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Abstract 27 
High-resolution 3D seismic data in combination with deep-towed sidescan sonar data 28 

and porewater analysis give insights into the seafloor expression and the plumbing system of 29 

the actively gas emitting Kerch seep area, which is located in the northeastern Black Sea in 30 

around 900 m water depth, i.e. well within the gas hydrate stability zone (GHSZ). Our 31 

analysis shows that the Kerch seep consists of three closely spaced but individual seeps above 32 

a paleo-channel-levee system of the Don Kuban deep-sea fan. We show that mounded seep 33 

morphology results from sediment up-doming due to gas overpressure. Each of the seeps 34 

hosts its own gas pocket underneath the domes which are fed with methane of predominantly 35 

microbial origin along narrow pipes through the GHSZ. Methane transport occurs dominantly 36 

in the form of gas bubbles decoupled from fluid advection. Elevated sediment temperatures of 37 

up to 0.3 °C above background values are most likely the result of gas hydrate formation 38 

within the uppermost 10 meters of the sediment column. Compared to other seeps occurring 39 

within the GHSZ in the Black Sea overall only scarce gas indications are present in 40 

geoacoustic and geophysical data. Transport-reaction modeling suggests that the Kerch seep 41 

is a young seep far from steady state and probably not more than 500 years old. 42 

 43 

1. Introduction 44 
Marine cold seeps are locations on the Earth’s surface where cold (<100 °C) fluids 45 

(i.e. gas, liquid, liquidized solids or a mixture of these) emanate into the overlying water 46 

(Suess, 2014). The fluids are of non-magmatic origin and generally rich in methane although 47 

other light hydrocarbon gases and oil can also be part of the mixture if associated with an 48 

underlying hydrocarbon reservoir. Cold seeps have received much attention because the 49 

emanating fluids fuel diverse chemosynthetic ecosystems (Sibuet and Olu, 1998; Boetius et 50 

al., 2000), serve as indicators for underlying hydrocarbon accumulations (Mazzini et al., 51 

2003; Løseth et al., 2009) with gas hydrate accumulations probably being the most important 52 



 
 

resource (Wallmann et al., 2012), and play a distinctive but not fully quantified role in ocean 53 

chemistry (Aloisi et al., 2004; Reeburgh, 2007; Regnier et al., 2011) and climate change 54 

(James et al., 2016). While the surface structures of cold seeps are well described and 55 

understood, there is much less information on the fluid sources at depth and the different fluid 56 

pathways (Talukder, 2012). As most cold seep sites are dominated by methane (Judd, 2003, 57 

Bohrmann and Torres, 2006) their distribution on continental margins is largely controlled by 58 

the extent of the gas hydrate stability zone (GHSZ) (Milkov, 2004). In most marine basins, 59 

including the Black Sea, cold seeps are widespread in areas shallower than the top of the 60 

GHSZ (Egorov et al., 2003; Naudts et al., 2006; Römer et al., 2012) whereas seeps within the 61 

GHSZ are comparably rare and require exceptional circumstances allowing them to persist. 62 

These include localized elevated heat flux or the advection of deep, warm fluids at mud 63 

volcanoes (Bohrmann et al., 2003; Greinert et al., 2006; Sahling et al., 2009) or the presence 64 

of very high gas flux exceeding the rate of gas hydrate formation (Liu et al., 2019). The latter 65 

has been postulated for the cold seeps in the Black Sea offshore Georgia (Klaucke et al., 66 

2006; Nikolovska et al., 2008; Pape et al., 2011; Reitz et al., 2011). Gas hydrate dissociation 67 

and subsequent gas seepage has also been described in the Black Sea as the result of 68 

landsliding (Hillman et al., 2018) and vice versa as gas seepage has been shown to weaken the 69 

mechanical stability of the slope (Xu et al., 2018). The effect of fresh porewater layers in the 70 

sedimentary column has also been suggested to be responsible for gas hydrate dissociation 71 

(Riboulot et al., 2018). 72 

The Kerch seep area offshore of the Crimean peninsula (Römer et al., 2012) is one of 73 

the rather exceptional places where strong gas emissions into the water column have been 74 

observed although the area is located well within the GHSZ. Römer et al. (2012) suggested 75 

that gas migration along the base of the gas hydrate stability zone (BGHSZ) together with 76 

highly localized heat flux caused the occurrence of seepage at this site. Based on new high-77 

resolution backscatter and seismic data, coupled with porewater geochemistry and gas flux 78 



 
 

modeling, we suggest in the present paper that high temperatures close to the seafloor are the 79 

result of ongoing gas hydrate formation rather than by advection of warm fluids leading to gas 80 

hydrate dissociation. The Kerch seep area actually consists of three individual seeps, each 81 

having its own feeder system. The feeder channels are not merging at depth despite two of the 82 

seeps being located within coarse-grained surface sediments having likely good lateral 83 

permeability. Based on these observations the question to what extent the Kerch seep area and 84 

probably many other seeps are determined by underlying structures will be discussed. 85 

 86 

2. Geological Setting and Previous work 87 
 88 

The Kerch seep area is located on the western margin of the Don-Kuban deep-sea fan 89 

in the Black Sea (Fig. 1). The Black Sea is an epicontinental sea that formed by back-arc 90 

spreading in the wake of the closure of the Thetys Ocean (Nikishin et al., 2003). The Black 91 

Sea basin has undergone several phases of extension and compression and is composed of two 92 

sub-basins that are separated by the mid-Black Sea high (Rangin et al., 2002). The Don-93 

Kuban deep-sea fan is part of the eastern Black Sea basin and developed during glacial 94 

sealevel lowstand when the Don and Kuban rivers drained sediments through Kerch Strait to 95 

the study area (Barg, 2007). During periods of low sealevel input of dense Mediterranean 96 

waters through the Bosporus was interrupted and limnic conditions developed in the Black 97 

Sea (Degens and Ross, 1974). These fresh water conditions still persist in the porewater 98 

profiles and might have an influence of gas hydrate dissociation (Riboulot et al., 2018; Ker et 99 

al., 2019). At present sediment input from these rivers accumulates in the Sea of Azov (Fig. 100 

1). 101 

Numerous sites of gas emission have been observed on the Don-Kuban deep-sea fan 102 

by acoustic observations in the water column (Egorov et al., 2003; Starostenko et al., 2010; 103 

Römer et al., 2012). These emission sites are most abundant in water depths shallower than 104 



 
 

roughly 720 m water depth coinciding with the upper limit of the GHSZ for a bottom water 105 

temperature of ~9 °C and a salinity of ~22 (Degens and Ross, 1974; Naudts et al., 2006). It 106 

should be noted that this boundary is shifted to a water depth of 665 m for the paleo-limnic 107 

conditions with a salinity of ~3 encountered below 20 mbsf (Zander et al., 2017). The 108 

regional thermal gradient at the Danube deep-sea fan has been modeled at 35 °C/km 109 

considering the depth of palaeo-bottom simulating reflectors (palaeo-BSRs; Zander et al., 110 

2017). This thermal gradient is significantly higher than 23 °C/km measured with temperature 111 

probes in the upper ca. 7 meters of sediment in the Kerch seep area (station GeoB15519-1) 112 

that was assumed to represent a background value (Römer et al., 2012). Regional heat flow 113 

studies in the Dniepr paleo-delta (Kutas and Poort, 2008) showed average background heat 114 

flow of 41°C/km, but with strong local variations that appear to be common in areas with 115 

laterally changing conditions of erosion and deposition (Martin et al., 2004). Few gas 116 

emissions are observed in deeper water, with those from the Kerch seep area (Römer et al., 117 

2012) being the most prominent and strongest ones in the region that are unrelated to mud 118 

volcanism. 119 

The Kerch seep area is located in 890–940 m water depth at a paleo channel-levee 120 

system of the Don Kuban deep-sea fan (Fig 1.). The seep area was depicted on a map by 121 

Egorov et al (2003) and has been studied and described by Römer et al. (2012). Römer et al 122 

(2012) identified two mound structures with up to 10 m-high relief that showed high seafloor 123 

backscatter intensity in ship-borne multibeam data and that were interpreted to be the result of 124 

up-doming due to the formation of near-surface gas hydrates. Such gas hydrate pingos have 125 

also been described elsewhere (Paull et al., 2007; Sérié et al., 2012 ) with contrasting 126 

formation mechanisms including a form of gas hydrate diapirism (Paull et al., 2007) or 127 

localized gas hydrate accumulation above the BSR (Serié et al., 2012). Römer et al. (2012) 128 

also recovered few cm-thick layers of massive as well as thin, platy gas hydrates and 129 

authigenic carbonates in gravity cores. However, they did not report on the presence of 130 



 
 

extensive authigenic carbonate pavements and they measured strong positive temperature 131 

anomalies from which they deduced the advection of warm fluids from below the base of the 132 

GHSZ. This input of heat was believed to cause a shift in the GHSZ that favors the release of 133 

gas bubbles. Molecular and isotopic compositions indicated that methane in the emanating gas 134 

is predominantly of microbial origin.  135 

The presence of methane hydrate pockets in the shallow subsurface at the seeps is 136 

believed to be responsible for up-doming of the seafloor (Römer et al., 2012). These authors 137 

explain the observed gas emissions into the water column by the advection of warm fluids 138 

dissociating the methane hydrates. In the present study we interpret the up-doming of the 139 

seafloor as the result of gas pockets in the shallow subsurface, following a rationale developed 140 

by Koch et al. (2015) for seeps offshore New Zealand. Gas would migrate laterally towards 141 

the flank of the structures, where it escapes into the water column explaining why gas 142 

emissions at the seep mounds were observed mainly at their margins. 143 

 144 



 
 

Fig. 1: A. Location of the study area (red rectangle) in the northern Black Sea off the coast of 145 
Crimea. B. Seafloor pick of the 3D seismic survey. The outlines of three seeps in the channel-146 
levee system of the Don-Kuban deep-sea fan are highlighted by black lines.  147 

 148 

3. Materials and methods 149 
This study is based on high-resolution sidescan sonar and sediment echosounder, as 150 

well as high-resolution 2D and 3D seismic reflection data obtained during RV Poseidon cruise 151 

P427 in February/March 2012 (Bialas, 2012). The geophysical data are complemented by 152 

porewater geochemistry data derived from gravity and multi-cores taken during RV Meteor 153 

cruise M84/2 in March 2011 (Bohrmann et al., 2011). 154 

 155 

3.1 3D seismic data 156 

The 3D seismic data were collected using the P-Cable system with 14 parallel 12.5 m-157 

long streamers with a 1.5625 m group interval (Planke and Berndt, 2004). A 105/105 cubic-158 

inch GI-gun (harmonic mode) was used as a seismic source. The 3D seismic dataset covers an 159 

area of approximately 3 x 9 km² oriented perpendicular to the channel (Fig. 1). Seismic 160 

processing involved geometry correction, trace cleaning, band-pass filtering, normal-moveout 161 

correction, and post-stack time migration. In order to fill several small gaps of the cube area 162 

that could not be filled satisfactorily during data acquisition, the cube was cut into time slices 163 

that were interpolated using the surface algorithm of the Generic Mapping Tool (GMT) 164 

software (Wessel and Smith, 1998). The time slices were then stacked resulting in a final bin 165 

size of 3.25 x 3.25 m. Unfortunately, for one band in the center of the 3D seismic cube the 166 

gaps are too large and could not be satisfactorily filled (artefact in figures 1 and 2). Due to the 167 

short length of the streamers subsurface velocity information is not available and the data 168 

were migrated using a constant velocity of 1500 m/s. Subsurface penetration of the seismic 169 

data is on the order of 800–1000 ms TWT beneath the seafloor. Vertical resolution depends 170 

on the dominant frequency and thus decreases with depth. A dominant frequency of 100 Hz 171 

for the upper 200 m of sediments results in a vertical resolution of approximately 4 m. Data 172 



 
 

analysis involved calculating seismic coherence maps for time-gates ranging between 5 and 173 

28 ms. 174 

 175 

3.2 Sidescan data 176 

Deep-towed sidescan sonar data were collected using GEOMAR’s DTS-1 system 177 

consisting of an EdgeTech dual-frequency sidescan-sonar with integrated sub-bottom profiler 178 

and custom-built telemetry system. The chirp sidescan signals of 75 kHz center frequency 179 

provided a 1.5 km-wide swath and resulted in an across-track resolution of 5.6 cm. Survey 180 

speeds of 2.5–3 knots allowed processing the data to 1 m pixel size. Concurrently obtained 181 

sediment echosounder data have a frequency content of 2–8 kHz and a vertical resolution of a 182 

few decimeters for up to 40 m subsurface penetration in the Kerch area. Towfish navigation 183 

was difficult because ultra-short baseline (USBL) navigation was not available and the cable 184 

length counter was malfunctioning at times. Luckily, several features common to the sidescan 185 

data and other well-localized datasets such as 3D seismic data and the detailed bathymetry of 186 

Römer et al. (2012) allowed modeling the likely cable length and resulting in a reasonable 187 

layback navigation. We estimate the resulting error of the towfish navigation to be less than 188 

100 meters. The interpretation of the sidescan sonar data and in particular the identification 189 

and location of gas bubble streams has been described in detail by Klaucke et al. (2010). 190 

 191 

3.3 Hydrate stability modeling 192 

In order to estimate the theoretical BGHSZ we calculated the methane hydrate phase 193 

boundary using the SUGAR Toolbox (Kossel et al., 2013) and applied a thermal gradient of 194 

30 °C/km, a bottom water temperature of 8.9 °C, as well as a salinity of 3 (paleo-limnic 195 

conditions) for sediments below 20 metres below seafloor (mbsf) using the seafloor picked 196 

from the 3D seismic data. The resulting horizon was converted from depth into the time 197 

domain in order to compare it with the reflection seismic data. Due to the lack of seismic 198 



 
 

velocity data from the Don-Kuban deep-sea fan, we applied a seismic velocity profile from 199 

the Danube deep-sea fan, which we consider a similar depositional setting in the Black Sea 200 

(Zander et al., 2017). 201 

 202 

3.4 Calculation of gas pressure for circular seafloor domes 203 

The gas column height required for creating a circular dome at the seafloor is 204 

calculated based on a thin-plate mechanical model which takes into account gravitational 205 

forces (Barry et al., 2012; Koch et al., 2015). In this model rising gas pushes a thin layer of 206 

sediments upward before being breached. This results in small doming effects at the seafloor 207 

(Fig. 2A). 208 

We calculated the required gas column heights as follows: 209 

ℎ𝑔 =
�𝑃𝑑𝑑𝑑+𝑃𝑙𝑙𝑙�

𝑔(𝜌𝑤 − 𝜌𝐶𝐶4) 

where hg is the gas column height, Pdef is the pressure accounting for sediment plate 210 

deformation, Plit is the lithostatic pressure of the sediment plate 𝜌𝑠𝑔ℎ (𝜌𝑠 is the sediment bulk 211 

density, h is the plate thickness), g is the gravitational acceleration, 𝜌𝑤 is the density of water 212 

and 𝜌𝐶𝐶4 is the density of methane. 213 

According to Barry et al. (2012) Pdef is calculated through 214 

𝑃𝑑𝑑𝑑 =
8
3

𝐸
1 − 𝜈

ℎ𝑤𝑚𝑚𝑚
𝑎4

�
2ℎ2

1 + 𝜈
+ 𝑤𝑚𝑚𝑚2 � 

where E is Young’s modulus, 𝜈 is Poisson’s ratio, a is the plate radius, and wmax is the 215 

maximum vertical displacement. 216 

 217 

3.5 Porewater analysis and transport reaction modeling 218 

Porewater was extracted in 2011 onboard the research vessel in a cold room (4 °C) 219 

using a low pressure squeezer (argon gas at ~5 bar). The porewater was then filtered through 220 



 
 

0.2 µm cellulose acetate Whatman filters and collected in recipient vials. Dissolved Cl and 221 

SO4 were analyzed through ion chromatography, dissolved hydrogen sulfide by photometry, 222 

dissolved calcium by inductively-coupled atomic emission spectroscopy, dissolved methane 223 

(headspace technique) by gas chromatography, and dissolved total alkalinity by HCl titration. 224 

Porosity was determined by weight difference before and after freeze-drying of wet sediment 225 

subsamples. Analytical details and errors are described in Haffert et al. (2013) and Pape et al. 226 

(2014). Surface sediment loss of gravity cores was estimated based on solute gradients and 227 

profiles of solid constituents (i.e. porosity, organic carbon, calcium carbonate) by comparison 228 

with data from multiple cores. Coring locations are shown in Fig. 2A and Table 1. 229 

 230 

Table 1: Sampling locations at the Kerch seep area. GC = Gravity Corer, MIC = Mini Corer 231 
Core 
GeoB no. 

Latitude (N) Longitude (E) Water depth 
[m] 

Coring 
depth (cm) 

Remarks 

15519-1 
(GC) 

44°37.171' 
 

35°41.763' 
 

896 50–624 Background,  
Temperature-
logger 

15519-2 
(MIC) 

44°37.105' 
 

35°41.759' 
 

896 
 

0–45 Background 

15513-1 
(GC) 

44°37.386' 
 

35°42.164' 
 

878 120–678 Gas hydrates 

15513-3 
(MIC) 
 

44°37.386' 
 

35°42.164' 
 

878 
 

0–45  

15516-1 
(GC) 

44°37.230' 
 

35°42.282' 
 

889 
 

220–724 Temperature-
logger,  
Gas hydrates 

15516-3 
(MIC) 

44°37.243 35°42.286 888 0–42  

15518-1 
(GC) 

44°37.182’ 35°42.279 887 50–407 Gas hydrates 

 232 
In order to determine local rates of methane sinks and sources at the reference and 233 

seep sites, we used a numerical transport-reaction model according to Haeckel et al. (2007, 234 

2008) using the parameters and boundary conditions presented in Table 2. The model 235 

calculates concentrations of dissolved species chloride, methane, sulfate, calcium, hydrogen 236 



 
 

sulfide, and total alkalinity (simplified as the sum of HCO3
- and HS-) as well as methane 237 

hydrate. According to Berner (1980) early diagenesis of solutes is governed by the partial 238 

differential equation: 239 

𝜕Φ𝐶
𝜕𝜕

=
𝜕
𝜕𝜕

�Φ𝐷𝑠
𝜕𝐶
𝜕𝜕

+ 𝑢Φ𝐶� + Φ �𝑅𝑗
𝑗

 

where Φ is the porosity, C is the concentration of a solute, t is time, 𝐷𝑠 = 𝐷0
1−2 𝑙𝑙Φ

 is the 240 

molecular diffusion coefficient of the solute D0 corrected for sediment tortuosity, u is the 241 

vertical advection velocity of the porewater, and ∑Rj represents the biogeochemical reactions 242 

that are considered (methane hydrate formation, methane gas dissolution, anaerobic oxidation 243 

of methane (AOM), hydrogen carbonate removal by calcium carbonates, and sulfide removal 244 

by iron sulphides). Assuming steady state compaction the porewater advection velocity at 245 

cold seeps can be expressed by adding the contribution of the overpressure-driven upward 246 

fluid flow and the downward-directed burial velocity (Haeckel et al., 2004): 247 

𝑢(𝜕, 𝜕) =
Φ0

Φ(𝜕, 𝜕)
𝑢0 −

Φ∞

Φ(𝜕, 𝜕)
𝑤∞ 

where u0 is the velocity of the porewater expelled at the sediment surface (x=0) and 248 

w∞ is the sediment burial velocity at infinite depth where sediment compaction is completed. 249 

Steady-state compaction of the sediment is prescribed by an exponentially decreasing 250 

porosity profile (least-squares fitted to the measured data): 251 

Φ(𝜕, 𝜕) = Φ∞ + (Φ0 − Φ∞)𝑒−𝛽𝑚 

where ϕ0 is the porosity at the sediment surface (x=0), ϕ∞ is the porosity at infinite 252 

sediment depth (x=∞), and β is the attenuation coefficient.  253 

Precipitation of pore-filling gas hydrate reduces the fraction of the pore volume 254 

available for the porewater, i.e. Φ𝑤(𝜕, 𝜕) = Φ(𝜕, 𝜕) − GH(𝜕, 𝜕). Consequently, the solid 255 

methane hydrate (GH) is expressed as a volume fraction of the sediment, which leads to the 256 

following transport-reaction equation: 257 



 
 

𝜕GH
𝜕𝜕

= −𝑤∞
1 −Φ∞

1 −Φ
𝜕𝜕𝜕
𝜕𝜕

+ Φ𝑅𝐶
𝑀ℎ

𝜌ℎ
 

where RH is the rate of formation of methane hydrate having a molar weight of 258 

Mh = 122.3 g/mol (i.e. CH4∙5.9 H2O) and a density of ρh. The following reactions are 259 

considered in the transport-reaction model: 260 

a) methane hydrate formation: 𝑅𝐶 = 𝑘𝐶 �
𝐶𝐶4
𝐿𝐺𝐺

− 1�, 261 

b) methane gas dissolution: 𝑅𝐺 = 𝑘𝐺(𝐿𝑀𝑀 − 𝐶𝜕4), 262 

c) AOM: 𝑅𝐴𝐴𝑀 = 𝑘𝐴𝐴𝑀
𝐶𝐶4

𝐶𝐶4+𝐾𝐶𝐺4

𝑆𝐴4
𝑆𝐴4+𝐾𝑆𝑆4

, 263 

d) hydrogen carbonate removal by calcium carbonates: 𝑅𝐶𝑚𝐶𝐴3 = 𝑘𝐶𝑚𝐶𝐴3 �
𝐶𝑚∗𝐶𝐶𝐴3
𝐿𝐶𝐶𝐶𝑆3

−264 

1�, 265 

e) sulfide removal by iron sulfides: 𝑅𝐹𝑑𝑆 = 𝑘𝐹𝑑𝑆 �
𝐹𝑑∗𝐶𝑆
𝐿𝐹𝐹𝑆

− 1� 266 

with a prescribed Fe profile of 𝐹𝑒 = 0.9𝑒0.01(𝑚−𝑧) to reproduce the observed sulfide-267 

depletion depth. 268 

Finally, the temperature, T, of the bulk sediment is considered by an equivalent partial 269 

differential equation:  270 

𝜕
𝜕𝜕 ��

(𝜌𝑤𝑐𝑤)Φw (𝜌ℎ𝑐ℎ)Φh (𝜌𝑠𝑐𝑠)1−Φ� 𝑇�

=
𝜕
𝜕𝜕

�[Φ𝑤𝜌𝑤𝜆𝑤 + Φℎ𝜌ℎ𝜆ℎ + (1 −Φ)𝜌𝑠𝜆𝑠]
𝜕𝑇
𝜕𝜕

+ 𝑢Φ𝜌𝑤𝑐𝑤𝑇�+ Φ𝑤  R𝐶 ΔH 

where ρi is the density of phase i, ci its heat capacity, and λi its thermal conductivity 271 

with i = w, h, and s referring to the porewater, methane hydrate, and sediment grains, 272 

respectively. ΔHj is the enthalpy of hydrate formation reaction. In the above equation, the bulk 273 

heat capacity is calculated as geometric mean and the bulk thermal conductivity as arithmetic 274 

mean of the volumetric contributions of the three phases. 275 

Table 2: Model parameters and boundary conditions used in this study. 276 

Parameter Notation / Unit Value 



 
 

Length of model domain z / m 10 
Bottom water temperature TBW / °C 8.95 

Pressure (based on water depth) p / MPa 8.85 
Bottom water salinity S 22.3 
Porewater density ρw / kg m-3 (a) 1021 

Sediment grain density ρs / kg m-3 (a) 2500 

Methane hydrate density ρh / kg m-3 (a) 900 
Porosity at sediment surface ϕ0 / m3 m-3 (b) 0.915 (13) 
Porosity at infinite depth ϕ∞ / m3 m-3 (b) 0.613 (19) 
Exponential coefficient for porosity decrease 𝛽 / cm-1 (b) 0.0056 (12) 
Sediment burial velocity at infinite depth w∞ / cm a-1

 
(c) 0.02 

Advection velocity at sediment surface u0 / cm a-1 (d) 0 / 0 
Solubility of methane gas LMB / mM (a) 113 
Solubility of methane hydrate LGH / mM (a) 93 
Effective solubility of calcium carbonates LCaCO3 / mM2 (d) 90 / 90 
Solubility of iron sulfides LFeS / mM2 (d) 0.0005 / 0.0005 
Heat capacity of porewater cw / J g-1 K-1 (a) 4.03 
Heat capacity of sediment grains cs / J g-1 K-1 (a) 0.86 
Heat capacity of methane hydrate ch / J g-1 K-1 (a) 2.19 
Thermal conductivity of porewater λw / W m-1 K-1 (a) 0.59 
Thermal conductivity of sediment grains λs / W m-1 K-1 (a) 1.2 
Thermal conductivity of methane hydrate λh / W m-1 K-1 (a) 0.58 
Reaction enthalpy of methane hydrate formation ΔH / kJ mol-1 (a) -52 
Rate constant for CH4 hydrate formation kH / mM-1 a-1 (d) 0 / 17 
Rate constant for CH4 gas dissolution kG / a-1 (d) 0 / 0.1 
Rate constant of AOM kAOM / mM-1 a-1

 
(d) 5 / 200 

Monod constants of CH4 and SO4 in AOM reaction KCH4, KSO4 / mM (d) 4 / 4 

Rate constant of alkalinity removal kCaCO3 / mM-1 a-1 (d) 0.05 / 5 
Rate constant of sulfide removal kFeS / mM-1 a-1 (d) 0.1 / 0.1 
   

Boundary conditions x = 0,t x = z,t 
Chloride, Cl 360 mM 160 mM 
Methane, CH4 0.011 mM (d) 50 mM / LMB 
Sulfate, SO4 18 mM 0 mM 
Hydrogen sulfide, HS 0.3 mM dC/dx = 0 
Hydrogen carbonate, HCO3 4 mM dC/dx = 0 
Calcium, Ca 7 mM 40 mM 
Temperature, T 8.95 °C (d) 9.25 / 9.60 °C 
(a) Values calculated according to algorithms in Kossel et al. (2013) and references therein, (b) 277 

result of least-squares fitting of porosity equation to data (variance of fit is 0.001, χ2 is 0.11, 278 

and 2-σ standard deviation of fit parameters are given as last digits in brackets), (c) Jørgensen 279 



 
 

et al. (2004), (d) adjusted values of the model runs “reference” / “bubble diss” reproducing the 280 

background / seep data, respectively. Differing values for particular simulations are stated in 281 

the text and figures. 282 

4. Results 283 
4.1 Seafloor morphology 284 

The combined analysis of bathymetric, towed sidescan sonar and 3D seismic data 285 

showed that the Kerch seep area consists of three positive bathymetric features (seep mounds 286 

A–C) located at 890 – 940 m water depth (Fig. 2). Whereas seep A was already identified by 287 

Römer et al. (2012; ‘small mound’), seep B and seep C were considered as a single feature 288 

(‘large mound’) by these authors. Seep mounds A–C have a lateral extent of 150 – 700 m and 289 

a relief height of up to 10 m above the surrounding seafloor (Fig. 2A). They are located in a 290 

NW-SE trending channel-levee system of the Don-Kuban deep-sea fan (Fig. 1), which has a 291 

seafloor gradient of about 1.5 – 2.0° (Fig. 2B). The seeps (Fig. 2) developed on the crest of 292 

the western levee (seep A), on the flank of the western levee (seep B), and in the channel bed 293 

towards the eastern margin of the channel (seep C).  294 



 
 

 295 

Fig. 2: A. Shaded relief map based on bathymetry data from the seafloor horizon of the 3D 296 
seismic data. Flow direction of inferred sediment-gravity flows is from NW to SE. Red dots 297 
show coring locations from Römer et al. (2012). B. Slope angle calculated from this seafloor 298 
horizon. C. Seismic amplitudes derived from the seafloor horizon. Location is shown in figure 299 
1. 300 

 301 



 
 

The seismic amplitudes of the seafloor reflection are higher for the channel-floor 302 

deposits compared to the adjacent southwestern levee sediments, but they are not significantly 303 

increased for the seep areas except for the eastern part of seep B (Fig. 2C). The levees 304 

produce a homogeneous low backscatter return in sidescan sonar images (Fig. 3A). Closer to 305 

the channel bed, the seafloor backscatter increases and shows an inhomogeneous distribution 306 

combined with patches of very high backscatter. This is broadly consistent with the seismic 307 

reflection amplitudes. 308 

The sidescan sonar data indicate that seep B has the strongest relief of the three seep 309 

mounds. This is indicated by the presence of shadow zones and strongly increased backscatter 310 

intensity of the slopes facing towards the sidescan towfish (Fig. 3A). The central, elevated 311 

area of seep B is characterized by low backscatter, similar to the backscatter signal of the 312 

surrounding levee. The northern, western and southwestern margins of seep B are marked by 313 

a thin zone of homogenous medium backscatter. 314 

 315 

Fig. 3: A. Processed sidescan mosaic of the study area. The location of this image is shown in 316 
figure 1. High backscatter intensity is white. B. Sidescan image overlain with the outlines of 317 
seafloor doming indicating the seeps presented in figure 2. Location of the near-surface bright 318 
spots interpreted in the 3D seismic dataset is shown in red. The extent of acoustic blanking in 319 
the subbottom profiler records is shown by blue lines, and hydroacoustic anomalies in the 320 
water column indicative for rising gas bubbles (‘flares’) are highlighted by yellow arrows.  321 

 322 



 
 

Seep C does not produce a clear image in the sidescan sonar data, especially at its 323 

western margin in the center of the channel (Fig. 3). It is characterized by sharp medium to 324 

low backscatter contrast of the eastern and southern margins towards the surrounding 325 

sediments. In general, seep C shows less indication for topographic relief compared to seep B, 326 

and less elevation above the surrounding sediments. The surface inclination of seep C is 327 

remarkably uniform with inclination angles of less than 1.5° (Fig. 2B). The smallest seep of 328 

the study area, seep A on the crest of the levee, is characterized by four northwest to southeast 329 

trending linear features of high backscatter intensity with patches of low backscatter in 330 

between. Two minor elevated backscatter features could be identified in the sidescan mosaics: 331 

One on the western margin of seep B, and one on the northeastern margin of seep C (Fig. 3).  332 

 333 

4.2 Subsurface analysis 334 

Four main seismic units can be identified in the seismic data, but the absence of well 335 

data limits the geological interpretation of the area. Seismic unit 1 is situated in the 336 

bathymetric depression bounded by seismic unit 2 and comprises the channel deposits of the 337 

channel-levee system (Figs. 4C, D). It has a width of about 1500 m in SW to NE direction. 338 

The thickness of the unit ranges between 50 ms two-way traveltime (TWT) towards the 339 

margins and 120 ms TWT at the center. The seafloor amplitudes at the top of unit 1 are the 340 

highest observed in our data (Fig. 2C). The reflectors are discontinuous and often chaotic but 341 

some reflectors onlap onto the surrounding seismic unit 2. Their amplitudes are variable, and 342 

several scattered reflections are of very high amplitude with either the same or reversed 343 

polarity compared to the seafloor. 344 

Seismic unit 2 comprising the levee sediments is found on either side of the channel 345 

(Figs. 4C, D). It consists of numerous well-stratified continuous reflections that dip towards 346 

the central axis of the ridge-like structures. On the western side of the channel, unit 2 is about 347 

150 ms TWT below seafloor (bsf) thick. Unit 2 features numerous near-vertical displacements 348 



 
 

of reflectors with offsets of up to 10 ms. Some of these discontinuities reach lateral extensions 349 

of up to 500 m (Fig. 4E), and the general orientation follows the strike direction of the levees 350 

(NW to SE). The shallow subbottom profile shows that the discontinuities reach up to the 351 

seafloor as close as 2–5 m (Fig. 4F).  352 

Seismic unit 3 is situated below units 1 and 2. This unit varies in thickness between 10 353 

ms TWT at the intersection point between units 1 and 2, and a maximum of about 40 ms TWT 354 

below unit 2. The seismic amplitudes are generally high and the polarity of the major 355 

reflections in unit 3 is reversed compared to the seafloor reflection. 356 

Seismic unit 4 comprises the sediment column underneath unit 3. Unit 4 is generally 357 

seismically transparent, but several isolated and elongated reflectors can be identified. These 358 

reflectors are mostly parallel to the reflectors in unit 3 and the seafloor, and some are 359 

characterized by a reverted polarity compared to the seafloor with elevated amplitudes (Fig. 360 

4A-D). 361 

4.3 Doming seep morphology 362 

The seafloor domes sit atop shallow high amplitude patches with reversed polarity 363 

(Fig. 4C, D). The lateral extent of these patches is limited to the seafloor domes (Fig. 3B) 364 

except for seep A, of which the outer margins are difficult to map due to the smaller 365 

bathymetric elevation compared to seeps B and C. The thickness of the high amplitude 366 

patches is in the range of 20–30 ms TWT (Fig. 4C, D). The subbottom profile shows blanking 367 

of the acoustic signal in 10 m depth below the seep sites (Fig. 4F). Below seep A two NW to 368 

SE trending linear features of about 100–150 m length are observed (Fig 4E) and extend 369 

vertically through unit 3. In the similarity time slices, these two anomalies differ from the 370 

typical narrow fault signatures as they both consist of two parallel lines of low similarity and 371 

a line of high similarity in between. This attribute signature is caused by an upward bending 372 

of the well-stratified reflectors, which is most likely a velocity effect (pull-up) and does not 373 

reflect the stratigraphy. 374 



 
 

 375 

Fig. 4: A. 3D inline across the channel-levee system and seeps A and C. B. 3D inline across 376 
seep B. For profile locations refer to figure 2. Vertical exaggeration is roughly 15 times. C. 377 
Interpreted section of A highlighting three main seismic units: Channel facies (unit 1, blue), 378 
levee facies (unit 2, red), unit 3 underlying the channel-levee system (orange), and unit 4 379 
(green). Bright spots underneath seeps A and C are highlighted in yellow (lateral extent 380 
shown in figure 3B) and the most likely migration pathway (vertical anomaly) for the free gas 381 
is shown as yellow arrows. Several faults were identified in the levees (black lines). In the 382 
absence of a BSR, the theoretical depth of the BGHSZ was calculated for the regional 383 
geothermal gradient (red line). D. Interpreted section of B. E. Similarity time slice of the area. 384 



 
 

Narrow elongated anomalies of low similarity are present within all of the seeps (yellow 385 
arrows). The faults in the levee facies are apparent as sharp elongated zones of low similarity 386 
(white ellipse). The location of the time slice is shown as a dashed line in C and D. High 387 
similarity appears white. F. Subbottom profile across the seeps A and C showing acoustic 388 
blanking and levee deposits showing a prominent fault. Lateral extent of the blanking is 389 
shown in figure 3B. Vertical exaggeration is 10 times. 390 

 391 

Seep B on the levee flank is also situated above well-stratified levee sediments. A 392 

vertical narrow low-amplitude anomaly of about 150 m length in NW to SE direction extends 393 

vertically into unit 3 (Fig. 4E). Seep C in the channel bed is of relatively low similarity 394 

compared to the other two seeps. Between seep C and unit 3, the chaotic layered reflectors of 395 

the channel bed show several patches of high amplitudes and inversed polarity. Towards the 396 

eastern margin of seep C, the similarity slices reveal a similar vertical narrow anomaly of 397 

about 100 m length which connects the shallow bright spot with unit 3. The lower termination 398 

of these vertical anomalies cannot be determined unequivocally with the available seismic 399 

data.  400 

A BSR could not be identified in the seismic dataset. However, the modeled BGHSZ 401 

shows that at least for seep A (and to a lesser extent for seep B), the vertical anomaly appears 402 

to extend down below the GHSZ (Fig. 4C).  403 

 404 

4.4 Porewater geochemistry 405 

Two cores taken at a reference site (GeoB15519-1, 15519-2, Fig. 2A) show a decrease 406 

in Cl- concentration from ~360 mM at the sediment/water interface to ~225 mM in 600 cm 407 

depth (Fig. 5, black symbols). This decrease in Cl- is typical for Black Sea sediments where 408 

the progressing diffusion front of the salt ions from the marine bottom waters with a salinity 409 

of 22.3 has currently reached a sediment depth of 20–25 mbsf in limnic deposits with a 410 

porewater salinity of ~3 (Soulet et al., 2010). Sulfate decreases almost linearly from ~18 mM 411 

at the sediment surface until it is completely consumed in about 300 cmbsf. At this depth 412 

methane concentrations under ex situ conditions start to increase from less than 0.011 mM to 413 



 
 

values of more than 1–2 mM, sometimes having preserved even up to 8 mM in the collected 414 

sediments (Fig. 5, black symbols). Total alkalinity and hydrogen sulfide show a maximum 415 

around the depth of sulfate depletion (i.e. HS-: ~2 mM, TA: ~14 meq/l), while dissolved 416 

calcium concentrations are gently increasing below this depth (Fig. 5). At station GeoB15519-417 

1 a background temperature gradient of 30 °C/km has been calculated based on thermometers 418 

attached to the gravity core barrel (Fig. 5). 419 

A good match of all the background data was achieved by simulating a steady-state 420 

situation (Fig. 5, solid line), where the methane that is primarily produced by microbial 421 

degradation of organic matter below the depth of the model domain is diffusing upwards and 422 

gets oxidized by the downward diffusing sulfate via AOM. Subsequently, the produced 423 

alkalinity induces calcium carbonate precipitation and the produced sulfide is removed by 424 

iron sulfide precipitation. The downward diffusion of the conservative tracer chloride was 425 

mimicked by fixing the lower boundary condition at a concentration of 160 mM at 10 mbsf. 426 

Hence, the downward progressing diffusion front was not simulated explicitly in this study, 427 

but an adequate boundary condition was determined that allows a later comparison to the 428 

modeled Cl profiles affected by different modes of seepage, i.e. dissolution of gas bubbles and 429 

upward fluid flow, or gas hydrate formation. 430 



 
 

 431 

Fig. 5: Depth profiles of temperature (taken from Römer et al., 2012) and porosity as well as 432 
solute concentration of Cl-, SO4

2-, CH4, total alkalinity (TA), HS- and Ca2+ cores taken at a 433 
reference station (black symbols) and the seep sites (red, magenta and blue symbols). 434 
Simulation results of the background situation (solid line) and model scenarios of the seep 435 
situation (dashed and dotted lines) are also shown (see description in the text). Römer et al. 436 
(2012) determined lower geothermal gradients of 23 °C/km (GeoB15519-1) and 49 °C/km 437 
(GeoB15516-1) for the same temperature measurements. Note that for CH4 and SO4 only the 438 
upper 400 cmbsf are shown to improve the presentation of the near-surface gradients at the 439 
seep sites. Cores GeoB15513-1 and GeoB15516-1 were sampled for gas hydrates and not 440 
analyzed for CH4 distribution. Core locations are shown in figure 2A. 441 
 442 

Cores taken at the seeps A (GeoB15516-1, 15516-3, 15518-1; Fig. 2A) and seep B 443 

(GeoB15513-1, 15513-3; Fig. 2A) show a shallow sulfate penetration depth of ~10 cmbsf 444 

(Fig. 5) and a steep methane increase just below this depth. TA and HS- peak around the same 445 

depth and are also significantly higher (TA of up to ~27 mM, HS- of up to ~12 mM) than at 446 

the reference station. Chlorinity is significantly increased compared to background values 447 

down to a depth of about 700 cm. Calcium concentrations decrease from ~7.5 mM at the 448 

sediment surface to about 4 mM in the upper 50 cmbsf before they gently increase again to 449 

about 15 mM at the base of the gravity cores. At all seep sites, methane hydrates in the form 450 

of platy chips and veins were recovered in different sections below ~200 cmbsf in cores 451 

15513-1, 15516-1, and below ~350 cmbsf in core 15518-1. The much shorter (<400 cm long) 452 



 
 

core GeoB15518-1 behaves slightly different, because it showed some gaps in the sediment 453 

sequence that are possibly the result of gas expansion during core recovery. Although 454 

showing similar geochemical trends data from this core are considered less reliable except for 455 

in-situ temperature measurements taken at the outside of the core barrel. From core 456 

GeoB15516-1 at the margin of seep A a temperature gradient of ~65 °C/km has been 457 

calculated (Fig. 5, magenta triangles).  458 

We modeled upward methane transport via fluid flow of methane-saturated porewater 459 

(Fig. 5, dotted line) and compared it to methane dissolution from a free gas phase (Fig. 5, 460 

dashed line) in order to determine whether seepage is governed by gas bubble ascent or water 461 

expulsion. For both scenarios a match of the dissolved sulfate and methane profiles is 462 

possible, however, the other solutes (particularly Cl and Ca) can only be reproduced in the gas 463 

bubble dissolution scenario (Fig. 5). Upward porewater advection expectedly leads to 464 

concave/convex-shaped profiles that do not match the other solute data. In both model 465 

scenarios, an increased overall heat flow from depth, realized by increasing the lower 466 

boundary value from 9.25 °C to 9.6 °C, is needed to reproduce the temperature measurements 467 

of core GeoB15516-1. 468 

At the seeps the increased methane flux raises the maximum AOM reaction rate (~49 469 

mM/a at ~6 cmbsf) by almost 500 times compared to the background situation (~0.1 mM/a at 470 

~265 cmbsf), thereby inducing a carbonate precipitation rate of 0.94 mM/a that is ~150 times 471 

higher than at the reference site (i.e., 0.006 mM/a). Interestingly, the maximum sulfide 472 

removal rate stays at the same level (0.04–0.05 mM/a), but the rate profile broadens at the 473 

seeps.  474 

 475 
5. Discussion 476 

5.1 Free gas distribution in the subsurface 477 



 
 

Both the geoacoustic data of this study and the acoustic flare data published by Römer 478 

et al. (2012) show relatively little gas venting at the Kerch seep area, although the latter 479 

authors have come to a different conclusion. These authors consider the Kerch seep a high 480 

flux based on the number of observed gas flares and many hundreds of small-sized 481 

depressions, separated only by several centimeters from each other that they interpret as 482 

individual gas bubble release spots. Gas venting is a temporally highly variable process on 483 

timescales of days, weeks, or even years (Greinert et al., 2006; 2010; Klaucke et al., 2010) 484 

and, hence, gas bubble release could have been significantly increased or reduced during the 4 485 

days of hydroacoustic survey/coring in 2011 and the 9 days of geophysical survey in 2012. 486 

However, the gas bubbling evidence for the Kerch seep is much less than for the high-flux 487 

areas offshore Georgia in the Black Sea (Klaucke et al., 2006; Nikolovska et al., 2008).  488 

The subsurface data also show a contrasting picture with only little evidence for gas 489 

accumulations. In particular there is no accumulation of gas below the inferred BGHSZ, 490 

although a few areas of elevated amplitudes are present below this zone. Unequivocal seismic 491 

evidence for free gas, i.e. bright spots with reversed seismic polarity, are only visible right 492 

underneath the individual seeps, which, together with the documented microbial origin of 493 

methane in the venting and hydrate-bound gas (Römer et al., 2012), points to gas pockets 494 

within the uppermost 10 metres of the sediment column. Such shallow gas pockets are a 495 

common phenomenon at cold seeps (Schwalenberg et al., 2010; Reitz et al., 2011; Koch et al., 496 

2015). Acoustic blanking in the subbottom profile indicates that the gas is trapped as shallow 497 

as 10 m below the seafloor at the small mound on the crest of the ridge (Fig. 4F). The 498 

different bright spots are not interconnected and they do not extend beyond the surface 499 

expression of the seeps. Each seep appears to have its own feeder system despite their close 500 

proximity. Clear migration pathways are only imaged for seep A, where gas migrates along 501 

almost vertical faults through the levee sediments (Fig. 4A, C). A faint acoustic anomaly is 502 



 
 

also present below seep B (Fig. 4B), but it is not clear whether this vertical zone of reduced 503 

amplitudes is real or a seismic imaging artefact caused by the overlying free gas. 504 

 505 

5.2 Gas transport mechanism 506 

The background sediments at sites GeoB15519-1 and -2 are characterized by upward 507 

diffusion of dissolved methane at a flux of ~7 μmol cm-2 a-1 that is consumed by downward 508 

diffusing sulfate via AOM. In contrast, the methane flux at the seeps (GeoB15513-1, 15516-1, 509 

15518-1) is 50-fold increased (~350 μmol cm-2 a-1) and has shifted the AOM reaction front to 510 

a sediment depth of ~6 cmbsf. Our numerical transport-reaction simulations (Fig. 5) clearly 511 

demonstrate that this methane is delivered by rising gas bubbles and not by upward advection 512 

of porewater (as initially suggested by Römer et al. (2012) on the basis of acoustic water 513 

column surveys and sediment temperature measurements alone), because as a physical 514 

process the latter would produce concave/convex-shaped depth-profiles for all solutes (Fig. 5, 515 

dotted line), not only for sulfate and methane. However, dissolved Cl, Ca, total alkalinity, 516 

sulfide, and other constituents, exhibit much more gentle curvatures than an upward advection 517 

velocity of 5 cm/a would predict. Such advection rates are required to match the methane flux 518 

at the seeps. In contrast, at the seeps the increased AOM rate is fueled by the dissolution of 519 

the rising gas bubbles, which is highest (up to 10 mM/a) close to the seafloor in the diffusive 520 

mixing zone of bottom- and porewater, where porewaters are highly undersaturated with 521 

respect to methane. Transport of methane by individual gas bubble streams is also supported 522 

by the morphology of the seafloor at the Kerch seeps, where large areas are covered by small, 523 

cm-size depressions created by the individual emitted bubble streams (Römer et al., 2012). In 524 

the absence of bioturbation in the deep anoxic Black Sea and low bottom current velocities 525 

these structures can prevail for extended periods of time.  526 

 527 

5.3 Gas doming 528 



 
 

Two different dome geometries were tested to calculate the pressures required for the 529 

dome structures and the height of the gas column underneath. These geometries are circular 530 

shaped in order to closely match seeps B and C and the smaller-sized seep A (Figs. 2A, 6). 531 

For the plate thickness we assumed a maximum of 10 m according to the observed blanking 532 

in the subbottom profile at this depth, but also tested shallower plate thicknesses between 1–533 

10 m. According to Römer et al. (2012) the smaller sized seep A is elevated by “a few 534 

meters” above the surrounding seafloor, and we consequently used an estimated elevation 535 

wmax of 5 m. For the larger seep, Römer et al. (2012) noted an elevation wmax of 10 m. The 536 

Young’s Modulus E was estimated to range between 140 and 3000 kPa for fine-grained, near-537 

seabed marine sediments (Barry et al., 2012). Koch et al. (2015) further noted that after 538 

Hamilton et al. (1971), E can be approximated with 350 MPa for silty clays in ~1 km water 539 

depth. We consequently used this value as an upper limit in our calculation. All parameters 540 

used in this calculation are given in Table 3. 541 

 542 

Fig. 6: A. Geometry of the plate bending after Barry et al. (2012) for a circular structure with 543 
radius a, plate thickness h, and a maximum vertical displacement wmax. The doming is forced 544 
through buoyancy of a rising gas column from underneath. B. Circular radii as approximation 545 
of seeps A and C. 546 
 547 

Table 3: Parameters for the calculation of the gas column height which is required to explain 548 
sediment up-doming 549 
Parameter Notation Value/range Reference 
Poisson’s ratio ν 0.49 - 
Sediment bulk 
density 

𝜌𝑠 2500 kg/m3 clayey sediments 

Porewater density 𝜌𝑤 1030 kg/m3 - 



 
 

Density of methane 𝜌𝐶𝐶4 75.93 kg/m3 Calculated for a 
water depth of 900 m 
and a temperature of 
9 °C (Kossel et al., 
2013) 

Plate thickness h 1–10 m Gas accumulations as 
shallow as 10 mbsf 
indicated by 
subbottom profile 

Radius a 75 m (representative 
for seep A); 240 m 
(representative for 
seep C) 

- 

Maximum elevation wmax 5 m (seep A),  
10 m (seeps B & C) 

Römer et al. (2012) 

Young’s Modulus E 140 kPa–350 MPa Koch et al., 2015, 
Barry et al. (2012), 
Hamilton et al. 
(1971) 

 550 

In order to produce the observed doming effect gas columns below seep A and seep C 551 

require column heights on the order of 3–27 m for both seep geometries, assuming a Young’s 552 

Modulus of 140 kPa (Fig. 7). The use of a larger Young’s Modulus (350 MPa) requires larger 553 

gas column heights of 4–86 m in case of the seep A geometry (Fig. 6), and 3–28 m for the 554 

seep C geometry (the gas column height is thereby increasing marginally compared to the 555 

lower Young’s Modulus of 140 kPa). 556 

 557 



 
 

Fig. 7: Gas column height versus plate thickness for seeps A and C, shown for two different 558 
Young’s Moduli E. 559 

 560 

The methane transport by gas bubbles is consistent with sediment up-doming due to 561 

buoyancy of shallow seated gas at the three individual seeps. This is further supported by side 562 

scan sonar data and ROV photographs (Römer et al., 2012; this study) that did not show signs 563 

of carbonate build-ups in order to explain the dome structures with similar observations made 564 

at gas domes offshore New Zealand (Koch et al., 2015). The required gas column heights for 565 

the seep domes are in the order of 3–27 m for both of the tested geometries. Seep C formed 566 

within a submarine channel with most likely non-cohesive, coarse-grained channel-fill 567 

deposits (Klaucke et al., 2004) that would have values of Young’s Modulus more likely close 568 

to the low end within the 140 kPa to 3000 kPa range discussed by Barry et al. (2012). A 569 

variation of Young’s Modulus within this range changes the resulting gas column heights only 570 

on a centimeter-scale. Compared to the thickness of the gas signatures identified in the 571 

seismic data (20–30 ms TWT, which corresponds to a thickness of 15–22.5 m using a velocity 572 

of 1500 m/s knowing that with the presence of gas seismic velocity is reduced by an unknown 573 

factor), these calculated gas column heights (3–27 m assuming E = 140–3000kPa) are 574 

consistent and plausible. Fine-grained sediments on the western levee would have a higher 575 

Young’s Modulus requiring a thicker gas column. Seismic data (Fig. 4A) show high 576 

amplitudes below seep A and velocity pull-ups restricted to two faults. The velocity pull-ups 577 

do not cover the entire extent of seep A. If the velocity pull-ups are the result of gas hydrates, 578 

the hydrates would be restricted to the faults. The results of the gas column modeling strongly 579 

suggest that the gas flux driven by buoyancy is causing the sediment up-doming at the seep 580 

sites. Layers of massive gas hydrates would probably support the permeability barrier and 581 

result in sealing at the center of the seeps, even if the hydrate layers are thin. In fact, only 582 

small amounts of gas hydrate have actually been recovered. This possible sealing by gas 583 

hydrates would force the free gas towards the margins of the domes as suggested by Römer et 584 



 
 

al. (2012) and observed with the sidescan sonar data showing small flares at the margin of the 585 

seeps (Fig. 3), again equivalent to previous findings in a seep area offshore New Zealand 586 

(Klaucke et al., 2010; Koch et al., 2015). The sealing and sediment strengthening effect 587 

already takes place with thin gas hydrate layers, whereas seafloor doming due to gas hydrates 588 

requires much thicker gas hydrate layers, for which we do not see any evidence.  589 

 590 

5.4 Gas hydrate formation 591 

For thermodynamic reasons methane hydrates start to form, once the methane gas 592 

enters the GHSZ. However, under conditions of high gas fluxes as they occur at permeable 593 

chimney and pipe structures, the free gas can break through the GHSZ and is emitted into the 594 

water column, thus forming a cold seep. Liu et al. (2019) demonstrated that in this situation 595 

high hydrate saturations are expected to be built up in the upper few tens of meters below the 596 

seafloor, thereby producing a sub-seafloor salinity peak and elevated temperatures.  597 

While the data at the Kerch seep sites do not exhibit significant salinity enrichments, 598 

increased thermal gradients of up to 65 °C/km are observed within the surface sediments, 599 

which is significantly higher than background values (Fig. 5; Römer et al., 2012, their Fig. 600 

10). As discussed in section 5.2, these elevated thermal gradients cannot be explained by 601 

upward fluid flow, and variations in background heat flow in such magnitude on such small 602 

spatial scales is not supported by the overall geological setting in the area and in particular the 603 

absence of a heat source at depth. We therefore investigated the possibility of latent heat 604 

released by gas hydrate formation to explain the observed temperature profiles. Our numerical 605 

simulations indicate that methane hydrate formation rates of at least 2.1–2.4 mM/a are 606 

required to raise the temperatures by 0.2–0.4 °C above background values (Fig. 8). The 607 

produced temperature elevation would prevail for almost 500 a (blue line in Fig. 8) before 608 

conductive heat dissipation starts to dominate as the hydrate formation rates decline. This 609 

decline (Fig. 8) is invoked by the reduction in porosity because until this time gas hydrates 610 



 
 

have filled up ~20 % of the available pore space (i.e. ~13 % of the bulk sediment volume). In 611 

parallel, salt exclusion during hydrate formation also elevates the salinity of the porewater. At 612 

the modeled hydrate formation rates and palaeo limnic porewater only a minor chloride 613 

enrichment is produced, which lies within the observed data scatter (Fig. 8) and consequently 614 

does not contradict the model predictions by Liu et al. (2019). 615 

Of course, the observed temperature elevation can also be produced by applying faster 616 

hydrate formation rates. However, this would drastically shorten the time window, during 617 

which the data could be observed, as the resulting temperature anomaly would further 618 

increase. Hence, the presented simulation appears to be much more likely than any other 619 

scenario.  620 

 621 

 622 

Fig 8: Time-dependent evolution of simulation results for gas hydrate formation 623 
coupled to methane gas bubble dissolution in comparison to the observed data of dissolved 624 
chloride concentration, temperature, and porosity. Data are shown with the same symbols as 625 
in figure 5. Note: modeled temperature gradient increase for time spans <100a then decrease 626 
again. 627 

 628 

5.5 Age of the seeps 629 

The simulations also allow constraining the age of the seeps. Cold seeps can be 630 

relatively long-lived features that persist over tens of thousands or even hundreds of 631 

thousands of years (Teichert et al., 2003; Liebetrau et al., 2010) with probably more intense 632 

seep activity during times of global sealevel lowstands. For the Black Sea, Gulin et al. (2003) 633 



 
 

suggested that carbonate structures growing at methane seeps originate from 5300–2900 years 634 

before present based on 14C-dating of seep carbonates. However, authigenic carbonates at 635 

seeps incorporate 14C-dead carbon originating from the seeping CH4 (Winckler et al. (2002). 636 

14C dates consequently have to be taken with care as they define a maximum age. In addition, 637 

seeps lacking authigenic carbonate pavements such as the Kerch seep area are likely even 638 

younger and should be considered seeps that are still developing. The observation of a 639 

substantial gas pocket underneath the seep, active gas hydrate formation and limited gas 640 

bubbling into the overlying waters would corroborate this interpretation. Our gas hydrate 641 

formation simulations suggest that the Kerch seeps are younger than ~500 years (Fig. 8). 642 

Shorter time spans of less than 100 years match observed porosities even better but fail to 643 

reproduce the measured chloride concentrations, while longer time spans better reproduce 644 

chloride concentrations but generate hydrate saturations (up to 25 % core volume; Fig. 8) that 645 

exceed those observed by Römer et al. (2012). In addition, if the seeps are older than 500 646 

years excess heat from gas hydrate formation would start to dissipate and the observed 647 

temperatures would be lower than observed. 648 

 649 

6. Conclusions  650 

The combined analyses of the Kerch seep area carried out in this study is based on 651 

high-resolution 3D seismic data, deep-towed sidescan sonar data, and porewater analysis. The 652 

seep area is located in around 900 m water depth well within the GHSZ and comprises of 653 

three seafloor domes. Each of the domes sits on top of isolated gas pockets which are fed with 654 

methane migrating along individual narrow pathways through the GHSZ. Our calculations 655 

show that gas overpressure is likely the driver for the up-doming of the sediments, and the 656 

required gas column heights are of the order of 3–27 m, which fits well with the observed gas 657 

signatures in the seismic data. Methane is transported through the sediment column towards 658 

the seeps in the form of gas bubbles and not through fluid flow. Consequently, elevated 659 



 
 

temperatures in the surface sediments of the seeps are the result of active gas hydrate 660 

formation and not due to elevated heat flow from below. Based on our observations of the 661 

surface expression of the seeps and geochemical modeling, we also suggest that the Kerch 662 

seep area is a rather young seep system with a maximum age of 500 years. Consequently, the 663 

Kerch seep site shows gas hydrate formation in very shallow subsurface depth and not at BSR 664 

depth. However, the geochemical database at our disposal is limited and requires additional 665 

future sampling.  666 
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