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Abstract 
 

Vast quantities of methane are trapped in oceanic hydrate deposits, and there is 

concern that a rise in the ocean temperature will induce dissociation of these hydrate 

accumulations, potentially releasing large amounts of methane into the atmosphere. The 

recent discovery of active methane gas venting along the landward limit of the gas 

hydrate stability zone (GHSZ) on the shallow continental slope west of Spitsbergen could 

be an indication of this process, if the source of the methane can be confidently attributed 

to dissociating hydrates. In the first large-scale simulation study of its kind, we simulate 

shallow hydrate dissociation in conditions representative of the West Spitsbergen margin 

to test the hypothesis that the observed gas release originated from hydrates. The 

simulation results are consistent with this hypothesis, and are in remarkable agreement 

with the recently published observations. They show that shallow, low saturation hydrate 

deposits, when subjected to temperature increases at the seafloor, can release significant 

quantities of methane, and that the releases will be localized near the landward limit of 

the top of the GHSZ. These results indicate the possibility that hydrate dissociation and 

methane release may be both a consequence and a cause of climate change. 
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 Gas hydrates are solid crystalline compounds in which gas molecules are lodged within a 

clathrate crystal lattice (Sloan and Koh, 2007). Vast quantities of methane are trapped in oceanic 

hydrate deposits. Initial investigations estimated the total amount of methane hydrate currently 

residing in the oceans at 10,000 gigatons (Gt) of methane carbon (Gornitz and Fung, 1994; 

Kvenvolden, 1999; Borowski, 2004), but more recent studies have produced widely different 

methane hydrate estimates—ranging from an upper estimate of 27,300 Gt in hydrates along 

continental margins (74,400 Gt globally) (Klauda and Sandler, 2005) to a lower estimate of 

3,000 Gt in hydrates (Buffett and Archer, 2004). The depth at which hydrates remain stable 

depends on the pressure (as imposed by water depth) and temperature. An increase in water 

temperature at the seafloor would change the extent of the gas hydrate stability zone (GHSZ) and 

possibly induce hydrate dissociation, leading to release of methane. Recent computational 

studies quantified the potential for local methane release under warming conditions (Reagan and 

Moridis, 2008) using a 1-D representation of sub-seafloor processes. Because methane is a 

powerful greenhouse gas, there is considerable concern that a rise in the ocean temperature can 

induce oceanic hydrate dissociation, with adverse climatic consequences. This positive-feedback 

mechanism has been proposed as a significant contributor to rapid climate changes in the late 

Quaternary period (Kennett et al., 2000). While this hypothesis is controversial, and the 

relationship between hydrates and climate has not yet been established, the role of methane in 

climate cycles is currently an active area of research and hydrates are considered a potential 

source (Masciarelli, 2009). 

Westbrook and collaborators recently discovered over 250 plumes of methane gas 

bubbles erupting from the seabed off the west Spitsbergen continental margin along the present 

landward limit of the GHSZ (Westbrook et al., 2009). Two possible explanations are proffered: 

1) that the methane originates from dissociating shallow hydrates, and/or 2) that methane 



  

arriving from deeper sources has formed hydrate in the shallow GHSZ that blocks or channels 

(by reducing the sediment permeability) the ascending gaseous methane. 

We conducted a large-scale, 2-D simulation of a shallow hydrate system in conditions 

representative of the Arctic continental shelf at the western Svalbard margin to test these 

hypotheses and assess the potential for hydrate dissociation, methane release, and plume 

formation as a result of ocean warming.  

We simulate the system using the massively parallel version of the TOUGH+HYDRATE 

code (pT+H) (Moridis, 2003; Moridis et al., 2008), which models the fully coupled phase 

behavior, flow of fluids and heat, and nonisothermal hydration reaction in complex geologic 

media across multiple spatial dimensions. The serial version of TOUGH+HYDRATE has been 

used in earlier, 1-D investigations of hydrate dissociation in response to ocean temperature 

change (Reagan and Moridis, 2008) as well as numerous 1-D and 2-D gas hydrate reservoir 

engineering studies (Moridis et al., 2009; Moridis and Sloan, 2007). This study is the first 

application of pT+H to a climate-driven system of this magnitude. 

The model system is a 2-D slice of a representative slope (Figure 1) 5000 m in length. 

The western Svalbard continental shelf has a 3%–5% slope, as indicated by local averages from 

GEBCO bathymetry data for the western Svalbard region (GEBCO, 1997) and as reported by 

Westbrook (2009) in the region of methane plume formation. We select a 5% grade, 

encompassing the seafloor in the region of methane plume formation, with the top of the slope at 

300 m depth and extending downslope to 550 m depth. The region of sediments modeled extends 

300 m below the seafloor. Figure 1 also shows a schematic of the mesh and the initial extent of 

the GHSZ. To represent the system at a suitable level of detail, we use 300,000 gridblocks 

(1000×300, resulting in 1,200,000 coupled equations for the hydrate-water-inhibitor system), 

with a horizontal discretization of dx = 5 m, a 2D slice thickness of dy = 1 m, and a variable 

vertical discretization, beginning with dz=0.25 m from the seafloor to z =-50 m, dz = 0.5 m 



  

between z = -50 m and z = -75 m, and a logarithmic progression (dz = 0.5–15.8 m) from z = -75 

to z = -300 m.  

The initial conditions involve a geothermal gradient of 8.7 ˚C/100 m as taken from 

measurements further downslope (Haake et al., 2008), 3.5 wt% initial salinity, and a uniform 

initial hydrate saturation of 3% between z = -5 m and the base of the GHSZ. Heterogeneity of the 

hydrate layer is not considered in this study for lack of coring data or profiles. Sediment porosity, 

 = 0.55, reflects deeper locations further offshore (Haake et al., 2008), and an intrinsic sediment 

permeability of k = 10-15 m2 (1 mD) is representative of unconsolidated ocean sediments and 

similar to previously simulated arctic scenarios (Reagan and Moridis, 2008). Other physical 

properties of the sediments and porous-media system are summarized elsewhere (Reagan and 

Moridis, 2008); however, this work uses a full 2-D representation of the model system. The 

extent of the GHSZ is computed directly from the depth and initial temperature distribution, and 

the initial state of the system was attained using pT+H, bringing the system to thermal, chemical, 

thermodynamic, and hydrostatic equilibrium at the initial temperature. A preexisting region of 

free gas, inferred (but not confirmed) to exist underneath such hydrate deposits, is not included 

in this simulation, as the actual quantity of gas is unknown, and we seek to quantify the CH4 that 

can be released due to hydrate dissociation alone. The top of the domain is an open boundary 

representing heat and mass transfer between the sediment and the overlying ocean. The pressure 

at the upper boundary is variable with depth but time-invariable, representing constant ocean 

levels (Reagan and Moridis, 2008). The bottom of the domain is a closed boundary beyond the 

expected range of temperature propagation on the timescales of this study (Reagan and Moridis, 

2008) and is held at constant temperature corresponding to the initial geothermal gradient.  

Recent climate simulations coupling ocean circulation, atmospheric circulation, and 

atmospheric chemistry (Meehl et al., 2007) indicate that, under current climate conditions and a 

1%/yr increase in atmospheric CO2, the temperature at the seafloor would rise by 1°C over the 



  

next 100 yr, and possibly by another 3°C in the following century. Previous work on the 

response of shallow hydrates to ocean temperature change (Reagan and Moridis, 2008) indicates 

that temperature changes as small as 1–3°C can have significant effects on shallow hydrates. For 

the western Spitsbergen continental shelf, historical temperature data suggest that a 3 ˚C change 

in bottom-water temperature has occurred over the last 100 years with an average rate of 0.03 ˚C 

/yr (Westbrook et al., 2009). We model this rapid change with a linear 3 ˚C temperature increase 

at the seafloor (at all depths from 300 to 550 m) over a 100 yr period (i.e., beginning roughly at 

1908 CE) with an initial temperature of T0 = 0 ˚C at t = 0. After 100 years of simulation 

(corresponding to 2008 CE), the ocean temperature is held constant for an additional 100 yr (a 

conservative, best-case scenario, assuming no further changes in ocean temperature). Thus, in 

this study the total temperature change and total simulation time are limited, as extrapolation of 

recent temperature trends over centuries is difficult at best, and we are most interested in 

capturing century-scale phenomena that may already be occurring, and that may already be 

observable. 

Figure 2 illustrates the evolution of hydrate saturation, SH, with time. Over 200 yr, the 

upper (leftmost) extent of methane gas hydrate recedes approximately 1,500 m downslope. The 

effects of the lowering of the top of the GHSZ are evident, as a distinct upper dissociation front 

is visible at t = 50 yr, 100 yr, and 130 yr. Simulations of 1-D hydrate-bearing sediment columns 

under arctic conditions (Reagan and Moridis, 2008) have demonstrated that the rate of 

dissociation is regulated by heat transfer limitations, as hydrate dissociation is strongly 

endothermic, and thus we see the formation of a sharp dissociation front in both the previous 1-D 

study and in this 2-D simulation. Secondary hydrate is seen to form at the bottom of the hydrate-

bearing sediments, locally increasing SH beyond the initial value of 3% to 3.5% by t = 200 yr. 

Figure 3 shows the evolution of gas saturation, SG. At t = 50 yr, a large zone of free gas 

envelopes a localized plume of high gas saturation. The region of highest saturation coincides 



  

with the bottom of the GHSZ, as dissociation-originating CH4 ascends along the base of the 

hydrate. Note that this is adjacent to the region of secondary hydrate formation (increased SH) 

seen in Figure 2. This plume contacts the seafloor between x = 750 and x = 1500 m (340 m to 

375 m depth), moving downslope with time. 

Simulation outputs indicate that the first appearance of gaseous methane at the seafloor 

occurs around t = 80 yr (~1990 CE), and that the onset of gas release is rapid. In Figure 4, 

presents the evolution of gas flux, QCH4 (mol/yr-m2) as a function of time and downslope 

position. The peaks of gaseous flux in Figure 4 correspond closely to the intersection between 

the seafloor boundary and the gas-phase plume pictured in Figure 3 at t = 100 yr, t = 130 yr, and 

t = 200 yr. The peaks also fall within the range of depths for plume origination reported by 

Westbrook et al. (2009). 

The evolution of the total methane flux, in both aqueous and gaseous form, for the entire 

top interface of the 1 m-wide, 5000 m-long, 2-D slice of the system was recorded during the 

simulation. Methane release into the ocean begins at approximately t = 30 yr (in the dissolved 

phase) and reaches a peak of 8800 mol/yr at t = 175 yr, with a total of 9.2105 mol of CH4 

released by t = 200 yr. This corresponds to 141 kg/yr CH4 per 1 m width of slope released solely 

due to dissociating hydrate. Integrated over the 30-km length of the plume-zone at the 

Spitsbergen margin, this would contribute 0.004 Tg/yr of CH4 to the ocean from this hydrate 

system alone, small in comparison to the global atmospheric flux of methane but potentially 

significant to the chemistry and biology of the ocean in regions affected by such releases. The 

areal extent of Arctic Ocean shelf between 300 m and 500 m deep encompasses roughly 700,000 

km2 (Carmack and Wasserman, 2006), and this system represents a mere 0.02% of that area. If 

sparse-hydrate plume systems such as this exist in other areas with similar depth and temperature 

conditions (along the Arctic continental shelf, Bering Sea, or Okhotsk Sea), the cumulative effect 

could be proportionally larger and huge in absolute terms. 



  

  The simulations presented in this paper closely describe the type and extent of hydrate-

bearing system thought to exist around the Svalbard margin, and allow us to make several 

conclusions about the nature of this system: 

(1) The simulated release of CH4 by dissociating hydrates is consistent with observations 

the hypothesis that dissociating hydrate alone can provide a significant quantity of methane gas 

in ocean-temperature-driven methane release scenarios. 

(2) The increase in SH along the base of the GHSZ and the diversion of gas along the 

bottom of the hydrate deposit is consistent with the hypothesis that hydrate-bearing sediments 

can alter and direct the sub-seafloor transport of methane. This is due to the reduced permeability 

of hydrate-bearing sediments and the change in the relative permeability of sediments through 

the formation of new hydrate at the bottom of the GHSZ. 

(3) Dissociation of shallow hydrates, combined with diversion of the hydrate-derived gas 

by hydrate-bearing sediments, may result in the formation of highly localized plumes of methane 

gas aligned with the landward limit of the receding GHSZ. 

(4) The configuration of the simulated gas release at the ocean floor resembles the 

configuration of gas plumes observed off the Spitsbergen margin, with gas plumes originating at 

340 m to 375 m depth. 

 

Notation 

  Porosity 

QCH4   Methane flux (mol/yr-m2) 

SH  Hydrate saturation 

SG  Gas saturation 

T0  Initial temperature (˚C) 

t  time (yr) 



x  downslope distance (m) 
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Figure Captions 

 

Figure 1. Illustration of the system location, simulated domain, extent of gas hydrate stability 

zone, and boundaries for the 2-D sloping system. Gridlines are a schematic representation only 

(not to scale). Map courtesy IBCAO (Jakobsson et al., 2008). 

 

Figure 2. Hydrate saturation, SH, within the 2-D system at t = 50, 100, 130, and 200 yr.  

 

Figure 3. Gas saturation, SG, within the 2-D system at t = 50, 100, 130, and 200 yr.  

 

Figure 4. Flux of gaseous methane, QCH4, at the seafloor at t = 85, 100, 130, 160, and 200 yr. 

QCH4 is presented here as mol CH4 per m2 at downslope position x for a 1 m-wide, 2-D slice of 

the continental slope. 



  

 

Figure 1. Illustration of the system location, simulated domain, extent of gas hydrate stability 

zone, and boundaries for the 2-D sloping system. Gridlines are a schematic representation only 

(not to scale). Map courtesy IBCAO (Jakobsson et al., 2008). 



  

 

Figure 2. Hydrate saturation, SH, within the 2-D system at t = 50, 100, 130, and 200 yr.  



  

 

Figure 3. Gas saturation, SG, within the 2-D system at t = 50, 100, 130, and 200 yr.  



  

 

Figure 4. Flux of gaseous methane, QCH4, at the seafloor at t = 85, 100, 130, 160, and 200 yr. 

QCH4 is presented here as mol CH4 per m2 at downslope position x for a 1 m-wide, 2-D slice of 

the continental slope. 

 

 




