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Abstract 

The gas hydrate stability zone (GHSZ) is defined by pressure-temperature-salinity (pTS) 

constraints of natural gas hydrate (GH) system. It refers to a depth interval which usually extends 

several hundred meters into the sediment column at sufficient water depths. The lower boundary of 

the GHSZ often coincides in seismic reflection data with a bottom simulating reflector (BSR), 

which indicates the transition between the underlying free gas and the overlying no-free gas zone 

at the thermodynamic stability boundary. The GHSZ in geological systems is dynamic and can 

shift in response to sedimentation processes and/or changes in environmental conditions such as 

bottom water temperatures, hydrostatic pressure, and water salinity. The appearance of multiple 

BSRs has been interpreted as remnants of former GHSZ shifts which have persisted over 

geological timescales. In this study, we numerically simulate the sedimentation-driven 

development of multiple stacked BSRs in the Danube deep-sea fan in the Black Sea. We show that 

in this dynamic sediment depositional regime sufficient amounts of residual gas remain trapped in 

the former GHSZ, given sufficiently high initial gas hydrate saturations, so that paleo-BSRs could 

persist over long time scales ( 300  kyr). In particular, the formation and persistence of multiple 

BSRs in the Danube Delta is controlled by the sequence of sedimentation events of the levees 

induced by sea-level change. The kinetics of methane phase transitions between gas hydrate, 

dissolved methane, and free gas plays a key role in the coexistence, location and timing of the 

multiple BSRs. Thus, For a given permeability, distinct multiple BSRs appear only for a narrow 

range of GH formation ( 14 2 1210 < / 10fk mol m Pa s     ) and dissociation rates (

16 2 1410 < / < 10dk mol m Pa s    ). 
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1. Introduction 

A bottom-simulating reflector (BSR) is typically used as a first indication for free gas and, 

indirectly, gas hydrate accumulations in the subsurface. It is caused by the seismic impedance 

contrast of high acoustic velocity in water-saturated sediments containing gas hydrates and the low 

acoustic velocity in gas-bearing sediments below [1]. If the gas hydrate (GH) system is in steady 

state with the geological and pressure-temperature-salinity (pTS) conditions, the BSR represents 

the lower boundary of the gas hydrate stability zone (GHSZ) in the sediments and runs parallel to 

the seafloor topography. Based on these assumptions, the depth of the BSR is often used to infer 

the local geothermal gradient (e.g. [2]) or the potential amount of gas hydrates in marine sediments 

(e.g. [3]). 

However, the positioning of the GHSZ is dynamic and sensitive to changes in the local and 

regional pTS state, and it can shift in response to changes at its upper and lower boundary. For 

instance, the GHSZ can shrink in response to higher bottom water temperatures, lowering of 

hydrostatic pressure during sea level drops or increasing seawater salinity, or it can shift upwards 

due to the deposition of sediment layers and associated re-adjustment of the geothermal profile. An 

upward shift or shrinking of the GHSZ leads to decomposition of the gas hydrate, either at the top 

or the bottom of the former GHSZ. At high sediment permeability the released gas can freely 

migrate upwards through the pore network, whereas in low-permeability, fine-grained sediments it 

accumulates in place until the pore pressure has increased so much that the sediment fractures, 

typically forming local migration pathways, such as pipe and chimney structures (e.g. [4]). When 

entering the new GHSZ, the gas will be immobilized as gas hydrate again, while under 

high-velocity migration conditions some of the gas may pass through the GHSZ and escape into 
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the overlying water column (e.g. [5]). In fact, the gas hydrate layer in the path of the upward 

migrating gas behaves like a converging-diverging mechanical nozzle with 

decelerating-accelerating fluid flow through the GHSZ, which leads to highly dynamic and cyclic 

rebuilding of GH at the base of a continuously evolving GHSZ [6, 7]. 

Considering the time scales of sediment accumulation and burial at most geological 

locations, it is reasonable to assume steady state conditions, where gas hydrate dissociation and 

upward gas migration into the new GHSZ drive a smooth shifting of a single BSR such that the 

BSR remains at the same position relative to the seafloor. However, the presence of two or more 

distinct BSRs located a few tens of meters above each other has been reported from multiple sites 

[8, 9, 10, 11, 12]. Several explanations for the occurrence of multiple BSRs have been proposed, 

including the presence of different gas compositions [9, 10, 13, 14] or anomalously high pressure 

conditions below the depth of the theoretical BSR [15]. Other studies suggest that multiple BSRs 

represent former positions of the lower boundary of the GHSZ [8, 16, 9, 17, 18], implying that free 

gas, and possibly also gas hydrate, has been preserved at the depth of these paleo-BSRs below the 

modern GHSZ. In agreement with this hypothesis, multiple BSRs have been related to shifts of the 

GHSZ caused by dynamic changes of pTS conditions during glacialâ€“interglacial transitions or 

glacial sedimentation events [19, 20]. 

Similarly, [17] showed that a stack of four well-defined BSRs in the western part of the 

paleo Danube delta is related to the accumulation of thick levee deposits during glacial sea level 

low-stands. While the sea level drops below the height of the Bosphorus sill (at 40  m below 

today’s sea level) the Black Sea is disconnected from the inflow of Mediterranean seawater and 

essentially becomes a freshwater lake. Saline conditions re-establish during interglacial periods, 

when the sea level rises again. Four limnic phases, i.e. transitions from a marine to a limnic and 
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back to a marine stage, have been documented to have occurred over the past 300  ka in the Black 

Sea [21]: sediment sulphur contents are elevated during marine stages as a result of organoclastic 

sulphate reduction, but are low during limnic stages. Based on global sea level reconstruction data, 

[22] assigned ages to levee deposits identified in seismic data of the paleo Danube delta, and [17] 

correlated the top of those deposits, which represent the location of paleo seafloors, to the multiple 

BSRs as indicators of corresponding base of the paleo GHSZs. 

In this study, we analyse under which conditions the free gas released from dissociating gas 

hydrates can prevail for up to 300  ka and the transport-reaction dynamics that control the 

formation of the multiple BSRs in the western paleo Danube delta. We have developed a 2D 

multiphase transport-reaction model to constrain the rates of gas hydrate dissociation and 

crystallization, gas phase migration, methane dissolution and diffusion as well as gas hydrate 

saturation and thickness, the permeability of the deposited levee sediments. The model is forced by 

the geological history of levee deposition and the glacial-interglacial changes of bottom water pTS 

conditions over the past 300  ka. 

 

2. Geological setting 

The lithostratigraphy in the paleo Danube delta of the Black Sea is controlled by dynamic sediment 

input from the Danube and the Dniepr rivers, as well as by alternating marine and limnic periods 

that are driven by glacial-interglacial cycles affecting the sea level and bottom water temperatures 

and salinities of the Black Sea [21]. During the past 500  ka, the Black Sea has experienced five 

marine stages that were interrupted by four limnic stages, i.e. glacial periods when the sea level 

dropped below the height of the Bosphorus sill (today at 40  m water depth), thereby, 

disconnecting the Black Sea from saltwater inflow from the Marmara and Mediterranean Sea and 
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thus turning the Black Sea into a freshwater lake [22]. A drop of the sea level by 100 150  m also 

shifted the river mouths towards today’s shelf break resulting in in the development of stacked 

channel-levee systems on the slopes and extended deep sea fans (Figure 1). West of the Viteaz 

canyon and its main paleo Danube channel, which has been active during the last glacial period 

about 25  ka BP [22], a stack of four BSRs has been identified in seismic data (Fig. 1c), each 

characterized by high amplitude reflection having reversed phase polarity with respect to the 

seafloor reflector. The shallowest BSR 1 occurs at about 320 380  m below the seafloor (mbsf) 

and indicates the base of the present GHSZ. It can be identified in seismic data throughout most 

parts of the Danube deep-sea fan [23, 24, 9]. The underlying three BSRs (numbered 2-4) are 

observed, with few exceptions, below and within the well-stratified western levee deposits of a 

buried channel-levee complex (BCL), but not underneath its channel axis [17]. The BCL likely 

developed during limnic stages of the Black Sea between 500  and 320  ka BP, i.e. in the time 

between marine isotope stages (MIS) 13 and 9 [21, 22]. Between 320  and 75  ka BP, the BCL 

was buried under a relatively even and well-stratified sediment cover (layer A in Fig. 1c), which 

largely preserved the seafloor topographical characteristics. Over the past 75  ka during the last 

major glacial period, the main paleo Danube channel has buried the BCL and layer A by thick 

levee deposits with increasing thickness from SW to NE direction, which has overprinted past 

topographical features (Fig. 1c). 

While the limnic-marine transition in the Black Sea from the last glacial maximum (LGM) 

to the present has been reconstructed quite robustly, only little is known about the conditions of 

previous glacial and interglacial periods. Hence, we can only use the present and the LGM 

conditions as suitable analogies. Today’s marine bottom water temperature and salinity are 

basin-wide very homogeneously at 9 C and 22 , respectively (e.g., [2]. For the limnic 
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situation at the last LGM [25] derived a bottom water temperature of 4 C and a salinity of 1 , and 

estimated that reconnection of the Black Sea to the Marmara and Mediterranean Seas occurred 

about 9  ka before present (BP) [26], and stable marine conditions were established only about 2  

ka BP [25]. The downward progressing diffusion front of salt concentrations has reached 20 25  

m into the sediments of the paleo Danube delta [27, 25] and salinities remain relatively constant at 

1 3  further below until 143  mbsf [2]. As a consequence, the GHSZ for methane hydrates in the 

deeper sediment strata starts at water depths of 665  m, whereas at the seafloor water depths of 

> 720  m are needed [17]. The geothermal gradient in Black Sea sediments is rather poorly 

constrained, because heat flow measurement in the surface sediments are strongly affected by 

erosion and deposition from local sediment slumping events and local topography of incised 

channels [28]. Zander et al. [17] estimated a regional geothermal gradient of 35 5  C/km in the 

western paleo Danube delta based on the paleo GHSZs indicated by the multiple BSRs. This value 

agrees quite well with the measured temperature gradient at the DSDP Site 379A [29]. The gas 

sampled at active vent sites, gas hydrates and dissolved in the porewater of the paleo Danube delta 

is composed of biogenic methane with only traces of higher hydrocarbons [30, 27]. 

 

3. Computational model 

3.1. Model equations 

We used a multiphase reactive transport model with an advanced numerical simulator for gas 

hydrate systems in marine subsurface environments [31]. Our mathematical model accounts for 

the following physical and geochemical processes, which are essential for simulating the highly 

dynamic methane hydrate system of the paleo Danube delta of the Black Sea: 
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a) The advective flow of gas and water is described assuming Darcy’s law. 

b) Capillary effects at the gas-water interface are modelled applying the Brooks-Corey 

parameterization [32]. 

c) Gas hydrate phase changes are modelled as a kinetic reaction driven by the difference 

between methane partial pressure and the equilibrium pressure with respect to the hydrate 

phase [33]: 

  4 4
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where g  for  4 2= , ,CH H O h  denotes the rate of methane, water and gas hydrate 

produced by a phase change; 
gP  is the methane partial pressure in the gas phase; 

eP  is the 

methane equilibrium pressure with respect to hydrate phase (eqn. 6); 
rk  is the kinetic rate 

constant (GH dissociation: =r dk k  if <g eP P , and GH formation: =r fk k  if g eP P ); 

rsA  is the specific reaction surface area (eqn. 4); M 
 denotes the molar weights of 

 4 2= , ,CH H O h ; and 
hN  is the hydration number (i.e. number of water molecules per 

methane molecule in the hydrate phase). 

d) Hydraulic property changes due to gas hydrate formation or dissociation are modelled 

following [34, 31]: 
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where, 
cP  is the capillary pressure, 

0p  is the gas phase entry pressure, 
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is the normalized water phase saturation with irreducible saturations 
wrS  and 

grS , 

respectively; the soil specific parameter   is a measure of pore size distribution, 
wS  and 

hS  are the water and hydrate phase saturations, respectively, K  is the absolute 

permeability of the hydrate bearing sediment, 
0K  is the absolute permeability of the 

corresponding hydrate-free sediment; the soil specific parameter 0 < 3m   describes the 

sphericity of the soil grains with = 3m  for perfectly spherical grains, 
rsA  is the available 

reaction surface area in the pore spaces of the hydrate-bearing sediment. 

e) Porewater salinity is considered by explicitly modelling the transport of dissolved salt 

mole-fractions, since they affect the local equilibrium state of the hydrate phase. 

f) Gas-water miscibility is modelled assuming vapour-liquid-equilibrium (VLE) and 

considering the appearance and disappearance of respective phases. 

g) Thermal effects that arise due to the non-isothermal nature of hydrate phase changes and 

the strong temperature dependence of hydrate-gas-water phase equilibria, are 

parameterized by: 
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    (6) 

where 
hQ  is the volumetric heat generation rate as a result of the kinetic phase change, 

with parameters  1 2= 56599, = 16.744a a  , and 
eP  is the gas pressure in equilibrium 

with a gas hydrate phase, parameterized after [35] ( 3

1 = 1.6892692 10b   , 

2 = 0.15162984b  , 4

3 = 5.60912482 10b  , 2

4 = 2.72067506 10b  , 2

5 = 5.5354128 10b  , 

4

6 = 2.06621298 10b  , 
7 =14.18127b , 3

8 = 8.3417066 10b  , 5

9 = 3.78757519 10b   , 

3

10 = 4.01544417 10b   , 5

11 = 3.06407949 10b  , 2

12 = 6.04018045 10b  , 

13 = 0.420253434b , 4

14 = 2.501548 10b   , 4

15 = 1.09745335 10b   , and 

2

16 = 1.17640966 10b   ). T  and S  are the absolute temperature and salinity, 

respectively. 

h) The dependence of the phase properties (e.g., densities, viscosities, methane solubility, 

thermal properties, and diffusion coeï¬ƒcients) on pressure, temperature and salinity is 

parameterized according to the SUGAR-Toolbox [36]. 

 

3.2. Model domain 

The initial computational domain (Fig. 2) covers the extent of the BCL on the regional seismic line 

(Fig. 2c): it is 20  km wide and at minimum 800  m high. At the upper surface the model domain 

follows the paleo seafloor at 300  ka BP (i.e. PSF-C). The base of the gas hydrate stability zone 
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(bGHSZ) is calculated about 400  m below PSF-C based on the initial pTS conditions prescribed 

in the domain: temperature at PSF-C is = 4bT C; within the domain a regional thermal gradient of 

35  C/km is set, pressure at PSF-C is 15  MPa, corresponding to a water depth of 1500  m; 

within the domain, a hydrostatic pressure distribution is assumed; a constant salinity of 3  is 

assumed in the model domain. In this study, we ignore changes in sea level and salinity during the 

glacial-interglacial cycles, and only focus on the effects of sediment accumulation. We further 

assume that no free gas is present in the domain at = 300t  ka BP (i.e., at the start of the 

simulation). However, the porewater is assumed to be saturated with dissolved methane. Initial 

permeability is assumed to be 1  mD representing silty clay, and the initial porosity is 0.5 , a 

representative value observed in the eastern part of the paleo Danube delta in sediment depths of 

40 140  mbsf [37]. The GH layer is assumed to sit just above the base of the GHSZ. We consider 

a quadratic distribution of GH along the depth within the initial GH layer: 

 

0

= 4 1h

h t

S z z

S h h

 
  

 
 (7) 

where, 
hS   denotes the maximum hydrate saturation, h  denotes the initial thickness of the 

hydrate layer, and 0 z h   is any point along the Z-axis lying within the hydrate layer at 

0 = 300t  ka BP. The corresponding hydrate volume is given by: 

 ,0

2
=

3
h hV h S   (8) 

Three sedimentation events, representing the three glacial limnic phases in the past 300  ka, are 

modelled, interrupted by periods of no sedimentation, representing the interglacial marine stages: 

(Event-1) 300 [ka BP] 240t  , (Event-2) 193 [ka BP] 137t  , and (Event-3) 75 [ka BP] 0t   

(see Fig. 2). The sedimentation rate of each sedimentation event is approximated as the total 
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thickness of the deposited layer over the total duration of that sedimentation event. We assume that 

the actual surface of the seafloor at any time > 300t  ka BP remains in equilibrium with the 

bottom water conditions. Therefore, the temperature and pressure at the PSF-C evolve over time 

following the propagation of the thermal and the hydrostatic gradients. 

 

3.3. Numerical scheme 

The mathematical model is strongly coupled and highly nonlinear. The governing equations are 

discretized in space using a fully-upwinded, locally mass-conservative, cell-centered finite volume 

scheme, and in time using an implicit Euler scheme. The fluxes are approximated using an 

orthogonal two-point stencil. The discrete model is linearized using a semi-smooth Newton 

method, which can handle the phase transitions more robustly and is computationally cheaper than 

a standard Newton solver with primary variable switching. The resulting linear system is solved 

using a parallel algebraic multigrid (AMG) solver with a stabilized bi-conjugate gradient method 

as a preconditioner and a symmetric successive over-relaxation smoothening algorithm (part of the 

built-in DUNE-ISTL library [38]). The numerical scheme is implemented within the 

DUNE-PDElab framework [39, 31]. The numerical simulator is versatile in terms of the geometry 

of the computational domain, dimensionality of the problem (2D, 3D), and the implementation of 

the boundary conditions. The numerical simulations for this study were executed on a NEC 

HPC-Linux-Cluster, which is part of the hybrid NEC high performance system at the Computing 

Centre of the Christian Albrechts University in Kiel, Germany. 

 

4. Results 
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The simulation study was carried out to investigate the dynamic response of free gas and GH 

accumulations to shifting GHSZ conditions induced by sediment deposition events of the paleo 

Danube river channel-levee systems in the course of glacial-interglacial sea level changes (Fig. 2), 

and in particular to constrain the conditions under which the observed multiple BSRs have been 

formed and preserved over the past 300  ka. The simulation is started at = 300t  ka BP assuming 

that the initial paleo-seafloor corresponds to the seismic reflector PSF-C (Fig. 1,2). The location of 

the corresponding paleo-BSR is calculated 400  m below this paleo-seafloor (green and back 

lines in Fig. 2, respectively), thus matching the observed BSR 4 (Fig. 1). Numerical simulations 

were run for various initial amounts of GH (  3 2

,0 / = 0.6,1.8,6,10,15hV m m   ; Tab. 1). An 

intrinsic permeability (
0K ) of 1510  m 2  was assigned throughout the sediment domain to impose 

low intrinsic flow restrictions. Local permeability was reduced by GH as defined in Eqn. 3. 

It was shown in [6] that the dynamics of gas migration through the GHSZ is essentially a 

balance of the upward buoyancy force, the downward burial force, and the flow modulation (i.e. 

acceleration/deceleration) by the GH layer that forms in the path of the migrating free gas. In that 

sense, the GH layer acts like a ‘mechanical’ nozzle, the shape of which is continuously evolving 

based on the rate of hydrate phase change, and in turn, resulting in a very rich internal dynamics 

which the authors refer as the ‘hydrate-nozzle effect’. It was shown that under certain 

combinations of permeability, burial-rate (constant), and kinetic rate parameters, the GH dynamics 

can lead to the coexistence of two distinct GH layers, one at the base of the present GHSZ, and one 

below, corresponding to some previous configuration of the GHSZ. Besides GH inventories and 

distributions,Therefore, to study the formation of multiple BSRs driven by episodic sedimentation 

events (i.e., a sequence of burial-rates) we additionally tested different combinations of intrinsic 

rate constants of GH dissociation (
dk ) and formation ( fk ). 
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Other model parameters were specified as outlined in [31]. In particular, the sediment 

specific parameters (Eqn. 1-4) were chosen as: 
0 = 5p  kPa, =1.2  and = 0.225m  (for 

pore-filling GH). The simulations did not take into account any net 
4CH  formation through 

methanogenesis in-situ or migration of 
4CH  from deeper sources into the model domain, i.e. the 

formation of BSRs is entirely based on the internal 
4CH  cycling in the domain. 

 

Table 1: Summary of parameters varied in the numerical simulation scenarios. 
,0hV  = initial 

amount of GH (Eqn. 8), 
dk  = kinetic constant of GH dissociation, 

fk  = kinetic constant of GH 

formation. Scenario Id. 2 is referred to as “best match” scenario since it reproduces the observed 

multiple BSRs closest (Fig. 3). 

Scenario Id. parameters 

 3

,0 2
/h

m
V

m
 2

/d

mol
k

m Pa s 
 

2
/f

mol
k

m Pa s 
 

1 15  1510
 

1310
 

2 10  1510
 

1310
 

3 6  1510
 

1310
 

4 1.8  1510
 

1310
 

5 0.6  1510
 

1310
 

6 10  1510
 

1210
 

7 10  1510
 

1410
 

8 10  1410
 

1310
 

9 10  1610  1310  
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Our simulations match seismic observations best for an initial GH volume of 
,0 =10hV  m 3

/m 2  and applying intrinsic rate constants of GH dissociation of 15= 10dk   mol/(m 2  Pa s) and 

GH formation of 
13= 10fk 

 mol/(m 2  Pa s) (Fig. 3, scenario 2 in Tab. 1). After 300  ka, the free 

gas released from the buried and dissociating GH has accumulated in 4 distinct zones below the 

western and eastern levee deposits (Fig. 3). The simulations also predict multiple distinct gas 

accumulations below the channel axis, which cannot be resolved in the seismic data due to its 

noisy, turbid character. The free 
4CH  gas zones correlate with distinct GH layers that have 

reformed after each deposition event, except for the upper zone, which is located above and below 

the corresponding GH layer due to yet incomplete re-formation of GH (Figs. 3 and 4). Gas 

saturation values (
gS ) show a strong correlation with topographic features, i.e. elevations and 

depressions of the initial paleo-seafloor (PSF-C) and the thickness of the deposited sediment layer, 

which is higher in the NE direction (Figs. 2 and 3). In accordance with the seismic observations, no 

free gas is predicted in regions underlying topographic highs (Fig. 3). In the vicinity of these 

seafloor peaks, highest gas saturations are found, while below the thick eastern levee deposits a 

thick free gas zone is established extending upwards (Fig. 3). 

The simulation results clearly show that each deposition event of levee sediments induces 

the dissociation of GH and upward migration of released free gas followed by re-formation of a 

distinct GH layer at the base of a newly established GHSZ, overall resulting in the formation of 

multiple BSRs (Fig. 3 and 4). Interestingly, the continuous initial GH layer develops into distinct 

but discontinuous free gas and GH layers (Fig. 4). Similar to distributions of free gas, the 

discontinuities of the new GH layers appear to be related to seafloor topographic highs. At these 

locations, GH accumulations remain relatively stable in place over the simulation time of 300  ka 
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and, as a consequence, only little to no free gas is released here (Fig. 4). In contrast, below the 

levees and channel axis the initial GH layer has completely disappeared after 300  ka, however 

traces of free gas remain at this depth. 

The initial temperature distribution (Fig. 2B(a)) is strongly altered by GH dynamic 

phase-changes and convective transport driven by fluid fluxes along the topographic gradients 

(Fig. 5d-f). Substantial heterogeneities of dissolved 
4CH  concentrations evolved during the 

simulation (Fig. 5g-i), which are especially pronounced below the GHSZ, directly under the peaks 

of the paleo seafloor. These heterogeneities are driven by the lateral fluxes of pore-water along the 

topographic gradients, which not only transport the dissolved methane, salts, and heat away from 

the peaks, but also promote mixing zone below the paleo-channel. Furthermore, GH 

phase-changes after gas migration produced strong local salinity gradients (Fig. 5j-l). An increase 

in salt concentration is observed during GH formation, and vice-versa. Parabolic-shaped zones 

with high salinity contrasts reaching towards the initial seafloor (PSF-C) indicate that salinity 

effects from GH dynamics coupled with lateral transport along topographic gradients add further 

heterogeneity to the initially homogeneous salinity distribution in the model domain. Overall, the 

results suggest that coupled reactive transport processes strongly affect the positioning of free gas 

and reformation of GH layers. 

Further it can be seen that the initial GH volume strongly affects the distinctiveness and 

continuity of free gas zones formed in the simulations. For an initial GH amount of 
,0 =10hV  m 3

/m
2

, sharp stacked gas zones result (Fig. 6), while for smaller initial volumes the resulting free gas 

zones appear less distinct ( ,0 = 6hV  m
3
/m

2
) until they become quite patchy and discontinuous (

,0 = {1.8,0.6}hV  m
3
/m

2
). This correlates with complete dissociation of the initial as well as 

re-formed GH layers within the time period of levee deposition (Fig. 6). At higher initial GH 
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volumes (
,0 =15hV  m 3 /m 2 ) the gas concentrations in the vicinity of the GH layers remain high 

and tend to accumulate in extremely high saturations ( > 0.6gS ) below the peaks of the seafloor 

topography, which are likely to trigger geo-mechanical instabilities, and therefore, are unphysical 

for the geological setting of the study area. On the other hand, at lower inventories distinct fronts 

are not observed and the gas distributions is more diffuse and blurred. The dominant factor of the 

initial GH volume is seen when further increasing the value (
,0 =15hV  m 3 /m 2 , Fig. 6). Under 

these conditions, high concentrations of free gas can accumulate below the initial GH layer, and 

again, this layering is least affected and shifted below initial seafloor elevations, which would 

make it more likely that seismic analysis identifies distinct BSR signals from paleo-BSRs even at 

these locations. 

A profound effect was observed from varying the intrinsic rate constants for GH 

dissociation (
dk ) and formation (

fk ). Decreasing 
dk  by one order of magnitude (i.e. to 1610  

mol/(m
2

 Pa s)) seems to affect the initial GH layer only little, whereas an increase by one order of 

magnitude (i.e. to 1410  mol/(m 2  Pa s)) leads to the complete disappearance of the initial GH 

layer (Fig. 7). Both of these manifest as continuous free gas zones: the former bounded from below 

as there is little to no resistance for upward gas migration, while the latter bounded from above as 

the GH layer closely follows the evolving base of the GHSZ and restricts further upward gas 

migration. At 15= 10dk   mol/(m
2

 Pa s) (best match value), multiple GH layers coexist at the 

base of GHSZs of each paleo seafloor (Fig. 7), and each of these layers preserves traces of free gas 

below (Fig. 8) that persist over 300  ka. An increase in fk  by one order of magnitude (i.e. to 

1210  mol/(m
2

 Pa s)) leads to very sharp GH layers with high saturation (Fig. 7). Corresponding 

low permeabilities effectively cut off further gas flow through overlying GHSZ, leading to 
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accumulation of very large amounts of free gas at the base of the actual GHSZ (Fig. 8). On the 

other hand, a decrease of 
fk  by one order of magnitude (i.e. to 1410  mol/(m 2  Pa s)) results in a 

nearly continuous deposition of GH layer (Fig. 7) that offers relatively low resistance to upward 

gas migration, resulting in a diffuse and blurred free gas distribution (Fig. 8). 

 

5. Discussion 

Our simulation results confirm that multiple stacked BSRs observed in the levee deposits of a 

buried channel-levee system in the Danube deep-sea fan are related to former positions of the 

GHSZ and can be regarded as paleo-BSRs. The formation of these paleo-BSRs was favored by 

shifting of the GHSZ in response to sediment deposition events. Our results further suggest that the 

topographical features and the dynamic re-shaping of the seafloor during sediment deposition 

could facilitate the formation of discontinuous BSRs. The discontinuities, and sometimes 

patchiness, of GH and free gas layers is in agreement with the sharp but discontinuous paleo-BSRs 

interpreted from seismic analysis [17]. 

We suggest that the potential of multiple-BSR formation strongly dependents on the GH 

inventory (i.e. the amount of methane in the system). Dynamics of gas migration over geological 

time scales is strongly related to the initial gas hydrate volume, however, it is not directly 

influenced by the exact gas hydrate distribution within the sediments. It has been shown In 

multiple modeling scenarios with variable initial gas hydrate saturations (e.g. = 50%hS  and 

= 30h m or = 30%hS  and = 50h m), where the numerical solution converged towards similar 

gas migration profile. The preservation of GH at the initial BSR is in agreement with seismic 

analysis where high amplitude reflections are lacking directly above the paleo-BSRs and the 
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paleo-BSRs in the high-resolution seismic data were remarkably sharp. [17] concluded that the 

amount of gas that was formed by GH dissociation had to be very small and that free gas still exists 

in the zone below the previous GHSZs. This is strongly supported by our calculated amounts of the 

residual gas, which remains less than 4% at the BSRs. 

Furthermore, the kinetics of GH gas phase transitions have a strong effect on the 

multiple BSR formation. For the prescribed permeability field, distinct multiple BSRs occurred for 

a narrow range of GH formation and dissociation rates. Variations by one order of magnitude of 

individual rate constants (
dk  and 

fk ) directly change the gas distribution. Specifically, the 

combination of slow dissociation ( 16= 10dk   mol/m 2  Pa s) and fast formation (
12= 10fk 

 mol/m

2  Pa s) led to the hold-up of substantially larger amounts of gas at greater depths. Our results 

analyse a specific case-study on globally unique long-lasting preservation of multiple (at least 

triple) BSRs in marine sediments. It is in agreement with previous work of [17] who suggested that 

rapid changes in sedimentation regime create favorable conditions for multiple BSR formation. 

Broadly, it is based upon the gas hydrate recycling concept stating that massive gas hydrate layers 

with high GH saturations buried below the local GHSZ dissociate and form sufficient amounts of 

mobile free gas which re-enters newly-established GHSZ and turns into gas hydrate [40, 41]. Our 

findings stay in agreement with the observations of [6] where rapid sediment burial causes cyclic 

rebuilding of gas hydrates in a ‘limited-gas-supply’ setting (i.e. no additional gas sources), similar 

to this study. System behavior described in [6] shows multiple similarities to our observations 

from the Danube delta. It basically states that under similar conditions gas hydrate dynamics can 

exhibit a cyclic nature where a new gas hydrate layer forms at the base of the shifted GHSZ while 

the old gas hydrate layer, related to some former configuration of the GHSZ, can still persist for 

over 300 ka in Danube delta despite the unstable pTS thermodynamic conditions. Furthermore, [7] 
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demonstrated the existence of bifurcation manifolds in the high-dimensional parameter space of 

the burial-driven gas hydrate dynamics, where these cyclic states appeared only under a narrow 

combination of burial rates (controlling the downward burial of free-gas), permeability 

(controlling the up-ward advection of free-gas), and GH kinetic rates (modulating the 

acceleration-deceleration of gas flow). These results are in agreement with our findings that in the 

system where sediment permeability and burial rates are known, the kinetic rates of phase 

transitions remain the most critical factor driving the free gas mobility and ability to accumulate in 

sedimentary pore space which is the essential condition for the existence of multiple BSRs. 

The topographical features of the initially prescribed seafloor and subsequently imposed 

sediment deposition patterns had a striking effect on the simulation results and showed a distinct 

correlation with phase distributions below seafloor elevations or depressions, respectively. 

Temperature shifts and heat transport dynamics favored GH preservation below seafloor 

elevations, whereas below the paleo channel faster GH dissociation and gas migration was 

observed, which is in agreement with seismic data. At the NE levee side, which received the 

highest sediment input, upward gas migration was most pronounced and extended to the former 

PSF-C. The strong effect of topographical features and sedimentation profiles highlights the 

necessity to consider 2D or even 3D topographical or structural features in numerical simulations 

and suggests that 1D simulations may not be sufficient when considering complex terrains, 

coupled transport processes, and non-equilibrium conditions. 

According to our results, multiple-BSRs can evolve and persist after relatively fast shifts of 

the lower boundary of GHSZ. Thus, a series of rapid mass deposition events at the seafloor are 

likely important pre-requisites of multi-BSR occurrence. However, other factors, related or 

unrelated to sediment deposition, such as bottom water temperature or salinity changes may be 
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supplementing the situation, which was not further considered in this study. The Black Sea in 

general, and the Danube paleo delta and deep sea fan in particular, have experienced very specific 

histories of limnic and marine periods with changing water levels and dynamic shifts of sediment 

input and burial, which favored sediment deposition. This setting is unlike the scenarios at other 

deltas and estuaries due to the dynamics of the Eurasian ice sheets, which triggered and controlled 

solids mobilization and transport to the Black Sea. Sea level changes during the Holocene and 

Pleistocene are primarily a consequence of the cyclic growth and decay of ice sheets [42], which 

resulted in a complex global and local patterns of solids transport, flooding events, and sea level 

changes [43, 44, 45, 46, 47, 48]. Fast and irregular shifts of the GHSZ could also occur in response 

to tectonic uplift, which was suggested to be related to multiple BSR formation [11, 49, 50]. 

Since it was shown that the formation of multiple BSRs is strongly dependent on GH 

inventories, we hypothesize that it could also be favored in scenarios of high gas supply, and 

discontinuous or continuous upward gas migration [51, 52, 12]. Our results show that very high 

GH saturations require a quite small layer thickness, and high volumes of GH are not necessarily 

favorable for the formation of multiple BSRs. We did not consider in-situ biogenic 
4CH  

formation and only focused on a constant 
4CH  inventory in each simulation. We hypothesise the 

in-situ formation of 
4CH , even more than upward gas flow into the GHSZ, is expected to favor 

the formation and preservation of multiple-BSRs during shifts of the GHSZ, because it could act as 

a 
4CH  source in low-permeability sediments with high organic carbon content. Since intense 

organic matter input and biogenic 
4CH  production would be favored at river deltas or estuaries, it 

is possible that in-situ 
4CH  formation has enhanced multiple BSR formation also in the Danube 

paleo-delta. In fact, [7] (preprint) have shown that in-situ biogenic 
4CH  production ensures a 
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connected gas reservoir below the hydrate-nozzle, and therefore, promotes the nozzle dynamics. 

The constant gas inventory, used in this study, would be then a limiting case where the gas 

reservoir below the hydrate nozzle periodically depletes (cutting-off the gas supply to the nozzle 

throat) and replenishes (re-establishing gas supply to the nozzle throat). In that sense, the limited 

gas-supply assumption provides a conservative setting to test whether multiple BSRs can be linked 

to past rapid-sedimentation events. 

 

6. Conclusions 

This study provides strong evidence that distinct paleo-BSRs can persist over hundred thousands 

of years in low-permeability sediments. The primary driver for the formation of multiple BSRs is 

sedimentation events of several tens of meters, a relatively narrow range of low-permeability 

sediments and GH kinetic rates (dissociation / reformation). The coexistence of multiple hydrate 

layers below the GHSZ is explained by the ‘hydrate-nozzle’ effect, where the relative competition 

between sediment burial, free-gas buoyancy, and GH kinetics affects the position and continuity of 

the simulated paleo-BSRs over geological time scales. The key factor for the development of 

multiple ( > 2) BSRs is a rapid, episodic and pronounced thermal destabilization of GH at the 

lower boundary of the GHSZ. As shown in this study, natural sedimentation processes in river 

deltas and estuaries could, in principal, provide sufficiently high solids input to cause the required 

shift of the thermal gradient. Thus, the Black Sea geological setting needs to be regarded as a 

unique system where at least three paleo BSRs have been discovered. This study provides strong 

evidence that the presence of pronounced topographic features, such as seafloor elevations and 

depressions, and non-homogeneous sediment deposition favors heterogeneous phase distributions 

and discontinuities of paleo BSRs, which is in accordance with results from regional seismic 
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studies. 
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stabilized bi-CG preconditioner). The DUNE libraries used in this study are preserved at 

https://gitlab.dune-project.org/pdelab/dune-pdelab and developed openly at 

https://www.dune-project.org/. 
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Supplementary Material 

An animation of the numerical solutions for the reference (best-fit) scenario (i.e., the scenario with 

initial GH inventory 
3 2

,0 = 10 m / mhV , and kinetic rates 15= 10dk   and 
13= 10fk 
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2mol / ( Pa )m s  ) is included as supplementary information. The public git repository for the code 

includes the raw numerical solution files for this numerical simulation, which can be visulatized 

using the freely available ParaView software. 
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Figure 1: A) Bathymetric map of the western part of the paleo Danube delta. The inset shows the 

location of the study area in the Black Sea. B) Gray shaded areas depict the outline of the buried 

channel-levee complex (BCL) and colored lines indicate the extent of BSRs 2-4 as identified on 

regional seismic data [17]. C) Regional seismic profile across the western part of the paleo Danube 

delta in SW to NE direction, depicting the geological setting. The location of this regional seismic 

profile is marked as line AB in (A). Interpretation of the seismic data according to Zander et al. 

[2017]. 
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Figure 2: A) Computational domain shown on top of the geological setting (outlined in black). The 

base of the paleo seafloor at t = 300 ka BP, PSF-C, marks the top boundary of our computational 

domain. The corresponding base of the GHSZ (green line) was calculated at 400  m sediment 

depth, thus approximately matching the position of BSR 4. Further added sediment layers, and 

their deposition times (event1,2,3), and corresponding paleo seafloors (PSF-B, PSF-A, SF-0) are 

depicted as blue lines. B) pTS conditions in the computational domain at t = 300 ka BP. 

Temperature distribution follows a regional thermal gradient of 35 C/km with = 4T C at PSF-C, 

and pressure distribution is hydrostatic with =15P  MPa at PSF-C. Salinity is assumed to be 

constant throughout the domain, and porewater is assumed to be fully saturated with dissolved 

methane. Initial GH distribution is prescribed according to Eqn.7 and the corresponding 
,0hV  

values are given in Table 1 for each scenario. 

 

Figure 3: Comparison of numerical gas saturation profile after a simulation time of 300  ka, i.e. at 

= 0t  ka BP, with the regional seismic profile. A good match was found for parameter values of 

,0 =10hV  3 2/m m , 15= 10dk   2mol / ( Pa )m s , and 
13= 10fk 

 2mol / ( Pa)m . 

 

Figure 4: GH (a-c) and free gas (d-f) saturations as well as the corresponding GHSZ (i.e., +1: 

stable GH; -1: unstable GH) (g-i) for the best match scenario (ID 2: 
3 2

,0 = 10 /hV m m , 

15 2=10 mol / ( Pa )dk m s , and 
13 2= 10 mol / ( Pa )fk m s

) at (a,d,g) the end of the first sediment 

deposition event at = 240t  ka BP, (b,e,h) the end of the second sediment deposition event at 

=137t  ka BP, and (c,f,i) the end of the third sediment deposition event at = 0t  ka BP. Also 

shown in (g-i) are the gas phase velocities as vectors scaled to their magnitude. 
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Figure 5: Gas pore-pressure (a-c), temperature (d-f), dissolved methane mole-fraction (g-i), and 

dissolved salt mole-fraction (j-l) for the best match scenario (ID 2: 
3 2

,0 = 10 /hV m m , 

15 2=10 mol / ( Padk m s ), and 
13 2= 10 mol / ( Pa )fk m s

) at (a,d,g,j) the end of the first sediment 

deposition event at = 240t  ka BP, the (b,e,h,k) end of the second sediment deposition event at 

=137t  ka BP, and (c,f,i,l) the end of the third sediment deposition event at = 0t  ka BP. 

 

Figure 6: Free-gas (a,c,e,g,i) and hydrate (b,d,f,h,j) saturation profiles at =137t  ka BP (i.e., at the 

end of the second sedimentation event) for simulation scenarios with different initial GH volumes: 

(a,b) 
,0 =15hV  3 2/m m  (scenario 1), (c,d) 

,0 =10hV  3 2/m m  (scenario 2), (e,f) 
,0 = 6hV  3 2/m m  

(scenario 3), (g,h) 
,0 =1.8hV  3 2/m m  (scenario 4), and (i,j) 

,0 = 0.6hV  3 2/m m  (scenario 5). In 

all model scenarios, GH dissociation and formation rate constants are 15= 10dk   2mol / ( Pa )m s , 

and 
13= 10fk 

 2mol / ( Pa )m s . 

 

Figure 7: GH saturation at =137t  ka BP for scenarios 2 (best match), 6, 7, 8, and 9. The figure 

shows the effect of varying GH formation and dissociation rate constants on the distribution of gas 

hydrate layers. 

 

Figure 8: Free-gas saturation at =137t  ka BP for scenarios 2 (best match), 6, 7, 8, and 9. The 

figure shows the effect of varying GH formation and dissociation rate constants on the appearance 

of multiple free gas zones. 
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Highlights 

 This study simulates the sedimentation-driven development of multiple stacked BSRs in 

the Danube paleo-delta, Black Sea. 

 Formation of multiple BSRs in the Black Sea is controlled by the sequence of 

sedimentation events of the levees induced by sea-level changes. 

 Kinetics of phase transitions plays a key role in the coexistence, location, and timing of the 

multiple BSRs. 

 Development of multiple stacked BSRs is possible only under a narrow range of 

parameters, unique for the Danube delta setting. 
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