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ABSTRACT 
Gas hydrate can precipitate in pore space of marine sediment when gas concentrations exceed 
solubility conditions within a gas hydrate stability zone (GHSZ). Here we present analytical 
expressions that relate the top of the GHSZ and the amount of gas hydrate within the GHSZ to the 
depth of the sulfate-methane transition (SMT). The expressions are strictly valid for steady-state 
systems in which (1) all gas is methane, (2) all methane enters the GHSZ from the base, and (3) 
no methane escapes the top through seafloor venting. These constraints mean that anaerobic 
oxidation of methane (AOM) is the only sink of gas, allowing a direct coupling of SMT depth to 
net methane flux. We also show that a basic gas hydrate saturation profile can be determined from 
the SMT depth via analytical expressions if site-specific parameters such as sedimentation rate, 
methane solubility and porosity are known. We evaluate our analytical model at gas hydrate 
bearing sites along the Cascadia margin where methane is mostly sourced from depth. The 
analytical expressions provide a fast and convenient method to calculate gas hydrate saturation 
for a given geologic setting. 
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NOMENCLATURE 
j

ic     Mass fraction of component i in phase j 

,
l
m eqbc Methane solubility at the base of GHSZ 

iD     Diffusivity of component i 

if     Normalized flux of component i 

iF     Mass flux of component i 
g      Function denoting integral of porosity term 

sL     SMT depth below seafloor 

tL     Depth of GHSZ below seafloor 

hL     Thickness of gas hydrate layer 

iM    Molecular weight of component i 

1 2,Pe Pe  Peclet numbers for the two fluxes 
Q      Modified sum of Peclet numbers 

1 2,r r   Fitting parameters for solubility curve 

hS      Gas hydrate saturation 

,f sedU Fluid flux due to sedimentation 
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,f extU  Fluid flux due to external source 

,f totU  Net fluid flux 

sU      Sediment flux 
z        Depth below the seafloor 

j      Density of phase j 
        Porosity 
       Porosity at great depths 
 
Subscripts/superscripts/overscript: 
0        Value at seafloor 
g        Gas phase 
h        Hydrate phase 
l , w   Water phase or component 
m       Methane component 
s        Sulfate component 
~       Denotes normalized or dimensionless value 
 
INTRODUCTION 
 
Clathrate hydrates of gas, often called gas 
hydrates, form in pore space of marine sediment 
along continental margins [1,2]. Their stability 
depends on temperature, pressure, salinity and gas 
composition. In general, these conditions restrict 
gas hydrate occurrence to a finite region below the 
seafloor, usually referred to as the gas hydrate 
stability zone (GHSZ) [3]. However, the amount 
of gas hydrate present within this region (“gas 
hydrate saturation”) can vary considerably, both 
globally and locally, because it relates to dynamic 
inputs and outputs of gas, principally methane, 
over long (>105 yr) timescales [4,5]. 
 
The presence of gas hydrates in marine sediments 
implies high methane concentrations in pore 
waters at shallow sub-bottom depths, and a 
significant methane flux towards the seafloor 
(Figure 1). This upward methane flux consumes 
dissolved sulfate, so that most, if not all, seafloor 
settings with gas hydrate exhibit a relatively 
shallow and sharp sulfate-methane transition 
(SMT), a depth interval where pore water SO4

2- 
and CH4 concentrations approach zero [6,7,8]. For 
reasons of mass balance, the depth of the SMT 
should relate to the uppermost occurrence of gas 
hydrate (Figure 1) [6]. 
 
We have developed a numerical model [9] that has 
been revised to incorporate a dynamic SMT for 

systems where methane is supplied from depth 
[10]. The present analysis differs from previous 
modeling efforts by developing a complete 
analytical theory for relating gas hydrate saturation 
to the depth of the SMT. This approach for 
quantifying gas hydrate abundance is 
advantageous because it requires only pore water 
data from shallow piston cores. 

 
 
Figure 1: (a) Schematic representation of a gas 
hydrate system showing pore water sulfate and 
methane concentrations go to zero at some shallow 
depth below the seafloor. Also shown are different 
system depths and parameters. (b) Close-up of the 
sulfate-methane transition (SMT) showing overlap 
of sulfate and methane profiles. 
 
GAS HYDRATE SYSTEMS AND SULFATE 
DEPLETION 
 
In anoxic marine sediments, depletion of pore 
water sulfate occurs through two main reactions. 
First, sulfate gets reduced when bacteria utilize 
solid organic carbon molecules as a substrate [11]. 
The other important reaction is anaerobic 
oxidation of methane (AOM), where communities 
of bacteria and archaea use dissolved methane as 
follows [12,13,14]: 
 

2
4 4 3 2CH SO HCO HS H O             (1) 

 
The presence of gas hydrates in shallow sediments 
implies a significant methane flux towards the 
seafloor, which can make the second route for 
sulfate depletion significant [12,15,16,17]. In fact, 
in regions with even modest upward methane flux, 
such as Blake Ridge, sulfate reduction can be 
dominated by AOM. This inference can be 
supported through careful modeling studies or 
basic observations [6,15,16,17]. For example, the 



pore water sulfate gradient can vary by large 
amounts across regions with methane (e.g., a 
factor of 16 in the Carolina Rise-Blake Ridge 
region) despite similar sedimentation rates and 
total organic carbon (TOC) supply [6,12]. We 
assume that AOM is the only sulfate sink in our 
model. This is possible because, as mentioned 
before, we focus on gas hydrate settings where the 
TOC content of sediment is low, and where all 
methane is supplied by deeper sources. 
 
MATHEMATICAL MODEL 
 
Model framework 
 
We first derive a relationship between the depth of 
the SMT and the upward methane flux using a 
steady-state mass balance equation for sulfate. 
This is followed by writing a two-phase methane 
balance for the system, which links the thickness 
of the gas hydrate layer and gas hydrate saturation 
to the methane flux. Finally, by relating the 
methane flux to sulfate flux at the SMT, we show 
how the SMT depth is related to thickness of the 
gas hydrate layer and its saturation. 
 
The upward methane flux to shallow sediment 
depends on the net fluid flux and the methane 
concentration of rising pore waters. In our 
modeling, we assume that, at steady-state 
conditions, gas hydrate extends to the base of 
GHSZ because of continuous sedimentation. 
Consequently, pore fluid methane concentration at 
this depth equals the peak solubility value of the 
point of three-phase equilibrium [9]. 
 
Sulfate mass balance 
 
Two assumptions are made in formulating the 
sulfate mass balance: (1) no sulfate depletion 
occurs within the sulfate reduction zone (SRZ) due 
to reduction by solid organic carbon; and, (2) both 
methane and sulfate react fast enough within the 
SMT so that their concentrations drop to zero at a 
single depth. Geochemical data from several gas 
hydrate settings [6,7,8] indicates that sulfate and 
methane can co-occur across a horizon several 
meters thick, suggesting that the species actually 
react over a finite depth instead of a sharp 
interface. However, we later normalize all depths 
by the depth to the base of the GHSZ, which 
causes the finite SMT transition zone to approach 

a relatively sharp interface in the dimensionless 
form. 
 
The steady-state sulfate mass balance is: 
 

0
l

l s
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The vertical depth z  is set to zero at the seafloor 
and is positive downwards, following previous 
work [9]. The mass balance (equation (2)) implies 
that the mass flux of sulfate,

4SOF , remains 
constant within the SRZ, and can be rewritten as: 
 

4

l
l s

f f s f s SO
cU c D F
z

 


 


, 0 sz L         (3) 

 
We recast this relation in dimensionless form. The 
vertical depth is normalized by tL  ( / tz z L ). 
Consequently, the SMT depth sL  is also written in 

scaled form as /s s tL L L , while sulfate 

concentration is scaled by 
4

0
SOc , its value in 

standard seawater (
4

0/l l
s s SOc c c ). The net fluid 

flux ( ,f totU ) can be written as the sum of two 

components: ,f sedU  due to sedimentation-

compaction and ,f extU  due to upward external 
flow (Appendix A1). This enables definition of 
two Peclet numbers that compare each fluid flux to 
methane diffusion, as follows: 
 

,
1

f sed t

m

U L
Pe

D
 , ,

2
f ext t

m

U L
Pe

D
        (4) 

 
The sulfate balance (equation (3)) can now be 
rewritten in dimensionless form as (Appendix A1): 
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where   is the reduced porosity 

   / 1      and   is  1 /   . The 
porosity model, assuming hydrostatic pore 
pressure and equilibrium compaction, and details 
of non-dimensionalization are given in Appendix 
A1. To simplify the notation we define the 
following groups: 
 

1 2
1 ( )Pe Pe Q


 
  

 
                                    (6) 
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                              (7) 

 
where Q  denotes the modified net fluid flux and 

4SOf  is a modified sulfate flux. Using these 
definitions, equation (5) can be written as: 
 

4

1 l
l s
s s SO

cQc D f
z




  
    

 


        (8) 

 
where sD = /s mD D . The first boundary condition 
(B.C.) is applied at the seafloor where the 
normalized sulfate concentration is equal to unity, 
while the second is applied at the base of the SRZ 
(i.e., the SMT), where normalized methane and 
sulfate concentrations are zero: 
 
B.C.: 1l

sc   at    0z  ,  and       (9) 

B.C.: 0l
sc   at    sz L                              (10) 

 
With these B.C.s, equation (8) can be integrated to 
give the steady-state sulfate profile [18]: 
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      0 sz L      (11) 
where ( )g z  is a function obtained from the 
integral of the porosity term and is given as: 
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The following expression for sulfate flux (

4SOf ) 

can also be derived as a function of sL  and Q  
using equations (8) and (11): 
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     (13) 

 
Relationship between sulfate and methane flux 
 
We now rewrite the sulfate flux in terms of the 
methane flux from depth. At the base of the SRZ, 
the molar fluxes of methane and sulfate are equal, 
due to the 1:1 stoichiometry of the AOM reaction 
(equation (1)) [6,12]. Thus, the sulfate mass flux 
(

4SOF ) can be written in terms of the methane 

mass flux (
4CHF ) from below as follows: 

 

4

4 4

4

SO
SO CH

CH

M
F F

M
  ,      at   sz L           (14) 

 
Substituting equation (14) into equation (7) yields: 
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       (15) 

 
To simplify the notation, we introduce a 
dimensionless methane flux 

4CHf : 
 

4 4
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1 1
1
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CH CHl
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Lf F
c D 

 
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      (16) 

 
where ,

l
m eqbc  is the methane solubility at the base 

of GHSZ. Using this notation, equation (16) is 
used to express the dimensionless methane flux in 
terms of the dimensionless sulfate flux: 
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To summarize, using equations (13) and (17), we 
obtain the following expression between sL  and 

4CHf : 

4
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/
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       (18) 
 
Methane mass balance 
 
We now perform similar mass balances on 
methane and water, and apply them to two distinct 
spatial domains. The first domain extends from the 
SMT to the top of gas hydrate, whereas the second 
domain extends from the top of gas hydrate to the 
base of the GHSZ (Figure 1).  
 
The two-phase (aqueous and hydrate) steady-state 
methane mass balance, valid from the SMT to the 
base of the GHSZ, is: 
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        (19) 
 
The methane flux invariance can be restated as: 
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To non-dimensionalize this equation, we utilize 
the following scalings: 
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Using the water mass balance, the methane mass 
balance (equation (20)) is rewritten in the 
following form (see Appendix A2 for derivation): 
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Dissolved methane zone (SMT to top of gas 
hydrate) 
 
The methane mass balance (equation (22)) is first 
applied to the region extending from the SMT to 
the top of the hydrate layer (Figure 1). In 
normalized form, the thickness of the gas hydrate 
layer becomes /h h tL L L , while depth to the top 

of hydrate is (1 hL  ). This region 

( 1s hL z L    ) does not contain any hydrate, so 
that equation (22) can be simplified by setting 

0hS  : 
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Methane concentration is zero at the SMT ( sL ), 
and is equal to the solubility curve at the top of the 
hydrate layer. Hence, the two boundary conditions 
for this equation are: 
 
B.C.(1): 0l

mc   at    sz L          (24) 

B.C.(2):  , 1|
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where , , ,( ) ( ) / l

m sol m sol m eqbc z c z c    is the 
normalized methane solubility (mass fraction) in 
pore water in equilibrium with gas hydrate as a 
function of the scaled depth ( z ). Analogous to the 
solution of the sulfate mass balance, equation (23) 
can be integrated with the above boundary 
conditions to give the following expressions for 
methane flux and concentration: 
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Gas hydrate zone (top of hydrate to base of GHSZ) 
 
The methane mass balance equation (22) is now 
applied to the region extending from the top of the 
gas hydrate layer to the base of the GHSZ 
(1 1hL z    ). In this region, the pore water 
methane concentration is constrained by the 
solubility curve, which causes gas hydrate 
saturation ( hS ) to be the primary dependent 
variable, which gives the following relation in 
terms of gas hydrate saturation: 
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Several previous simulation results have shown 
that gas hydrate saturation monotonously increases 
from zero at the top of the gas hydrate layer to a 
maximum value at the base of the GHSZ 
[9,10,18,19,20]. We use this observation to impose 
the constraint that gas hydrate saturation goes to 
zero as the top of the hydrate layer is approached 
through this spatial domain. This condition can be 
written mathematically as: 
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Substituting the above condition in equation (28) 
gives: 
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We now have three equations (18, 26, and 30) in 
terms of four unknowns ( sL , 

4CHf , Q  and hL ). 

Hence, by using sL  as an input, the other three 
unknowns can be calculated. 
 
Coupled equations for sL  and hL  
 
In this section, we obtain two non-linear coupled 
equations in terms of the three variables sL , hL  
and Q . First, we eliminate 

4CHf  between 
equations (18) and (26), which amounts to 
equating the sulfate flux to the methane flux from 
depth at the SMT: 
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       (31) 
 
Secondly, we equate methane flux in the region 
containing dissolved methane to the methane flux 
in the region containing gas hydrate. This helps to 
eliminate 

4CHf  between equations (26) and (30), 
yielding: 
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     (32) 

 
Once sL  is known for a particular site, equations 
(31) and (32) can be solved iteratively (e.g., using 
a Newton-Raphson or bisection algorithm) to get 

hL  and Q . 
 
Gas hydrate saturation profile 
 
A major advantage of our formulation is that it 
gives an analytical expression for the gas hydrate 
saturation profile (below the top of the hydrate 
layer) through equation (28). This equation can be 
rearranged to give the saturation profile as a 
function of scaled depth z , as follows: 
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RESULTS 
 
We first summarize the overall calculation 
procedure to obtain the results: 
a. Given  ,m solc z   and other site-specific 

parameters ( m , sD ,   and  ), solve coupled 

equations (31) and (32) to obtain Q  and hL . 
b. Using these values, calculate 

4CHf  , from any of 
the three expressions, (18), (26) or (30). 
c. Substitute into equations (11) and (27) to get the 
sulfate and methane concentration profiles, 
respectively. 
d. By specifying the parameters h , 1Pe , h

mc  and 
h
wc , equation (33) gives the gas  hydrate saturation 

profile  hS z  within the GHSZ. 
 
Normalized methane solubility curve 
 
An important parameter in our formulation is the 
methane solubility curve within the GHSZ. For 
sake of demonstration and simplicity, we 
approximate the solubility curve  ,m solc z   by an 
exponential function similar to the form proposed 
in [21]. We start with this simple two parameter 
solubility function: 
 

  2
, 1

r z
m solc z re                               (34) 

 
This solubility curve is scaled by methane 
solubility at the base of the GHSZ, so that its 
normalized value is equal to unity at 1z  . This 
constraint yields the following relationship 
between 1r  and 2r : 
 

2
1 1rre         2

1
rr e      (35) 

 
which allows us to reduce equation (34) to a single 
parameter equation: 
 

   2 1
,

r z
m solc z e          (36) 

 
This simple equation (36), with a single fitting 
parameter, 2r , yields very good fits to solubility 
curves (Figure 2) obtained through rigorous 
thermodynamic models (e.g., [9]), for two 
different seafloor depths, seawater salinity, 
seafloor temperature of 3°C, and a geothermal 
gradient of 0.04°C/m. 
 

 
Figure 2: Comparison of normalized methane 
solubility curves, computed from rigorous 
thermodynamic models versus those obtained 
from equation (36). Two different seafloor depths 
are considered, with the corresponding fitting 
parameters, 2r , listed in the inset. 
 
Effect of  sL  on the gas hydrate system 
 
We now explain the system in terms of the input 
parameter, sL . The following constant parameter 
values are assumed for all results shown later:   = 
6/9,   = 9 (which correspond to 0  = 0.7,   = 

0.1), h
mc  = 0.134, h  = 0.9, 

4CHM = 16, 
4SOM  = 

96, seawater sulfate concentration equals 28 mM, 
and sD  = 0.64 [22]. 



 
Figure 3: Effect of net fluid flux and variable 
SMT depths on steady-state sulfate and methane 
concentration profiles. Specifying sL  uniquely 
constrains the sulfate and methane concentration 
profiles, as well as the top of the gas hydrate layer. 
The methane solubility curve corresponds to 
seafloor depth of 1000m, seafloor temperature of 
3°C, and geotherm of 0.04°C/m (Figure 2). 
 

 
Figure 4: Effect of net fluid flux and variable 
SMT depths on steady-state gas hydrate saturation 
profiles. Shallow SMT depths indicate higher net 
methane flux from depth and higher gas hydrate 
saturation within the GHSZ. 1Pe  equals 0.1 for all 
three cases. Numerical simulation results (crosses) 
from the model of Bhatnagar et al. [10] match 
well with the analytical saturation profiles 
(curves). 
 
Figure 3 shows steady-state sulfate and methane 
concentration profiles, obtained through equations 
(11) and (27), for three different scaled SMT 
depths. The solubility curve corresponding to 
seafloor depth of 1000 mbsl ( 2r  = 0.625) is used. 
Due to co-consumption of sulfate and methane at 

the SMT, shorter sL  indicates higher methane flux 
from below, thereby leading to a shallower top of 
the gas hydrate layer (Figure 3). 
 
Gas hydrate saturation profiles as a function of 
scaled SMT depths show higher saturations within 
the GHSZ with decreasing sL , again due to net 
increase in methane flux (Figure 4). Increase in the 
thickness of the hydrate layer with decreasing sL  
is also evident from the saturation profiles. We 
further compare steady-state gas hydrate saturation 
profiles obtained from simulation results (crosses) 
of Bhatnagar et al. [10], which reveal good 
agreement between the theory developed in this 
paper and the numerical formulation. The profiles 
in Figures 3 and 4 clearly highlight that each 
distinct value of sL  results in a unique profile for 
dissolved sulfate, methane and gas hydrate 
saturation. 
 
Application to Cascadia Margin sites 
 
The Cascadia Margin is an accretionary margin 
characterized by pervasive upward fluid flow with 
localized gas venting [7,8]. Results from Ocean 
Drilling Program (ODP) Leg 204 and Integrated 
Ocean Drilling Program (IODP) Expedition 311 
have given great insight into the complex and 
heterogeneous gas hydrate distribution at several 
sites drilled along this margin [7,8,23]. Sites in 
this region are characterized by relatively high 
fluid fluxes and low average total organic carbon 
(TOC) content [8,24], which is indicative of a gas 
hydrate setting where fluids from depth form the 
dominant methane source. This makes sites along 
Cascadia Margin a good location to test our 
model. We use SMT depths and other data for 
three Cascadia Margin sites (Table 1) to predict 
gas hydrate saturations, average saturation and 
depth to the first occurrence of gas hydrate below 
the seafloor (Table 2). These sites include ODP 
Site 889 and IODP Sites U1325 and U1326. 
 
Site 889 (ODP Leg 146) has been previously 
modeled as a gas hydrate system dominated by 
deeper methane sources [9,20]. Davie and Buffett 
[20] fit the pore water chloride profile at Site 889 
using a coupled numerical model with methane 
supply from depth. Their results indicate peak 
hydrate saturation close to 2% at the base of 
GHSZ and average saturation <1% within the 



GHSZ [20]. This result agrees favorably with our 
simulation that shows peak saturation of about 
2.7% at the base of GHSZ (Figure 5) and average 
saturation of 0.6% across the entire GHSZ (Table 
2). Hyndman et al. [25] calculated gas hydrate 
saturation between 25-30% of pore space in the 
100 m interval above the base of GHSZ at Site 889 
using resistivity log data. However, subsequent 
calculations using a different set of Archie 
parameters have revised this estimate to 5-10% in 
that 100 m interval [26]. Although several 
parameter uncertainties confront such geochemical 
and geophysical estimates [8,27], average 
saturation predicted using our SMT based model 
concurs with the lower estimates at Site 889. 
 

 
 
Figure 5: Steady-state gas hydrate saturation 
profiles computed from scaled SMT depths at 
Cascadia Margin Sites 889, U1325 and U1326. 
Scaled SMT depth is highest for Site 889 and 
lowest for Site U1326, implying higher methane 
flux and greater gas hydrate saturation at Site 
U1326 and relatively low methane flux and 
hydrate saturation at Site 889. 
 
 
For the IODP Expedition 311 sites, drilled along 
the northern Cascadia Margin, we compare our 
predictions with average saturations computed 
from chloride anomalies and resistivity log data 
(Table 2). Average saturation is calculated from 
chloride data by assuming a background in situ 
chloride profile and attributing the relative pore 
water freshening to gas hydrate dissociation (e.g., 
[27]). Average saturation is obtained from 
resistivity data using the Archie equation and 
parameters given in [8]. Average saturation over 
the GHSZ at Site U1325 is estimated from 
resistivity data and chloride anomalies to be 3.7% 

and 5.3%, respectively. Corresponding estimates 
from resistivity and chlorinity for Site U1326 are 
6.7% and 5.5%, respectively. These values 
compare favorably with 3.1% and 6.6% average 
saturation from our SMT based model at Sites 
U1325 and U1326, respectively (Table 2). 
 
In general, we get good first order agreement 
between average gas hydrate saturations derived 
using resistivity logs/chloride anomalies and those 
predicted using our model, although our model 
consistently predicts lower average saturation at 
all three sites along Cascadia Margin. For 
estimates from resistivity logs, a possible 
explanation for the deviation is that interpretations 
of resistivity logs depend on knowledge of 
formation water resistivity and three empirical 
constants, which are hard to constrain in clay-rich 
sediments. Moreover, most studies employing 
transport models (e.g., [9,10,20,28]) predict gas 
hydrate to first occur well below the seafloor. In 
contrast, log-based results often predict gas 
hydrate starting immediately below the seafloor. 
This will cause saturations from transport models 
to be lower than those predicted using resistivity 
log data. Similarly, estimation of hydrate 
saturation from chloride data is quite sensitive to 
the choice of baseline curves. Apart from the small 
deviations between model and chloride/resistivity 
log predictions, our model gives a good average 
estimate of gas hydrate saturation. 
 
CONCLUSIONS 
 
We have developed analytical expressions to 
estimate gas hydrate saturation from scaled depth 
of the sulfate-methane transition (SMT) for gas 
hydrate systems dominated by deep-methane 
sources. This scaled SMT depth is the ratio of the 
dimensional depth of the SMT below the seafloor 
to the depth of the gas hydrate stability zone 
(GHSZ) below the seafloor. Using simple one-
dimensional mass balances for sulfate and 
methane, we show that net methane flux in such 
deep-source systems uniquely determines the 
scaled SMT depth, the thickness of the gas hydrate 
layer and gas hydrate saturation within the GHSZ. 
Steady-state results show that as the SMT 
becomes shallower, methane flux and, 
consequently, gas hydrate saturation increases. 
Average saturations over the GHSZ at three 
Cascadia Margin locations, calculated from our 
method, are 0.6%, 2.3% and 5.5% for Sites 889, 



U1325 and U1326, respectively. These values 
compare favorably with averages computed from 
resistivity log and chlorinity data for all sites. 
Hence, our analytical formulation provides a 
simple and fast technique to constrain gas hydrate 
saturation in deep-source systems. 
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APPENDIX 
 
A1. Non-dimensionalization of Sulfate Mass 
Balance 
The net fluid flux in the system ( ,f totU ) results 
from the combination of fluid flux due to 
continuous sedimentation and compaction of 
sediments ( ,f sedU ) and the external fluid flux 

( ,f extU ) [9,15,18]: 
 

, , ,f tot f sed f extU U U         (A1) 
 
In terms of Peclet numbers, equation (4), this sum 
can be written as: 
 

, , ,
1 2

f tot t f sed t f ext t

m m m

U L U L U L
Pe Pe

D D D
        (A2) 

 

Multiplying equation (3) by /t mL D  and dividing 

by 
4

0
SOc  gives: 
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    (A3) 

 
Porosity loss is modeled by relating it to effective 
stress and assuming hydrostatic pressure 
(equilibrium compaction), which yields the 
following relationship between the reduced 
porosity and normalized depth [9,18]: 
 

 1 ze


 
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  
      (A4) 

 
where   and   are reduced porosities defined in 
terms of the maximum ( 0 ) and minimum ( ) 
porosities achieved during compaction: 
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Dividing equation (A3) by (1  ) we obtain the 
dimensionless form of the sulfate mass balance, 
which is equation (5) in the main text. 
 
A2. Non-dimensionalization of methane mass 
balance 
The steady-state water mass balance below the 
SMT can be written as: 
 

0
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l hs
f f w h w h

UU c S c
z

  


 
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         (A6) 
 
Equation (A6) can also be written in terms of the 
water flux (

2H OF ) as: 
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Due to low methane solubility in water, we 
assume the mass fraction of water in aqueous 



phase to be unity. This gives us an expression for 
the water flux: 
 

 , , 1
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Substituting this expression for fluid flux into 
equation (20), we get: 
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Similar to the sulfate mass balance, we multiply 
the above equation by /t mL D  and divide by 

,
l
m eqbc  to get the following dimensionless form: 
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 (A10) 
 
Equation (A10) can be divided by (1  ) to 
express in terms of the reduced porosity and 
rearranged to get the dimensionless methane 
balance, equation (22). 
 
 
 
 
 
 
 
 
 
 

 
 
TABLES 
 
Table 1: Site-specific parameters for Cascadia Margin sites 
 

 
* Calculated from thermodynamic model [9] 
** Calculated from fitting equation (36) to solubility curves obtained from thermodynamic model [9] 
a  ODP Leg 146 [24] 
b  IODP Expedition 311 [8] 
c  S  was not available, hence assumed equal to nearest site U1325. 
 
Table 2: Results for Cascadia Margin sites 
 

Site 1Pe  sL  t hL L  
(m) 

h GHSZS  
(calc.) 

h GHOZS  
(calc.) 

h GHSZS  
(res. log) a 

h GHSZS  
(Cl-) b 

889 0.068 0.058 113 0.6% 1.1% - <1% 
U1325 0.11 0.059 62 2.3% 3.1% 3.7% 5.3% 
U1326 0.11 0.060 36 5.5% 6.6% 6.7% 5.5% 

 
a From Archie equation using LWD log data [8] 
b From fit to chloride data 

Site S  
(cm/k.y.) 

T0 
(°C) 

G 
(°C/m) 

D0 
(m) 

sL  
(m) 

tL  
(m) ,

l
m eqbc * m  

(eq. 17) 
2r

** 
(eq.36) 

889a 25 3 0.054 1311 10 225 2.1×10-3 4.4 0.73 
U1325b 38.3 3 0.06 2195 5 230 2.5×10-3 5.2 0.93 
U1326b 38.3c 3 0.06 1828 2.5 126 2.3×10-3 4.8 0.86 


