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Summary 
A mechanistic model is developed to explain/predict gas hydrate saturation 
profile in sub-permafrost formations in the Arctic. The model assumes that the 
gas hydrate profiles are converted free gas accumulations when base of gas 
hydrate stability zone (BGHSZ) moves down the gas column. Three key 
elements are considered in the model: (1) volume change during hydrate 
formation and consequent fluid phase transport; (2) the descent of BGHSZ 
through the column and (3) sedimentological (i.e. grain size) variation with 
depth. The model shows that substantial amount of fluid (of order of one pore 
volume of aqueous and/or gaseous phase) must have migrated within or into the 
gas column during hydrate formation. Moreover, evaluation of typical relative 
permeability curves and fractional flow theory shows that due to the very low 
mobility ratio of aqueous to gas phase, the amount of water required during 
hydrate formation, ,w dV , cannot be transported through a co-current type of 

flow. It is rather another type of flow, i.e. water is transported from above into 
the hydrate formation zone and gas is being provided from the lower free gas 
column. The model matches the hydrate saturation distribution from Mt. Elbert 
well in the Alaskan North Slope if the volume of gas that migrated within the 
column is approximately equal to the volume of water that migrated into the 
column.  
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Activities in This Reporting Period 
 
Task 8.0 -  Modeling methane transport at the bed scale 
 

Subtask 8.1 Application of bed-scale model to sub-permafrost hydrate 
accumulations  

Background and Review of Previous Results.  Evaluation of gas hydrates deposits has 
recently begun to adopt the perspective of petroleum systems analysis [1-3]. The analysis 
is complicated by the different possible modes of charging a hydrate accumulation. 
Hydrate occurs in various morphologies (pore filling, fracture filling, etc.) and in various 
bed-scale distributions of saturation among and within hydrate provinces. Sediment 
inhibits gas hydrate nucleation and growth compared to free-phase [4], [5]. As a result of 
such observations and relevant models proposed in the literature [6], [7], the preferential 
accumulation of gas hydrate in coarse-grained rather than fine-grained layers of sediment 
is now part of conventional wisdom.   

Efforts to explain the bed-scale distribution can be divided into two main 
categories: (A) hydrate forms from methane dissolved in water and accumulation is 
driven by methane-saturated water entering the gas hydrate stability zone (GHSZ)[8-13] 
and (B) hydrate forms at the interface between gaseous and aqueous phases and 
accumulation is driven by methane gas phase entering the GHSZ [14-17]. One motivation 
for the latter class of models was that observed chloride concentrations and gas hydrate 
distributions at the southern summit of Hydrate Ridge could not be explained without 
assuming transport of free gas through GHSZ [14].  

Observations of hydrate that only partially fills coarse-grained layers, as reported 
for the Mt. Elbert test well [18], cannot be explained by either category of model. We 
have argued [19] that this type of hydrate occurrence is consistent with three conditions: 
i) the establishment of gas phase saturation within the sediment when the base of gas 
hydrate stability zone (BGHSZ) was located above the sediment package; ii) sufficient 
variation of grain size distribution with depth and iii) temperature and pressure conditions 
such that hydrate occupies less volume than its constituents (CH4, H2O) in their 
respective phases. If the base of GHSZ then moves to (and through) the initially static 
fluid phases, for example due to cooling at the surface, the accumulated gas in the 
sediment (and some of the water) can be converted to hydrate. The first condition has 
been satisfied in Arctic sediments over geologic time. The second condition depends on 
local depositional history. The third condition is satisfied for a range of sediment depths 
when permafrost exists in shallower sediments.  

In this model the conversion of gas to hydrate proceeds from top to bottom of the 
gas accumulation. If the accumulation is no longer connected to the source of the charge, 
then the fluid volume reduction associated with hydrate formation at the top of the 
accumulation will cause the gas/water contact to rise at the bottom of the accumulation. 
The capillary pressure of the gas phase remaining in the column thus decreases. This can 
lead to disconnection of the gas accumulation at layers having larger-than-average 
capillary entry pressure. The result is a hydrate saturation profile that differs qualitatively 
and quantitatively from the original gas saturation profile in the sediment column [19].  
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In this report we summarize several elements of this model and then discuss an 
important new implication of the model: large volumes of fluid phases must move 
within the original gas accumulation, and into the sediment hosting the gas 
accumulation. Because the fluid volumes are large, we assume here that the alternative 
to fluid movement, which is compaction or grain rearrangement within the sediment, can 
be neglected. We also assume that methane that moves to the GHSZ is subsequently 
converted to hydrate. We assume that the aqueous phase has a small initial salinity and 
that any buildup in salinity caused by incorporation of H2O into hydrate is rapidly 
dissipated into an unlimited reservoir of brine. Finally, the heat diffusion coefficient is 
about 500 times larger than the salinity transport coefficient, so we neglect the effect of 
heat transfer on limiting hydrate formation. 
 
   
MODELING APPROACH 
Stoichiometric Model for Hydrate Formation 
The first key element of the model is a stoichiometric box model to predict the hydrate 
volume generated from a given amount of methane and water in a box of volume totV  

with fixed pressure and temperature. One important parameter to be used in the 
stoichiometric model is hydration number, N . Hydration number is defined as the 
number of aqueous phase molecules per guest gas phase molecule in the hydrate lattice. 
The hydration number for methane hydrate, CH4.NH2O, reported by different authors 
varies from 5 to 7 [6], [20]. In this paper hydration number is assumed to be 6.  

Figure 1a shows a box filled with known initial volumes of methane and water, 

,g iV  and ,w iV , and thus: 

 , ,g i w i totV V V    (1) 

Suppose an increment of hydrate, hV , forms at the interface between gaseous and 

aqueous phase as the result of stoichiometric conversion of the corresponding increments 
of methane and water, gV and wV , (Figure 1b). Note that in this figure the volume of 

generated hydrate is less than the total volumes of the consumed methane and water, i.e. 
0g w hV V V V       . In fact, hydrate formation would cause a volume reduction 

under temperature and pressure conditions typical of formations in nature. From this 
volume change emerge two different consequences depending on having a closed or open 
box. In both cases constant pressure is assumed, in keeping with the expected situation in 
nature. 

For a closed system, where no fluid phase transport is allowed, the volume of the 
box must shrink to keep the pressure constant. In natural sediment, a “shrinking box” 
would correspond to sediment compaction which reduces porosity.  
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Figure 1- The box model to evaluate generated hydrate volume and associated volume change: (a) 

initial methane/water volumes, gV  and wV , are fixed, and no hydrate is present initially. (b) An 

increment of hydrate, hV , forms at the interface between gas and water phases. V shows the 

volume reduction due to the latter increment of hydrate. 
Sediments in nature are expected to act as open systems, i.e. fluid phases can 

transport in/out, rather than closed systems. Therefore, an open box would be more 
appropriate to model natural situations. In the model of Figure 2, both water and methane 
are allowed to enter the box to compensate for the volume reduction during hydrate 
formation and thus maintain the pressure. Hydrate will keep forming until one or both of 
the components (methane, water) inside the box are fully consumed. We denote by nR the 

ratio of number of gas phase moles, gn , to the total number of moles of gas and aqueous 

phase, g wn n   , transported into the box. We let gV and wV  denote the corresponding 

volumes of the gaseous phase and aqueous phase transported into the box. Two general 
cases can be considered in terms of the initial and transported amounts of water, ,w in and 

wn , and methane, ,g in and gn : 

 
Figure 2- Final states of an open system (a) in which CH4 and H2O can enter during hydrate 
formation so that T, P are constant depend on how much of each phase enters. (b) total amount of 
water (initial amount + the amount entered) exceeds the stoichiometric requirement to convert the 
total gas; (c) the total amount of gas and water are at the exact stoichiometric ratio; (d) total amount 



 6

of gas (initial amount + amount entered) exceeds stoichiometric gas requirement to convert the total 
water. 

I. Excess water: Total water exceeds stoichiometric requirement 
Suppose that the total number of moles of water, ,( )w i wn n  , is more than the 

stoichiometric amount of water required to convert the total amount of methane into 
hydrate, ,( )g i gN n n  . Therefore, all the gas is consumed to form hn  moles of methane 

hydrate, which occupy a volume hV .  

,

,( ) g i g

h g i g

g

h

h

V V
n n n

V

V

V

 
     (2) 

The final volume occupied by aqueous phase would be: 

, , ,( ( ))w f w i w g i gwV n n N n nV       (3) 

It can be shown [19] that the hydrate volume in terms of the value of g

n

w g

n
R

n n



  

 is: 

,

( )

( )
h w g n w n

h g i

n h w w w n

V V V R V R
V n

R V V V NV R

 


 
 (4) 

Figure 2b illustrates a typical final state of the system in the case of excess water.  
The volumes of fluid phases transported into the box can be expressed in terms of the 
initial volumes of gaseous and aqueous phases in the box and the final volume of hydrate: 

, ( 1)w
w tot w i h

h

V
V V V V N

V
      (5) 

,
g

g h g i
h

V
V V V

V
     (6) 

The total phase volume transported into the box, w gV V   , as a function of the final 

hydrate volume, hV : 

w g trans hV V K V      (7) 

wherein, 

1w g

trans

h

NV V
K

V


 

   

(8) 

II. Excess methane: Total methane exceeds stoichiometric requirement 
In this case, there is more methane than the required amount to convert the total amount 
of water into hydrate, i.e.: 

, ,

1
( )g i g w i wn n n n

N
       (9) 

Therefore, all the water is consumed to form hn  moles of methane hydrate: 

,

,

1 1
( ) w i wh

h w i w

h w

V VV
n n n

V N N V

 
      (10) 

The final volume occupied by gas phase would be: 
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
4

, ,
g

g f g i g h
h

Consum ed CH

V
V V V V

V
     (11) 

The final hydrate volume as a function of nR  in the excess methane case is given as: 

,

( )

(1 )( )
h w g n w n

h w i

n h g g n

V V V R V R
V n

R V V NV R

 


  
 (12) 

The total phase volume transported into the box, w gV V   , is governed by Eq. (7) 

regardless of having an excess water or excess methane case [19]. 
Figure 2c shows the special case where the final state of the system is having 

hydrate only. This special case occurs only if: 

,

,

w i w

g i g

n n
N

n n

 


 
  (13) 

It can be shown that 

, ,
tot

g stoich g i
h

V
n n

V
     (14) 

Eqs. (13) and (14) give: 

, ,
tot

w stoich w i
h

V
n N n

V
     (15) 

Therefore, the corresponding ,n n stoichR R for this special case is calculated as: 

,

,

, ,

g stoich

n stoich

g stoich w stoich

n
R

n n



  

  (16) 

For a given initial phase content, ,n n stoichR R  represents an excess aqueous phase case 

while ,n n stoichR R shows an excess gas case.  

A volumetric ratio of gaseous phase entering the box is defined as: 

g g g

v

g w g g w w

V n V
R

V V n V n V

 
 
     

 (17) 

If only water phase enters to maintain pressure, then Rv = 0. If only gas phase enters, Rv = 
1.  
 

In order to extend the model to saturations in a volume of sediment, one pore 
volume of the sediment can be considered as the open box in the model, i.e. 1 PVtotV  . 

Therefore, all the volumes ( ,g iV , ,g fV , ,w iV , ,w fV  and hV ) can be replaced by the 

corresponding saturations ( ,g iS , ,g fS , ,w iS , ,w fS  and hS ). Similarly, wV  and gV  may 

be replaced by dimensionless volumes, ,w dV  and ,g dV , in units of pore volume. For 

instance, Eq. (7) can be extended to calculate the total pore volumes of gas and aqueous 
phase transported into a sediment as in Eq. (18). 

, ,g d w d trans hV V K S      (18) 
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Figure 3 shows hS  versus vR  for three different initial water saturations within a 

sediment under temperature and pressure of 2 CT    and 6.5MPaP  . Methane density 
was estimated to be 355 kg / m

 
under the latter pressure and temperature. Water density 

and hydrate density was assumed 31000kg / m  (fresh water) and 
3

kg
914

m
, respectively. 

Each curve in Figure 3 passes through 1hS   when ,v v stoichR R . Regardless of the initial 

phase saturations, for values of ,v v stoichR R  the final state has only hydrate and water 

phases, i.e. excess water, and for ,v v stoichR R  the final state of the sediment is having 

hydrate and gas phase only, i.e. excess gas, [19]. 
  

 
Figure 3- Hydrate saturation versus vR  for a sediment, into which methane and water can flow at a 

pressure of 6.5 MPa and temperature of 2 C . Three initial methane/water saturations are 

considered. ,v stoichR  for each initial state of the sediment is shown with hollow circles. 

Figure 4 shows transported methane, transported water and the total methane and 
water transported, calculated from Eq. (7), versus vR  for an initial water saturation of 

, 0.2w iS  . Note that in the excess water case, the amount transported methane is a much 

stronger function of vR  compared to the amount of transported water which remains 

almost constant with vR . In the excess methane case, both transported water and methane 

change sharply with vR . An interesting point is that the total amount of fluid transported 

is in the order of one pore volume which is quite substantial. 
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Figure 4- Transported methane, ,g dV , transported water, ,w dV , and total phase transported, 

, ,g d w dV V   , during hydrate formation versus vR for a sediment with initial water saturation of 

,
0.2

w i
S  . 

 
Effect of Volume Change during Hydrate Formation on Hydrate Saturation Profile  
Hydrate formation in a thin layer of sediment within a column can be treated with the 
model of the preceding section. Therefore, having the initial gas saturation profile along a 
sediment column, the hydrate saturation profile resulting from moving the column into 
the GHSZ can be calculated.  

Suppose a single gas column, disconnected from the original source of charge, has 
been established below a seal in sediment with known, uniform properties (i.e. grain size 
distribution). The BGHSZ is initially assumed to be at the top of the gas column and thus 
no hydrate initially exists in the sediment. Figure 5a illustrates such a gas column. As the 
BGHSZ descends through the gas column, methane and water above the BGHSZ start 
forming hydrate and thus the model introduced in the preceding section applies (Figure 
5c). 
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Figure 5-(a) A gas accumulation established in a homogeneous sediment which is below BGHSZ. (b) 
The state of the gas column after little descent of BGHSZ. The white area above the BGHSZ 
represents the volume change during hydrate formation. Water and methane transport into the HSZ 
to compensate for the volume reduction (c) More hydrate formed and the final hydrate saturation in 
the zone newly located in GHSZ can be estimated from the box model. (d) The final hydrate 
saturation after the BGHSZ has descended to the lowermost part of the gas column.  
 

In Figure 5b red and blue arrows represent gas transport and water transport, 
respectively, to fill the void created by hydrate formation (cf. Eqs. 5 and 6). More hydrate 
is then formed from the transported methane. This will keep happening until the sediment 
section above the BGHSZ is filled with aqueous and hydrate phase (Figure 5c). Water 
must also imbibe from below to replace the transported methane. The water volume 
replacing gas is shown as GWC

wV  on the figure. Consequently, the gas-water contact 

(GWC) rises and the gas saturation profile changes accordingly from the one shown in 
Figure 5a to that in Figure 5c. 

After the BGHSZ has descended to the lowermost part of the gas column the 
hydrate saturation profile shows large saturations in the upper portion of the column and 
small saturations below (Figure 5d) which is qualitatively different from the initial gas 
saturation profile shown in Figure 5a [19].  
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RESULTS AND DISCUSSION 
Applying the Model to Mt. Elbert Well 
The model was applied to field data from Mt. Elbert gas hydrate stratigraphic test well 
[19]. The test well indicates two zones of large gas hydrate saturation (the D and C sand 
units) in the highest portions of the sands [18]. Besides, researchers have suggested that 
the gas hydrate deposits in Mt. Elbert well are free gas accumulations converted to 
hydrate after being placed in the GHSZ [21], [22]. Therefore, the proposed model was 
validated against data from Mt. Elbert well [19].  

A prerequisite for the model is an estimate of capillary entry pressure versus 
depth [19]. This was estimated from grain size distribution at each depth [19]. Profiles of 
the 10th and 50th percentile of grain size in sand units D and C are shown in Figure 6a. 
The corresponding estimated capillary entry pressure profile is shown as dotted line in 
Figure 6b. 

 

 
Figure 6-(a) 10D  and 50D  of grain size distribution versus depth in Mt. Elbert well. (b) Estimated 

capillary entry pressure (dotted line) [19]. Based on the capillary entry pressure profile, there is a 
strong seal at depth 614 m which is consistent with having a shaly layer at 614 m observed in Mt. 
Elbert well [23]. 

The gas accumulation was assumed to have been established between 614 m and 
673 m and disconnected from the source of charge as in Figure 5. Figure 7a shows the 
estimated gas saturation profile (red solid line). The irreducible water saturation and the 
residual gas saturation was assumed to 20% and 30%, respectively [24], [25]. vR  is set as 

0.55 throughout the sediment [19].  
As the BGHSZ moves downward through the gas column, hydrate starts forming. 

As a result of volume reduction during hydrate formation some methane rises from lower 
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portions of the gas column. The transport of gas from lower portions to upper portions 
will be followed by the rise of GWC. Therefore, the capillary pressure is reduced 
throughout the gas column. Consequently, the capillary pressure falls below the capillary 
entry pressure at 650 m and thus the originally connected column of gas starts acting as 
two non-communicating gas columns, gas columns I and II, almost immediately after 
hydrate starts forming (Figure 7b). 

Figure 7b shows the situation when the BGHSZ has moved about 3.5 meters 
downwards through the gas column. Based on the estimated initial gas saturation of 0.8 
and a value of 0.55vR   the hydrate saturation is calculated to be 0.75 (Figure 3). The 

gas column comprises two disconnected regions labeled gas zone I and gas zone II 
(Figure 7b). Water has imbibed from below into the bottom 6 meters of gas zone I to 
compensate for the volume of gas that moved into the interval now containing hydrate. 
Gas zone II saturations remain essentially unchanged from their initial profile, because 
the disconnection from gas zone I occurred at the onset of hydrate formation. 
 

 
Figure 7- (a) Estimated initial gas saturation (red solid line) (b) Gas saturation profile (red) when 
BGHSZ has moved 3.5 meters downward through the gas column. The resulting hydrate saturation 

is shown as green fill. 0.55vR   is used in the model to calculate the hydrate saturation. Aqueous 

phase has imbibed into gas zone I from below to compensate for the gas phase migration to the 
hydrate zone. Gas zones I and II are no longer communicating due to the capillary barrier at 650 m. 

Figure 8 shows the final hydrate saturation profile once the BGHSZ has moved all 
the way to the bottom of the gas column. During hydrate formation in the imbibed 
portions of gas column, only aqueous phase moves to compensate for the void space due 
to hydrate formation, i.e. 0vR  . Therefore, the model predicts large hydrate saturations 

of 0.75 in the upper portions of sand units C and D, and small hydrate saturations of 0.13 
in the lower portions [19]. 
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Figure 8- Final hydrate saturation profile predicted by the model [19]. The log derived hydrate 
saturations are shown as dots [26]. 
 
Comparing the Model Prediction with Log-Derived Observations 
 
Assuming 0.55vR   yields a very good match with the log-derived hydrate saturation 

profile in unit D. This value of Rv underestimated the thickness of the portion with large 
hydrate saturation in unit C. The log-derived data suggest highly variable but small 
hydrate saturation in parts of the lower portions of units C and D. The model predicts a 
uniform, small saturation of hydrate there, about 13% in the depth ranges of 628-650, 
653.5-655, 658-664 and 666-673 meters [19]. The model prediction is consistent with the 
nonzero but small hydrate saturations predicted from pore fluid geochemistry analysis 
[27]. 
 
Volume of Fluid Phases Transported into the Hydrate-Bearing Zone 
The total transported pore volumes of fluid changes linearly with the final hydrate 
saturation, Eq. (7), with a slope of 1.9transK   for the assumed P and T  in Mt. Elbert. 

The amount of fluid phases transported into the hydrate-bearing zone is substantial, 
around 1.4 pore volumes in the upper portions of units C and D in Mt Elbert (Figure 9). 
Even in the portions of small hydrate saturation in each sand unit, about 0.3 PV of 
aqueous phase would have moved into the GHSZ. In addition to that, ,

GWC
w dV  0.5 PV of 

water has been transported to replace gas in the imbibed zone. Therefore a total of 0.8 PV 
of water has been transported into the imbibed zones, with low hydrate saturations, 
during hydrate formation. 
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Figure 9- Considerable volume of fluid (red: gas phase; blue: aqueous phase) must be transported 
into the hydrate-bearing zone in Mt. Elbert well if the hydrate formed from a pre-existing gas 
accumulation. Note that this is in addition to the one pore volume of sediment which is initially filled 
with aqueous and gas phase. 
 
Can Co-current Flow Provide Fluids to the Hydrate Zone? 
The conversion of methane and water to hydrate reduces the volume occupied by the 
fluid phases, and this will cause the local fluid pressure to decrease. Hence a gradient in 
fluid pressure will arise when hydrate formation begins. We now consider how this 
gradient could move the needed fluid volumes to the GHSZ. Because the model assumes 
the gas accumulation is no longer connected to the source of the gas charge, the gaseous 
phase must flow upwards within the accumulation toward the BGHSZ. It is of interest 
then to consider whether the aqueous phase can flow cocurrently with the gas.  

For our one-dimensional (vertical) model, Darcy’s law for the aqueous phase is 
given by 

, ( )r w
w w w

w

kk
u P gz

z



 

 


  (19) 

And thus: 

, ( )r w w
w w

w

kk P
u g

z



 

 


  (20) 

Here wu  is the Darcy velocity of aqueous phase, w  is the viscosity of aqueous phase, 

,r wk is the relative permeability of the sediment to the aqueous phase and wP  denotes the 

pressure in the aqueous phase. g  is the acceleration due to gravity. 
Similarly, for the gaseous phase Darcy’s law is given by 

, ( )r g g
g g

g

kk P
u g

z



 

 


  (21) 

gP  and wP  are related through the following equation: 
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0( ) ( ) ( )g w c w gP P P z g z z       (22) 

where ( )cP z  is capillary pressure as a function of depth, z . 0z  is the depth of the free water level 

at which the capillary pressure is zero. 
 
Combining Eqs. (21) and (22) gives: 

, ( )r g w c
g g

g

kk P P
u g

z z



  

  
 

 (23) 

Eq.  (22) also gives that: 

( )c
w g

P
g

z
 

 


  (24) 

Eqs. (23) and (24) gives: 

, ( )r g w
g w

g

kk P
u g

z



 

 


  (25) 

Therefore, for cocurrent flow  

g g g

w w w

q u

q u




    (26) 

Here gq  and wq  are the volumetric flow rate of the gaseous and aqueous phases, 

respectively. g  and w  are effective mobility of gaseous and aqueous phases, 

respectively. Mobility of a phase, p, is defined as , ; ,r p
p

p

kk
p g w


  . 

Hence: 

g g g
v

g w g w g w
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 (27) 

In other words, the assumption of cocurrent flow leads to identifying Rv as the fractional 
flow of the gaseous phase. This provides an independent constraint on the value of Rv that 
could have occurred during hydrate formation. Interestingly, this constraint is 
independent of the magnitude of the pressure gradient induced by hydrate formation and 
independent of the permeability of the sediment. 

Dynamic methane viscosity, g , is estimated to be 51.2 10 Pa.s   at 6.5 MPaP   

and a 2 CT    [28]. At the same thermodynamic condition, viscosity of water, w , is 

estimated to be 31.7 10 Pa.s   [29]. 
Figure 10a shows a typical relative permeability curve for water wet granular 

media. Note that the residual gas saturation, ,g rS , is 0.3 and the irreducible wetting phase 

saturation, ,w irrS , is 0.2. Thus from Eq. (27) we calculate the value of vR  for a range of 

values of water saturation at which gas and aqueous phases are assumed to be flowing. 
The results are shown in Figure 10b. 
 

Figure 11 is similar to Fig. 3 but with different values of initial water saturation. 
Suppose for illustration that cocurrent flow occurs at the same saturation as the initial 
state. Consider two values of initial water saturations Swi = 0.4 and Swi = 0.6, marked as a 
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solid star and a solid circle, on Figure 10b. The corresponding values of Rv are close to 
unity, Fig 10b, and lead to final states in which hydrate and gas phases coexist. These 
states are shown with the same symbols on Figure 11a and Figure 11b. Repeating this 
calculation for the full range of initial saturations yields the curve of Figure 11b. The 
zones of excess methane (final state is hydrate and gas phases) and excess water (final 
state is hydrate and aqueous phases) are shown in red fill and blue fill, respectively. 

Therefore, if we assume that the water and methane required during hydrate 
formation, ,w dV  and ,g dV , are provided through a co-current flow at the same 

saturation state as the initial gas accumulation, the sediment would be hydrate and 
methane only (excess methane) for a rather large range of initial water saturations, i.e. 

,
0.62

w i
S   for the typical relative permeability curve in Figure 10a. The latter is in 

contradiction to the observed current situation in Mt. Elbert well of only hydrate and 
aqueous phase saturations [26]. Figure 11b further shows that the observed state of the 
Mount Elbert well would arise only over a very narrow range of initial water saturation. 
This range corresponds to rather small initial gas saturations, , 0.4g iS  . The capillary 

entry pressure estimations predict a much larger initial gas saturation (Figure 7a). 
Therefore, we conclude that it is unlikely that cocurrent flow took place without changing 
the initial saturations. 
 

 
Figure 10-Assuming cocurrent vertical flow of gas and aqueous phases allows estimating vR  in terms 

of phase mobilities. (a) A typical relative permeability curve; red represents the relative permeability 
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of gaseous phase and blue represents that of the wetting phase. (b) vR  versus water saturation at 

which cocurrent flow occurs calculated from Eq. (27). 
To constrain the saturation at which cocurrent flow might have occurred, we apply 
classical fractional flow theory [30]. Figure 12 shows the fractional flow of the aqueous 
phase corresponding to the relative permeability curves shown in Figure 10a. As 
indicated in Figure 13, the downstream boundary condition in the gas column is ,w w iS S  

while the upstream boundary condition is 1wf  . The latter corresponds to aqueous phase 

entering the sediment to raise the GWC. These boundary conditions give rise to an 
upward moving front at which a step change in saturation occurs, Figure 13. The water 
saturation at the front can be determined graphically by drawing a tangent from the initial 
saturation point to the ( )w wf S  curve. The tangent lines for three values of initial 

saturation ( ,w iS  0.2, 0.4 and 0.6) are drawn on the fractional flow curve shown in Figure 

12. 
 

 
Figure 11-Calculating hydrate saturation, hS , from initial water saturation, ,w iS  and Rv, assuming 

co-current flow at the initial saturation. (a) Hydrate saturation versus vR  for different initial water 

saturations. The points corresponding to the two arbitrary water saturations, marked as a solid star 
and a solid circle, on Figure 10b are shown with the same symbols. (b) Hydrate saturation versus 
initial and flowing water saturation constructed through combining Figure 10b and Figure 11a. 
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Based on the tangent lines in Figure 12, the front saturation, ,w frontS , would be almost the 

same for all three initial water saturations: , 1 0.7w front grS S   . Corresponding fractional 

flow of aqueous phase would be . Ahead of the front, the water saturation is 

,w w iS S  and 0wf  . Thus only gas is arriving ( ) at the BGHSZ. This situation is 

expected for almost any set of relative permeability curves because the viscosity ratio 
dominates the mobility ratio, forcing /w g   to be very small. Consequently, the 

displacement becomes piston type, where water pushes gas ahead in a piston type manner. 
This piston type movement of a methane bank ahead of the water bank can provide the 
upper zones in which hydrate is forming with the needed gas . Simultaneously this 

piston type movement of aqueous phase would enable the transport of water, ,
GWC

w dV , to 

replace transported gas from below and raise the GWC. But clearly the cocurrent flow 
cannot have transported water into the zone of hydrate formation 
 

 
Figure 12- Fractional flow of a co-current flow of methane and water. The shock front (tangent lines) 

determines a piston type movement with , 1w front grS S   regardless of the initial water saturation. 

The need for considerable amount of water, ,w dV , during hydrate formation suggests 

another route for water flow: water moves down through accumulated hydrate from the 
unfrozen water above (Figure 13). For this to happen the water phase must remain 
connected within the hydrate-bearing sediment. This requires the final hydrate saturation 
at the upper zones to be less than ,1 w irrS so the aqueous phase is connected at the final 

water saturation. The model described above predicts that this condition will arise, 
because imbibition occurs in the upper zones as the GWC rises.  
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Figure 13- Model for the transported volumes of aqueous and gas phase. Fractional flow theory 

proves it unlikely that the required amount of aqueous phase, ,w dV , has been transported through 

a co-current flow with the gas phase. 
 
CONCLUSION 
Analysis shows that considerable amount of fluid (gaseous and aqueous phase) needs to 
be transported during hydrate formation. Moreover, fractional flow theory shows that due 
to the very low mobility ratio of aqueous to gas phase, the amount of water required 
during hydrate formation, ,w dV , cannot be transported through a co-current type of flow. 

It is rather another type of flow, i.e. water is transported from above into the hydrate 
formation zone and gas is being provided from the lower free gas column. In our future 
work we will examine the constraints that must be satisfied in order for this much water 
to move through the hydrate-bearing sediment.  
 
 
NOMENCLATURE 

10D 10th percentile of grain size distribution (L) 

50D 50th percentile of grain size distribution (L) 

60D 60th percentile of grain size distribution (L) 

g  Gravitational acceleration 
K   Hydraulic conductivity (LT-1) 
k    Permeability (L2) 

,r wk Relative permeability to aqueous phase (dimensionless) 

,r gk  Relative permeability to gaseous phase (dimensionless) 

gMW
 
Molecular weight of methane (M/M) 

hMW  Molecular weight of hydrate (M/M) 

wMW  Molecular weight of water (M/M) 
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,g in   Initial number of moles of methane (M) 

,w in  Initial number of moles of water (M) 

,c entryP Capillary entry pressure (ML-1T-2) 

gP  Pressure in the gas phase (ML-1T-2) 

wP  Pressure in the aqueous phase (ML-1T-2) 

gq  Volumetric flow rate of gaseous phase (L3T-1) 

wq  Volumetric flow rate of aqueous phase (L3T-1) 

avgr
 
Average radius (L) 

eqr
 
Equivalent radius (L) 

nR  Molar ratio of transported gas phase     (dimensionless) 

vR  Volume ratio of transported gas phase (dimensionless) 

gS   Gas phase saturation (dimensionless) 

hS   Hydrate phase saturation (dimensionless) 

wS   Aqueous phase saturation (dimensionless) 

U   Coefficient of uniformity (dimensionless) 

gu  Darcy velocity of gaseous phase (LT-1) 

wu  Darcy velocity of aqueous phase (LT-1) 

,m gV  Molar volume of methane (L3/M) 

,m hV  Molar volume of hydrate (L3/M) 

,m wV  Molar volume of water (L3/M) 

g    Methane density (ML-3) 

h    Hydrate density (ML-3) 

w    Water density (ML-3) 

   Interfacial tension (MT-2) 

g  Effective mobility to gaseous phase 

w  Effective mobility to aqueous phase 

   Viscosity (ML-1T-1) 

gV
 
Volume of transported aqueous phase (L3) 

wV  Volume of transported aqueous phase (L3) 

,g dV  Dimensionless volume of transported aqueous phase (pore volumes) 

,w dV  Dimensionless volume of transported aqueous phase (pore volumes) 
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