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APPENDIX S1. ANAYTICAL FORMULATIONS FOR HYDRATE DISSOCIATION IN 

SEDIMENTS  

This study uses an analytical model proposed by Kwon et al.
9
 to calculate the excess pore fluid 

pressure and the volume fraction of methane hydrate during the hydrate dissociation. In the 

analytical model, when the increase in temperature induces the dissociation, the released fluids 

raise the pore fluid pressure to the phase equilibrium pressure corresponding to a given 

temperature. At the same time, the volume fraction of methane hydrate in a unit volume of 

sediments is calculated during the dissociation, so that the extent of the self-preservation 

behavior can be determined. The excess pore fluid pressure generated by the hydrate dissociation 

is related to the amount of methane hydrate consumed. The details of our hydrate dissociation 

model are as follows (all the notations are listed in Table 1).  

Assumptions. The model requires several assumptions: as gas hydrates occur at shallow 

sediments (less than 1000 mbsf), the changes in densities of phases (i.e., mineral, water, and 

hydrate) induced by temperature increase is disregarded;
9
 no mass flux occurs during the hydrate 

dissociation and hydrate dissociation takes place under an equilibrium condition; the kinetic 

effect on the hydrate dissociation is insignificant—this assumption is valid in the geologic scale 

because kinetic effects are insignificant for long-term processes (e.g., more than tens of days);
44

 

and the capillary effect on the phase equilibrium boundary is not considered.  

Generic formulation. The mass of dissociated gas hydrate is derived from the two governing 

relationships: the mass conservation relationship and the volume change relationship. In 

accordance with the zero mass flux assumption, the mass of each species is conserved within the 

boundary during the thermal stimulation of the hydrate-bearing sediments. In particular, the total 
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mass of the hydrate-forming gas (HFG) remains constant:  
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The total volumetric expansion of the hydrate-bearing sediment is the sum of the volume change 

experienced by each constituent and equal to the volume expansion of the granular skeleton 

against the surrounding medium; it is also associated with the increase in pore fluid pressure. As 

the effective stress is expressed as ' tot Pσ σ= − , the change in effective stress for a constant 

overburden stress is ' Pσ−∆ = ∆ ; then the volumetric strain is 
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The gas hydrate partially dissociates during heating, contributing water to the water phase and 

gas to the gas phase. The general relation of the pore pressure increase P∆  and the mass of gas 

hydrate dissociated hM∆  (which is negative during dissociation) can be obtained as follows 

(for the details in derivation, refer to Kwon et al.):
9
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The last term 0g t
V V∆ , which is the volume change of gas normalized by the initial volume of 

the hydrate-bearing sediment, can be expressed as follows: 
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As long as some hydrate remains in the system, the pressure P for a given temperature T is the 

corresponding equilibrium pressure T

eqP  on the phase boundary. The increase in pressure P∆  

when all the hydrate in the system is consumed can be evaluated by using Equations A-3 and A-4 

for 0h hM M∆ = − . 

Remaining gas hydrate volumetric fraction. Of particular interest is the hydrate mass change 

hM∆  during the dissociation (the BC path in Figure 1). This value can be computed by using 

Equations A-3 and A-4 for a given PT state on the phase boundary ( T

eqP , T). The remaining gas 

hydrate volume fraction Sh is related to hM∆  through the mass density, and can be expressed as 

follows with proper consideration of the volumetric strains:  
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Supporting Figure S1  
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(d) (e) (f) 

 

Figure S1. Spatial distribution of the free gas saturation for the case REF: (a) at the initial, (b) after 1 year, (c) after 2 years, (d) after 5 years, (e) 

after 10 years, and (f) after 20 years. 
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Supporting Figure S2  
 

 

 

 

 

 

 
(a) (b) (c) 

 

 

Distance [m]

0 20 40 60 80 100

D
e

p
th

 [
m

]

0

50

100

150

200

Distance [m]

0 20 40 60 80 100

D
e

p
th

 [
m

]

0

50

100

150

200

Distance [m]

0 20 40 60 80 100

D
e

p
th

 [
m

]

0

50

100

150

200



 S8 

 

 

 

 

 

 

 
(d) (e) (f) 

 

Figure S2. Spatial distribution of the effective stress for the case REF: (a) at the initial, (b) after 1 year, (c) after 2 years, (d) after 5 years, (e) after 

10 years, and (f) after 20 years. 
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Supporting Figure S3 
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Figure S3. Deformation features of the formation for the case REF: (a) at initial, (b) after 1 yr, (c) after 2 yrs, (d) after 5 yrs, (e) after 10 yrs, and (f) 

after 20 yrs. Note that the displacements between the grid points in the images are amplified by the factor of 5. 

 


