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ABSTRACT 
We simulate gas hydrate and free gas accumulation in heterogeneous marine sediments over 
geologic time scales. Simulations with a vertical fracture network, which extends through the gas 
hydrate stability zone and has permeability 100 times greater than the surrounding shale 
formation, show that focused fluid flow causes higher hydrate (25-55%) and free gas saturation 
(30-45%) within the fracture network compared to the surrounding, lower permeability shale. 
Systems with high permeability, dipping sand layers also show localized, elevated saturations of 
hydrate (60%) and free gas (40%) within the sand layers due to focused fluid flow. Permeability 
anisotropy, with a vertical to horizontal permeability ratio on the order of 10-2, enhances hydrate 
concentrations within high permeability conduits because anisotropy enhances transport of 
methane-charged fluid to high permeability conduits. Our two-dimensional (2-D), heterogeneous 
models quantify how focused fluid flow through high permeability zones affects local hydrate 
accumulation and saturation. We also show increased fluid flux and deep source methane input 
result in enhanced concentrations of hydrate and free gas, and also increase the flow focusing 
effects. From our 2-D results, we determine that the hydrate and free gas saturations can be 
characterized by the local Peclet number (localized, focused, advective flux relative to diffusion); 
which is consistent with Peclet number characterization in one-dimensional (1-D) systems. This 
characterization suggests that even in lithologically complex systems, local hydrate and free gas 
saturations can be characterized by basic parameters (local flux and diffusivity).  
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NOMENCLATURE 
c ji Mass fraction of component i in phase j 
cl

m,eqb  CH4 solubility at the base of the GHSZ 
Da Damköhler number 
Dm Diffusivity of CH4 in seawater 

g Acceleration due to gravity 
k Absolute sediment permeability tensor 
ko Absolute sediment permeability at seafloor 
krj Relative permeability of phase j 
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ko
rj  End-point value of krj 

Lo  Depth of the seafloor ( ) 
Lt Depth to the base of the GHSZ  
Lz  Depth to the base of the domain 
Lx Width of the domain 
L!  Characteristic depth of compaction 
Mi Molecular weight of component i 
NSC Sedimentation-compaction group 
N’t! Porosity and compaction group 
n Pore size distribution index 
Pe1 First Peclet number 
Pe2 Second Peclet number  
pj  Pressure of phase j 
Pc Capillary pressure 
Pc,o Capillary pressure at reference value 
Pce,o Capillary entry pressure at reference value 
Sj  Saturation of phase j 
Sjr  Residual saturation of phase j 

 Sedimentation rate 
t Time  
Uf, sed Fluid flux due to sedimentation 
Uf, ext  Fluid flux due to external fluid flow 
vj  Velocity of phase j 
z Depth below the seafloor 
" Organic carbon content in sediment 
"# Organic carbon content at the seafloor 
$ Normalized carbon content at the seafloor 
% , &    Reduced porosity parameters 
' Kinetic rate constant for methanogenesis 
µj Viscosity of phase j 
(j Density of phase j 
)v Vertical effective stress 
)!  Characteristic stress of compaction 
)gw Interfacial tension at gas-water contact 
*  Gas-water contact angle 
+ Porosity 
+# Porosity at the seafloor 
+! Porosity at infinite depth 
 
Subscripts/Superscripts: 
g, h Gas and hydrate phase 
l, s Liquid and sediment phase 
m CH4 component 
w Water component 
 
INTRODUCTION 
Solid gas hydrates can form when low molecular 
weight gas molecules and water combine at 
relatively high gas concentrations, high pressures, 
low temperatures, and low salinity conditions [1]. 
These conditions are present along many 

continental margins (as well as in permafrost 
environments) where hydrocarbon gases, 
especially CH4, accumulate in sediment pore space 
within a finite depth interval known as the gas 
hydrate stability zone (GHSZ). While the amount 
and distribution of marine gas hydrates remain 
uncertain [2,3], they may constitute a potential 
energy source [4,5], a deep-water geohazard [6,7], 
and an important component of the global carbon 
cycle [8,9]. Numerous studies have shown that gas 
hydrate and free gas accumulation in marine 
sediments is highly heterogeneous at the m-scale 
[e.g., 10, 11,12], which complicates views on their 
formation. To address this issue, we develop a     
2-D, heterogeneous sedimentation-fluid flow 
model that tracks gas hydrate accumulation over 
geologic time scales. 
 
BACKGROUND 
Previous numerical models have coupled mass, 
momentum and energy transport equations to 
obtain steady-state solutions for gas hydrate 
distribution in marine sediments [e.g., 13,14,15]. 
In particular, Davie and Buffett [15] proposed a   
1-D numerical model for hydrate accumulation 
due to biogenic sources of methane. This type of 
modeling has now been extended for specific sites. 
Bhatnagar and co-workers developed a 
generalized 1-D numerical model for gas hydrate 
accumulation and distribution in marine sediments 
over geologic time scales. This 1-D model could 
explain first-order observations at many sites and 
provide insights into gas hydrate systems behavior 
[16]. Through component balances, 
thermodynamic equilibrium, and key 
dimensionless groups, they established a 
correlation between the net fluid flux and the 
average hydrate saturation [16].  
 
These types of homogeneous 1-D models provide 
first-order insights on hydrate occurrence, but do 
not capture the complexity and heterogeneity 
observed in natural gas hydrate systems. Fracture 
network systems and dipping permeable layers are 
common heterogeneities in natural gas hydrate 
settings; these localize flow, resulting in 
accumulation of localized, concentrated hydrate 
deposits [12]. To incorporate these heterogeneous 
features, lateral fluid flow and to broaden our 
knowledge of primary controls of hydrate 
concentration and distribution, we extend to two 
dimensions. 
 



Heterogeneities we include are fracture networks 
and high permeability sand layers. We formulate 
the 2-D model through component mass balances 
and present some key results to show how 
lithologic heterogeneity causes regions of focused 
fluid flux. Higher saturations of hydrate and free 
gas are observed in these higher permeability 
regions as a result of the increased, localized, 
focused fluid flux. We simulate conditions for 
generalized parameters but our generalized model 
can be applicable to many heterogeneous sites. 
 
MATHEMATICAL MODEL 
 
General framework 
Our 2-D model incorporates deposition and 
compaction of sediment, in situ methane 
generation, and migration of water with dissolved 
gas. 
 
Component mass balances 
The mass balances for water, sediment, organic 
carbon and methane are [17]: 
 
Water: 
 

 

       (1) 

 
Sediment: 
 

       (2) 

 
Organic material: 
 

 

                            (3) 
 
Methane: 
 

 
 

   (4) 

 
Constitutive relationships  
Water flux in a compacting medium is given by 
Darcy’s law [18]: 
 

       (5) 

 
Darcy’s law for flux of free gas is [18]:  
 

       (6) 

 
Absolute sediment permeability is defined as a 
power law function of porosity [19]:  
 

 
       (7) 

 
Reduction in absolute sediment permeability due 
to formation of gas hydrates as a pore-filling 
structure is modeled by [20]: 
 

       (8) 

 
Relative permeability of water in the presence of 
free gas is modeled as [18]: 
 

    
where  

 
      (9) 

 
Gas relative permeability in the presence of water 
is given as [18]: 
 

     where     (10) 

The water, hydrate and gas phase saturations must 
equal unity: 
 

       (11) 
 
Capillary pressure is defined as the difference 
between gas and pore water pressure:  
 



       (12) 
 
The Leverett J-function J(Sw) is used to normalize 
capillary pressure profiles as:  
 

      (13) 

 
Assuming )gw and *  as constants, capillary 
pressure for any + and k is:  
 

 
    (14) 

 
The reference capillary pressure curve is defined 
by the Brooks-Corey model [18]: 
 

      (15) 

 
We assume porosity is controlled by effective 
stress [21]: 
 

     (16) 
 
Lithostatic stress gradient is defined as a function 
of porosity and densities as: 
 

      (17) 

 
Scaled variables and key dimensionless groups 
The above equations are normalized [e.g., 16, 17]. 
Reduced porosities are: 
 

     (18) 

 
Sedimentation and compaction in our model is 
assumed to be 1-D with zero lateral strain. This 
enables the sediment to move and deform 
vertically, but not laterally. Sediment is deposited 
on the seafloor and moves down with a z-
component of velocity (vs). Any gas hydrate within 
the formation and immobile free gas below critical 
saturation move with the same sediment velocity. 

Above the critical saturation, the free gas is 
mobile, and free to migrate upwards and laterally.  
 
Marine gas hydrate systems are often 
characterized by overpressure; i.e. pore water 
pressure is greater than hydrostatic. However, due 
to the presence of high permeability zones, which 
provide low resistance to flow, fluids focus within 
high permeability conduits. Natural systems are 
also anisotropic, with the ratio of vertical to 
horizontal permeability (kv/kh) less than unity. In 
such systems, greater horizontal permeability 
would focus more fluids from neighboring regions 
to the high permeability conduits by lateral 
migration.  
 
The sedimentation rate at the seafloor can be 
defined as: 
 

 at        (19) 
 
The sediment flux is given by: 
 

      (20) 
 
Peclet numbers are defined by the ratio of 
advective fluid flux to methane diffusion. Peclet 
number one, Pe1 is characterized by fluid flux 
related to sedimentation and compaction. 
 

       (21) 

 
Similarly, Peclet number two, Pe2 is characterized 
by the external fluid flux from deeper sediment. 
 

      (22) 

 
The vertical fluid flux due to sedimentation and 
compaction is shown as [16]:  
 

       (23) 

 
The Damköhler number is a dimensionless ratio of 
the methanogenesis reaction to methane diffusion: 
 



        (24) 

 
Another dimensionless group is defined as the 
ratio of absolute permeability to the sedimentation 
rate quantifying the effects of overpressure genesis 
from sedimentation: 
 

      (25) 

 
Large values of NSC imply large sediment 
permeability and/or low sedimentation rate, which 
result in pore water pressures close to hydrostatic 
pressures. Conversely, smaller NSC values imply 
low permeability and/or high sedimentation rate, 
thereby producing overpressure.  

The ratio of characteristic compaction depth to the 
depth to the base of the GHSZ is defined as:  
 

      (26) 

 
The normalized CH4 phase concentrations are: 
 

     (27) 

 
Lithostatic stress, water, gas and capillary 
pressures are normalized by the hydrostatic pore 
water pressure at the base of the GHSZ: 
 

 

      (28) 

 
The vertical depth, lateral distance and time are 
scaled to the depth to the base of the GHSZ: 
 

         
            (29) 

 
All phase densities are scaled by the density of 
water as: 
 

     (30) 

 
The sediment velocity is normalized by the 
sedimentation rate at the seafloor. 
 

                             (31) 

 
Finally, organic carbon content and initial organic 
carbon content are scaled as: 
 

       (32) 

 
The dimensionless mass balance equations, 
constitutive relationships, initial and boundary 
conditions are presented in the Appendix. 
 
Numerical algorithm 
The four coupled dimensionless mass balance 
equations (Equations A3, A11, A14 and A17) are 
solved using a fully implicit numerical scheme 
using the initial condition and boundary conditions 
discussed in the appendix. A single-point, 
upstream weighting was used to formulate the 
relative permeability terms. The primary variables 
are pw, vs, " and one of the three from the 
following (cm, Sh, Sg) depending on the local 
thermodynamic conditions of the grid block at any 
given time. All the component mass balance 
equations are then recast in their residual form and 
the Newton-Raphson method is implemented to 
iterate on them to converge to the finite solution.  
 
2-D model development and validation 
We test, validate and benchmark our 2-D model 
against 1-D results [16]. The seafloor parameters 
used are: seafloor depth = 2700 m below sea level, 
seafloor temperature = 3°C, and geothermal 
gradient = 0.04°C/m. The primary dimensionless 
transport parameters defined in our model used for 
simulations are: Pe1 = 0.1, Da = 10, $ = 6, % = 6/9, 
& = 9, NSC = 104 and N’t! = 1.485, unless specified 
otherwise. We specify critical gas saturation, Sgr as 
100% and assume free gas to be immobile. The   
2-D code was first tested with homogeneous 
sediment permeability (i.e., permeability changed 
with burial but not laterally), essentially a 1-D 
implementation of the 2-D model. Steady-state 



hydrate and free gas saturations were simulated 
(Figure 1). The hydrate saturation with only in 
situ methane sources in a homogeneous sediment 
column increases to a peak saturation of ~11% at 
the base of the GHSZ with an average hydrate 
saturation equal to 5.7%. The 2-D profiles match 
the 1-D results. Due to lithologic homogeneity, the 
hydrate and free gas saturations are uniform 
laterally and this case is analogous to a simple 1-D 
system. 
 

 
 
Figure 1. Steady-state hydrate and free gas 
saturation contours for homogeneous sediment. 
The white line at unit normalized depth represents 
the base of the GHSZ. The color bars represent 
hydrate and free gas saturations. The fluid flux 
relative to the seafloor is scaled by the maximum 
flux and depicted by white arrows. 
 
There is no flow focusing or preferential 
accumulation of hydrate and free gas within the 
sediment due to absence of heterogeneity. To 
assess deeper methane sources, we specify a 
methane concentration in the pore fluid migrating 
upwards and simulate cases with upward fluid flux 
(Pe2 < 0). This enables methane charged fluids to 
migrate upwards from deeper sources which 
results in higher hydrate and free gas saturations. 
We compute the average hydrate saturation (<Sh>) 
within the hydrate stability zone, multiply by Pe1 
and relate this product with the net fluid flux    
(Pe1 + Pe2). Our results identically correlate the net 
fluid flux to the average hydrate saturation (Figure 
2). Therefore, such correlations can now be used 
to quantify hydrate saturations using net fluid flux 
as the primary input. 
 

With our validated 2-D model, we simulate 
heterogeneities to show how high permeability 
conduits localize fluid flux, and these localized 
fluxes result in concentrated hydrate deposits. To 
study heterogeneity using our 2-D model, we have 
considered two sources of methane: in situ 
biogenic and external deeper sources. To simulate 
deeper sources, we extend the model to include 
higher pressure at the bottom boundary to simulate 
higher fluid flux and methane input at depth. 
 

 
 
Figure 2. Average hydrate flux, Pe1<Sh> as a 
function of net fluid flux, Pe1 + Pe2 for 1-D (lines) 
and homogeneous 2-D sediment (squares) for a 
range of Da values. The assumption of negligible 
volume change due to methane dissolved in water 
in our 1-D model approximates the mass fraction 
of water in liquid phase, cl

w equal to unity [16]. 
For our 2-D model, volume change due to methane 
is not assumed to be zero and thus results in a 
change in fluid volume when methane comes out 
of solution to form hydrates. Therefore, the 
volumetric net fluid flux, (Pe1 + Pe2) shows a 
slight deviation from our 1-D results with 
increasing external flux. 
 
RESULTS 
 
Effect of vertical fracture systems 
Fractures are common in geologic settings such as 
the Hydrate Ridge in the Cascadia Margin varying 
over different length scales [12,22]. Previous 
studies have hypothesized on the significance of 
fracture networks in gas hydrate systems, and we 
quantify their impact by implementing a vertical 
fracture system of higher permeability in our gas 
hydrate accumulation model (Figure 3). Vertical 
fracture systems are modeled since the time they 
are introduced (t =0) in the system and gas hydrate 



and free gas accumulation are tracked over time. 
Simulations are completed with a vertical fracture 
system 100 times more permeable than the 
surrounding sediment (i.e., NSC = 102 for sediment 
and 104 for the vertical fracture system). 

 

 
 
Figure 3.  Schematic showing permeability map 
representing a vertical fracture system (white). The 
fracture system is 100 times more permeable than 
the surrounding formation. The sediment aspect 
ratio is 1:1. 
 

 
 
Figure 4. Steady-state gas hydrate and free gas 
saturation contours for isotropic system (kv/kh = 1) 
with biogenic in situ source (Pe2 = 0) and a 
vertical fracture system. The location of the 
fracture is shown by a set of white, vertical dashed 
lines. A vector field plot shown by white arrows 
represents the focused fluid flow. The fluid flow 
within the sediment formation is in the downward 
direction because it is plotted relative to the 
seafloor. The effect of the fracture in focusing 
flow is clearly illustrated through enhanced 

hydrate and free gas saturations within the high 
permeability conduit.  
 
Simulations with a vertical fracture network, show 
focused fluid flow resulting in higher hydrate and 
free gas saturation within the high permeability 
fracture system compared to the surrounding lower 
permeability sediment. First, we consider a case 
with isotropic permeability. Steady-state peak 
hydrate saturation within the fracture system is 
~26%, while that in the surrounding sediment 
matrix is ~10% (Figure 4).  Steady-state free gas 
shows peak saturation of 29% within the fracture 
column at the base of the domain. 
 
We simulate a second case with a specified fluid 
flux from external sources at depth representing a 
geologic model with thermogenic methane in 
deeper strata. We predict higher hydrate and free 
gas saturation due to increased fluid flux and 
greater methane input into the system from deeper 
sources. Simulations show higher hydrate and free 
gas saturation within the high permeability 
fracture system (Figure 5) as compared to our 
case with biogenic in-situ methane only (Figure 
4). Peak hydrate and free gas saturations within the 
fracture system are 48% and 42%, respectively. 
 

 
 
Figure 5. Steady-state gas hydrate and free gas 
saturation contours with a vertical fracture system, 
deep methane source, specified external fluid flux 
at the lower boundary (Pe2 = -2), and all other 
parameters same as in Figure 4. 
 
This high saturation was achieved by specifying 
external flux (Pe2 = -2), throughout the lateral 
domain in the model. We show that increased fluid 



flux from external sources results in higher fluid 
focusing which produces higher hydrate and free 
gas accumulations within the fracture system. As 
we increase the fluid flux, more dissolved methane 
saturated water migrates into high permeability 
zones which result in concentrated deposits of 
hydrates and free gas. Using the correlation shown 
above (Figure 2), we would expect more hydrate 
and free gas accumulation if higher flux was 
specified.  
 
Our findings characterize the impact that high 
permeability vertical fractures have on gas hydrate 
and free gas distribution by focusing fluid flow 
along these fracture systems in the presence 
biogenic and/or thermogenic methane sources. 
These models quantify the effects of flow 
focusing. 
 
Local flux within high permeability zones 
We compute the localized, focused fluid flux and 
relate this local flux (Pelocal) to the average hydrate 
saturation within the high permeability conduits in 
the GHSZ (Figure 6). Our results follow the same 
correlation established between net fluid flux and 
average hydrate saturation in 1-D systems (Figure 
2). For lower values of Da (<10), methane 
generated in the system is not enough for hydrate 
accumulation even with high local flux focused in 
the high permeability zones.  
 

 
 
Figure 6. Steady-state average gas hydrate flux, 
Pe1<Sh> and local fluid flux, Pelocal (black stars). 
 
Effect of permeability anisotropy 
Anisotropic cases with lower kv/kh ratio (order of 
10-2) are expected to show relatively higher 
hydrate saturations within the high permeability 
conduits as compared to isotropic cases (Figure 

5). Simulations show peak hydrate and gas 
saturations are 53% and 40% respectively (Figure 
7). Increased horizontal permeability results in 
more fluid flux towards the fracture system even 
from sediment formation farther away from the 
fracture column. 
 

 
 
Figure 7.  Steady-state gas hydrate and free gas 
saturation contours for an anisotropic system 
(kv/kh= 10-2) with a vertical fracture system and all 
other parameters same as in Figure 5. 
 
Effect of free gas migration into the GHSZ 
Focusing of liquid (water) enhances hydrate and 
free gas saturations within the high permeability 
zones. However, free gas can also migrate 
vertically and laterally if the critical gas saturation 
is exceeded. To simulate such migration, critical 
gas saturation (Sgr) is set to 5% and free gas 
exceeding this critical value is free to migrate. 
Free gas migrates upwards due to buoyancy and 
gets sealed by the low permeability hydrate layer 
at the base of the GHSZ. Hydrate formation at the 
base of the GHSZ causes an increase in the 
capillary entry pressure and creates a hindrance for 
free gas to enter the GHSZ from below. This 
results in accumulation of free gas beneath the 
GHSZ into a connected gas column. 
 
Simulations show free gas accumulation below the 
base of the GHSZ (Figure 8). A long gas column 
is formed before the gas pressure exceeds the 
capillary entry pressure and gas migrates into the 
GHSZ. Free gas converts to hydrate immediately 
at the base of the GHSZ giving rise to a spike in 
hydrate saturation. We assume constant salinity 
therefore phase equilibrium is unaffected even 



when free gas migrates into the GHSZ. The high 
hydrate saturation in the fracture zone causes a 
permeability reduction which in turn creates lateral 
fluid migration beneath the GHSZ. High hydrate 
saturation also restricts further free gas invasion 
into the GHSZ. Free gas then migrates laterally 
from the high permeability fracture system to the 
neighboring sediment below the base of the 
GHSZ. Peak hydrate and free gas saturation 
reaches 75% and 62% right above and below the 
base of the GHSZ within the fracture system. At 
this enhanced saturation, free gas is mobile and 
migrates laterally, causing sediment near the 
fracture to also have relatively higher saturations.  
 

 
 
Figure 8. Steady-state gas hydrate and free gas 
saturation contours for an isotropic system with a 
vertical fracture system, mobile gas (Sgr = 5%) and 
all other parameters same as in Figure 5. 
 
The length of a connected gas column has been 
shown to be dependent on the dimensionless group 
NSC [23]. Lower values of NSC (lower permeability 
and/or higher sedimentation rate) result in 
development of higher overpressure in the system, 
which further results in thicker gas columns and 
increased gas pressure at the base of the GHSZ 
close to the lithostatic stress. Fractures tend to 
open up at this point [24]. This fracturing process 
is not modeled in any of our simulations, and our 
simulations are terminated as soon as gas pressure 
equals total vertical stress. 
 
Effect of high permeability sand layers 
To look at lithologic heterogeneity, we incorporate 
dipping sand beds bounded by low permeability 
shale. To model a sand layer, we include a high 

permeability sand layer at a given dip angle (~3°) 
within the sediment (Figure 9) and bury it through 
geologic time. The downward movement of this 
sand layer and the corresponding transient hydrate 
and free gas evolution are recorded. The sand layer 
is assigned an absolute permeability 100 times 
greater than the surrounding shale. Sediment 
compacts with burial (NSC = 102 for shale and 104 
for sand layers). The seafloor and transport 
parameters are same as in the simulations with 
vertical fracture network except Da = 1. During 
burial, absolute permeability of any grid block can 
be computed by interpolation and therefore, 
interface between zones of different permeabilities 
are recorded over time. The interface position is 
used to compute the horizontal and vertical 
permeabilities and track the location of the 
sediment over time.  
 

 
 
Figure 9. Schematic showing initial permeability 
map representing high permeability sand layer 
(white) deposited between two low permeability 
sediment layers. The sand layer is 100 times more 
permeable than the surrounding formation. A 5:1 
vertical exaggeration is used to plot the sediment. 
 
Systems with dipping sand layers show localized, 
enhanced concentrations of hydrate and free gas 
within the high permeability sand layers (Figure 
10). Free gas is focused within the sand layer. 
Steady-state peak hydrate saturation within the 
sand layer is about 59%, significantly higher than 
the 43% peak hydrate saturation in the low 
permeability sediment within the GHSZ. Peak free 
gas saturation is 38% within the sand layer just 
below the GHSZ, and similar to fracture network 
case (Figure 8), free gas migrates laterally into the 



low permeability sediment around the sand layer. 
Thus, presence of higher permeability sand layer 
leads to relatively higher fluid focusing and 
hydrate saturation within the GHSZ. Our results 
elucidate that lithology plays a significant role in 
accumulating gas hydrate and free gas in 
heterogeneous sediment in most natural systems. 
 

 
 
Figure 10.  Steady-state hydrate and free gas 
saturation contours for a system with high 
permeability dipping sand bed between two 
anisotropic (kv/kh= 10-2) shale beds. The position of 
the sand layer is depicted by the set of yellow 
dashed lines. Vertical exaggeration of 5:1 is used 
and the physical domain for normalized depth and 
lateral distance are [0, 2] and [0, 10], respectively. 
 
CONCLUSIONS 
A generalized 2-D model was developed to 
simulate gas hydrate and free gas accumulation in 
heterogeneous marine sediment. Our model allows 
incorporation of lithologic heterogeneity and 
lateral fluid flow in the system. Focused fluid flow 
through a vertical fracture network or high 
permeability sand layers increase local hydrate 
accumulation and saturation. Currently, relatively 
simple systems with fracture systems and/or 
dipping sand layers are simulated, whereas 
realistic geologic settings are characterized by 
much more heterogeneous stratigraphy in terms of 
vertical fracture networks, multiple sand layers 
embedded within shale layers and fracture 
connectivity of sand layers with vertical fracture 
systems. These preliminary results, however, serve 
as a starting point and demonstrate that 
heterogeneity in natural gas hydrate systems is 
important for controlling hydrate and free gas 

saturations, and that these systems can be 
modeled. Simulations with specified fluid flux and 
methane input from deeper sources, allows 
comparison of local methanogenesis and deeper 
methane sources on flow pathways and 
hydrate/free gas accumulation. We show that 
increased fluid flux from deeper external sources 
results in increased concentrations of hydrate and 
free gas. Permeability anisotropy, with a lower 
ratio of vertical to horizontal permeability show 
enhanced hydrate concentrations within the high 
permeability conduits because anisotropy focuses 
more methane-charged fluid into these conduits. In 
our 2-D work, we show that the localized, focused, 
advective flux relative to diffusion (Pelocal) 
determines the magnitude of hydrate and free gas 
saturation. We relate average local Peclet numbers 
and average hydrate flux (Pe1<Sh>) within high 
permeability conduits, which compare favorably 
with our previous 1-D correlation.  
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APPENDIX 
 
A1. Initial porosity profile 
Reduced porosity is related to the dimensionless 
lithostatic stress and dimensionless pore pressure: 
 

       (A1) 

 
At hydrostatic pressure, the porosity profile can be 
calculated as an analytical expression to serve as 
an initial condition: 
 

    (A2) 

 
A2. Dimensionless mass balances 
The four mass balance equations (Equations 1-4) 
are normalized using the scaling scheme discussed 
in the main text and recast in their dimensionless 
form with their corresponding initial condition 
(I.C.) and boundary conditions (B.C.).  



Water mass balance: 
 

 

 

      (A3) 
 
The initial condition (I.C.) is assumed to be 
hydrostatic. The boundary condition (B.C.) at the 
seafloor is assumed hydrostatic, and the left and 
right extremes of the domain are considered as no-
flow boundaries. The initial condition and 
boundary conditions are expressed as follows: 
 

I.C.:  (A4) 

 

B.C.(1): 
     

(A5) 

 

B.C.(2): 
       

(A6) 

 
The pore pressures in our 2-D model are no longer 
hydrostatic, so the pressure gradient at the 
lowermost boundary cannot be modeled as a 

hydrostatic pressure gradient . 

The bottommost boundary has been modeled by 
specifying the fluid flux and thereby specifying a 
constant non-hydrostatic pressure gradient. The 
specified fluid flux is equal to Uf, sed + Uf, ext (for 
biogenic sources only, Uf, ext = 0). We rewrite our 
Darcy water flux (Equation 5) for the lowermost 
boundary as follows: 
 

       
(A7) 

On normalizing, we get: 

  
(A8) 

 
Substituting Equations 23 and 25, normalizing the 
term on the right and rearranging, we get: 
 

 

     
(A9) 

 
The non-hydrostatic pressure gradient at the 
bottom boundary is expressed using Equation A9: 
 

    (A10) 
 
Notably, the relative permeability of water at this 
boundary is unity. Thus, a non-hydrostatic 
boundary condition at the lowermost boundary 
(Equation A10) is derived by specifying a finite 
fluid flux at the boundary. Infinite NSC represents 
infinite permeability, which implies hydrostatic 
conditions. For NSC = !, Equation A10 reduces 
the pressure gradient to unity which corresponds to 
a hydrostatic pressure gradient at the lowermost 
boundary of our simulation domain.  
 
Sediment mass balance: 
 

 
(A11) 

 
The initial sediment velocity profile is evaluated 
assuming hydrostatic pressure, whereas the 
boundary condition for velocity of sediment at the 
seafloor is the normalized sedimentation rate and 
equal to unity. 



I.C.:    (A12) 

 
B.C.:    (A13) 
 
Organic mass balance: 
 

      (A14) 
 
Initially, there is no organic carbon present within 
the sediment, whereas the boundary condition of 
organic concentration at the seafloor is normalized 
to unity. 
 
I.C.:    (A15) 
 
B.C.:    (A16) 
 
Methane mass balance: 
 

 

    (A17) 

 
Initially, there is no methane in the system. At the 
seafloor, methane concentration is equal to zero; 

methane flux is set to zero at the right and left 
extremes of the domain; the bottom boundary has 
a choice of boundary condition, depending on the 
methane source. The methane concentration 
gradient is equal to zero for a system with biogenic 
sources only (Equation A21), whereas the 
methane concentration is set to be a constant value for deeper methane sources (Equation A22). 
 
I.C.:         (A18) 
 
B.C.(1): ,   (A19) 
 

B.C.(2):      (A20) 

 

B.C.(3):
   

(A21) 

 
B.C.(4):        (A22) 


