migration of gas through the chaotic seismic facies, resulting in the formation of 569 

numerous flares. A clear determination of the source of the gas is not possible, but geochemical data 570 

indicate that it is biogenic in origin.  571 

Slump events probably resulting from erosive undercutting, but gas migration may have played a role 572 

in the initiation of the slope failures Abundant evidence for gas migration in the area suggests a 573 

connection between the slumps and gas migration, although it is not clear whether gas migration 574 

facilitates slope failure through overpressure and pre-conditioning of the sediments, or vice versa. 575 

However, the capped structures indicate that in others there may be insufficient gas supply to exceed 576 

the overburden pressure of the sediments. The younger, chaotic sediments of MTD 4 facilitate the 577 
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upward migration of gas, particularly around the headwall where the MTD is thinnest, resulting in the 578 

concentration of gas flares in this area.  579 
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Highlights  

• Identify 3 groups of gas migration structures in seismic data from the Danube Fan.  

• Migration structures related to shallow gas migration and flares at the seafloor.  

• Gas migration is controlled by lithological heterogeneity and sediment deformation. 

• Mass transport deposits play a role in controlling vertical migration occurrence.  

 


