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Disclaimer 
This report was prepared as an account of work sponsored by an agency 

of the United States Government.  Neither the United States Government nor any 
agency thereof, nor any of their employees, makes any warranty, express or 
implied, or assumes any legal liability or responsibility for the accuracy, 
completeness, or usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately owned rights.  
Reference herein to any specific commercial product, process, or service by 
trade name, trademark, manufacturer, or otherwise does not necessarily 
constitute or imply its endorsement, recommendation, or favoring by the United 
States Government or any agency thereof.  The views and opinions of authors 
expressed herein do not necessarily state or reflect those of the United States 
Government or any agency thereof. 
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Executive Summary 
Task 5: Carbon Inputs and Outputs to Gas Hydrate Systems 
Glen Snyder is presently assisting Andrew Hunt of the USGS Noble Gas 
laboratory in Colorado to develop sampling methods for determining noble gas 
isotopic composition of interstitial pore fluids and gas hydrate recovered from 
piston coring.   
Task 6: Numerical Models for Quantification of Hydrate and Free Gas 
Accumulations 
In Subtask 6.3, Compositional Effect on BSR, Synthetic Seismic Response, the 
ability to generate synthetic seismogram with Ricker wavelets on some cases of 
hydrate/gas transition has been established.  
 
Subtask 6.4. Blanking and chaotic zones due to hydrate distribution. We have 
started working on acoustic velocity profiles in different types of sediment layers. 
Due to hydrate accumulation, the velocity in different types of sediment layers 
can become similar with each other.  
 
Subtask 6.8 (b): Sulfate, bicarbonate, calcium and carbon isotope (δ13C) profiles 
as an indicator of methane flux above marine gas hydrate systems 
Methane flux is an important constraint on the amount of hydrate that may be 
present in marine sediments. One approach to determine this flux is to use the 
depth to the sulfate-methane transition (SMT). Pore-water sulfate concentrations 
deplete to zero in shallow sediments above methane hydrate systems. Many 
authors attributed these chemical gradients to anaerobic oxidation of methane 
(AOM) at the SMT and directly related the depth of the SMT to the upward 
methane flux at steady-state conditions. However, an alternative mechanism for 
sulfate consumption by particulate organic carbon (POC) has been interpreted by 
various authors. To reconcile these two interpretations, Bhatnagar and others’ 1D 
model (2008) was extended and methane, sulfate, dissolved inorganic carbon 
(DIC), calcium and carbon isotope concentration profiles were computed with 
both advective and diffusive fluxes. 
Task 7: Analysis of Production Strategy 
A large deposit of gas hydrate is found in the Gulf of Mexico (GOM) block AC 
818. In the last 6 months, we have worked on assessing the production from this 
block using a thermal, compositional, 3-D simulator in equilibrium mode. Four 
components (water, methane, hydrate and salt) and four phases (gas, aqueous-
phase, hydrate and ice) are considered where salt is assumed to be in aqueous 
phase only. The reservoir GOM, block AC 818 is reported to be an unconfined 
reservoir. For these types of reservoirs, depressurization is ineffective and warm 
water flooding is necessary for production. We study different well configurations 
for production from this hydrate reservoir using warm water flooding. 
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Task 8: Seafloor and Borehole Stability 
We are concentrating on different scales of failure in gas hydrate systems 
ranging from bed-scale fracture genesis to regional-scale slope failure (Subtask 
8.2).  This work, which is grounded on data collected from previous hydrate 
studies (Subtasks 8.1 and 8.3), is not only providing constraints on what drives 
different types of failure, but it is also helping us characterize the controls on 
heterogeneous hydrate accumulations.  This has led to our involvement in other 
hydrate collaborations with the Chevron Gulf of Mexico JIP, hydrate studies in 
China, and hydrate studies in Cascadia (building on Subtask 8.3 and general 
collaborations within DOE and outside of DOE).  
 
Task 9: Geophysical Imaging of Gas Hydrate and Free Gas Accumulations  
(This will be reported in End of Phase 4 Report) 
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Background 
 
A.  Objective 
 This project seeks to understand regional differences in gas hydrate systems 
from the perspective of as an energy resource, geohazard, and long-term climate 
influence.  Specifically, the effort will: (1) collect data and conceptual models that targets 
causes of gas hydrate variance, (2) construct numerical models that explain and predict 
regional-scale gas hydrate differences in 2- and 3-dimensions with minimal “free 
parameters”, (3) simulate hydrocarbon production from various gas hydrate systems to 
establish promising resource characteristics, (4) perturb different gas hydrate systems to 
assess potential impacts of hot fluids on seafloor stability and well stability, and (5) 
develop geophysical approaches that enable remote quantification of gas hydrate 
heterogeneities so that they can be characterized with minimal costly drilling.  Our 
integrated program takes advantage of the fact that we have a close working team 
comprised of experts in distinct disciplines. 

 The expected outcomes of this project are improved exploration and production 
technology for production of natural gas from methane hydrates and improved safety 
through understanding of seafloor and well bore stability in the presence of hydrates. 
 
B. Scope of Work  
 The scope of this project is to more fully characterize, understand, and 
appreciate fundamental differences in the amount and distribution of gas hydrate and 
how this affects the production potential of a hydrate accumulation in the marine 
environment.  The effort will combine existing information from locations in the ocean 
that are dominated by low permeability sediments with small amounts of high 
permeability sediments, one permafrost location where extensive hydrates exist in 
reservoir quality rocks and other locations deemed by mutual agreement of DOE and 
Rice to be appropriate.  The initial ocean locations are Blake Ridge, Hydrate Ridge, Peru 
Margin and GOM.  The permafrost location is Mallik.  Although the ultimate goal of the 
project is to understand processes that control production potential of hydrates in marine 
settings, Mallik will be included because of the extensive data collected in a producible 
hydrate accumulation.  To date, such a location has not been studied in the oceanic 
environment.  The project will work closely with ongoing projects (e.g. GOM JIP and 
offshore India) that are actively investigating potentially economic hydrate accumulations 
in marine settings. 

 The overall approach is fivefold: (1) collect key data concerning hydrocarbon 
fluxes which is currently missing at all locations to be included in the study, (2) use this 
and existing data to build numerical models that can explain gas hydrate variance at all 
four locations, (3) simulate how natural gas could be produced from each location with 
different production strategies, (4) collect new sediment property data at these locations 
that are required for constraining fluxes, production simulations and assessing sediment 
stability, and (5) develop a method for remotely quantifying heterogeneities in gas 
hydrate and free gas distributions.  While we generally restrict our efforts to the locations 
where key parameters can be measured or constrained, our ultimate aim is to make our 
efforts universally applicable to any hydrate accumulation. 
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Task 5: Carbon Inputs and Outputs to Gas Hydrate Systems 
Jerry Dickens and Glen Snyder 
 
As a result of discussions with Carolyn Ruppell at the January DOE gas hydrates 
workshop in Atlanta, Glen Snyder is presently assisting Andrew Hunt of the 
USGS Noble Gas laboratory in Colorado to develop sampling methods for 
determining noble gas isotopic composition of interstitial pore fluids and gas 
hydrate recovered from piston coring.  Snyder will test the apparatus that they 
develop on a research cruise this June to recover gas hydrates from the Sea of 
Japan.  The cruise is led by Ryo Matsumoto of the University of Tokyo and 
sponsored by the Japanese Ministry of Economy, Trade, and Industry.  After the 
cruise, the apparatus and techniques will then be applied to gas hydrate research 
in the Gulf of Mexico with the USGS team. 
 
The basic idea behind the study is that diagenesis of organic matter releases 
xenon gas along with hydrocarbons and the xenon is subsequently trapped in 
hydrate.  Other noble gases such as helium diffuse directly through the hydrate.  
By measuring the noble gas isotopic composition, we hope to see if the hydrate 
is derived from thermogenic or biogenic sources (Figure 1).  We also hope to 
determine whether the hydrate itself is presently growing  or dissociating, or if it  
is in steady state. 
 
Subtask 6.8: Sulfate profile as indicator of methane flux. 
 
At the DOE workshop in Atlanta in January, Glen Snyder presented the work of 
Snyder and Dickens on modeling reaction rates above gas hydrate systems at 
the sulfate-methane transition.  In addition to discussing mass balance of carbon 
and sulfur, the presentation demonstrated the observed stable carbon isotopic 
compositions are due to the admixture of deeply-sourced dissolved inorganic 
carbon and bicarbonate derived from anaerobic methane oxidation. 
 
Other: 
On March 29, G. Snyder, G. Dickens, and B. Dugan met with engineers from 
FUGRO Geotechnical Services on the Rice campus.  The purpose of the 
meeting was to discuss both the needs and research requirements of industry 
around gas hydrates, as well as the research interests of academia.  Since the 
FUGRO offices and Rice are only a short drive from each other, we plan to meet 
with them in the future, as well as visit their research vessels then they arrive in 
Galveston. 
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Figure 1. Plot of FNe/FKr vs FXe.    Fi = i/36Arsample / i/36Ar atmosphere 

 
Presented in Figure 1 is a summary of the noble gas data compiled from Dickens and 
Kennedy (2000) and Winckler et al. (2002)coupled with atmospheric and solubility 
values.  Included in the figure is noble gas data taken from Torgersen and Kennedy 
(1999) which shows the Kr and Xe enrichment associated with thermogenic methane 
samples from the Elk Hills oil and gas fields of California.  Torgersen and Kennedy 
(1999) discovered that Kr and Xe concentrations in the thermogenic natural gas 
samples are highly enriched relative to atmosphere, but still retain air-like isotopic 
composition.  The cause of the enrichment was greater than could be explained by 
simple fluid-water-oil mass partitioning of the noble gases and had to be derived by 
elevated concentrations of Kr and Xe in the original organic matter that comprised the 
source material for the natural gas.  Knowing that thermogenically derived methane is 
enriched in heavy noble gas isotopes we expect the hydrates derived from this gas 
would be even more enriched in the heavy nobles and would plot at much higher FXe 
than biogenically derived gases.  In both cases hydrate related gas will have a 
distinctive fractionation pattern that can be used to distinguish hydrate related gas from 
non-hydrate related biogenic and thermogenic reservoirs.  
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Task 6: Numerical Models for Quantification of Hydrate and Free Gas 
Accumulations 
Subtask 6.3. Compositional Effect on BSR, Synthetic Seismic Response 
Guangsheng Gu  
 

In this subtask, we have established the ability to generate synthetic 
seismogram with Ricker wavelets on some cases of hydrate/gas transition.  

From the work we have finished, we can find out existence of another gas 
component in marine hydrate system, can affect the hydrate and gas distribution 
greatly. As an example, in a CH4-C3H8-H2O hydrate system, there  can exist a 
transition region in which Aq, H (sII) and V can co-exist, and SH and Sv can 
change gradually (Fig. 6.3.1.). The transition zone can be as thick as 300 m.  The 
p-wave velocity Vp, can vary gradually throughout this transition zone (Fig. 
6.3.2).  

 

 
Figure 6.3.1. An example calculation of a CH4-C3H8-H2O System (water-free 

propane molar fraction is 0.05;  Overall composition xCH4=0.019, xC3H8=0.001, xH2O=0.98). 
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Figure 6.3.2. An example calculation of a CH4-C3H8-H2O System (Profiles of 
Normalized Acoustic Properties of the CH4-C3H8-H2O Hydrate System. Impedance Z = ρ 
Vp. Data are normalized so that at seafloor the value is 1). 

 
By simplification, we can have two different types of Vp profiles from 

seafloor to deeper sediment shown in Fig. 6.3.3 – 6.3.4. There impulse 
responses are also shown in these figures. We can see that the seismic 
response, at Base of GHSZ (BGHSZ) for pure methane hydrate system (abrupt 
Vp change), the amplitude of reflection at BGHSZ is in the similar order of 
magnitude of that at seafloor (Fig. 6.3.3.).  

 

  
(a) Vp Profile (b) Impedance Response 

Figure 6.3.3. Abrupt Vp Change System: Vp Profile and Impedance Response 
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However, in a mixed hydrate system, the Vp profile varies gradually at 
hydrate/gas transition zone, their impulse response at this gradual transition 
zone, is much weaker than that at seafloor (Fig. 6.3.4.), though not zero.  

 

  
 (a) Vp Profile (b) Impedance Response 

Figure 6.3.4. Mixed-hydrate System (Graduate Vp Change):  
Vp Profile and Impedance Response 

 
Some certain Ricker wavelets are used to 1D synthetic seismic profile. A 

Ricker wavelet has a smooth power spectrum curve, with a peak frequency (Fig. 
6.3.5). They are widely used in seismic simulators. In exploration seismic 
simulation, the peak frequency is mostly within a range from 10 to 100 Hz, and 
30 Hz is a typical frequency. 

 

  
(a) Source Signal in Time Domain  (b) Power Spectrum of Source Signal 

Figure 6.3.5. Example of Source Signal: Ricker Wavelet (Here Peak Frequency: 30 
Hz) 

 
By using Ricker wavelets, with frequency from 10 to 100 Hz, we obtained 

the synthetic seismogram (Fig. 6.3.6.), both for that from a step change Vp profile 
(i.e., for pure methane hydrate system), and for that from a gradual transition 
zone. For the same thickness of the steep transition zone (shown in Fig. 6.3.2.) 
Lstz, different peak frequencies are used; for each wavelet with a certain peak 
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frequency, the characteristic wavelength is denoted as λ. The thickness ratio 
Lstz/λ are calculated. The seismograms are shown in Fig. 6.3.6. 

 

 
Figure 6.3.6. Reflection as a Function of Lstz/λ. 

 
To quantitatively understand the seismic response, the amplitude ratio, 

Ratio of Amplitude at Hydrate/Gas Transition, to that at Seafloor, AHdr/Asfl, is 
defined. If AHdr/Asfl ≤ 0.1, the reflection will be called a “weak reflection” (i.e., 
weak BSR). The relationship between AHdr/Asfl and thickness ratio Lstz/λ is plotted 
in Fig. 6.3.7. We can find out both qualitatively (in Fig. 6.3.6.) and quantitatively 
(in Fig. 6.3.7.) that: 

If Lstz /λ > 0.5, then AHdr/Asfl ≤ 0.1, i.e., a weak reflection will be observed.  

 

In Fig. 6.3.7., AHdr/Asfl ≤ 0.1 refers to that peak frequency is higher than 30 
Hz (roughly). But 30 Hz is a typical frequency. Therefore, if a xed-hydrate 
transition zone exists, it’s possible to observe a “weak BSR”. 
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Figure 6.3.7. Amplitude Ratio as a Function of Lstz/λ.  

(The Ratio of Amplitude at Hydrate/Gas Transition, to that at Seafloor, AHdr/Asfl).  
If AHdr/Asfl ≤ 0.1, the reflection is called a “weak reflection”, as shown in the 
shadowed region. The peak frequency for each point is also labeled.  
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Subtask 6.4. Blanking and chaotic zones due to hydrate distribution. 
Guangsheng Gu  
 

We have started working on acoustic velocity profiles in different types of 
sediment layers. Due to hydrate accumulation, the velocity in different types of 
sediment layers can become similar with each other.  
 
Geological settings: 

We set several horizontal layers with different properties, from seafloor to 
deeper sediment. These layers are in 2 types: sandstone or clay/shale. 
Sandstone layers have higher porosity (20%~30%), and shale layers with some 
porosity values varying with depth (Fig. 6.4.1). Assume hydrate saturation 
increases gradually. Then we estimated the Vp density, and seismic impedance 
profiles of these two different types of layers, and made comparison between 
them.  
 

 
Figure 6.4.1. Porosity of Clay/shale as a function of depth 

 
Parameters: 

Table 6.4.1: Acoustic properties of components 

Component Vp (m/s) ρ (kg/m3) 

Sea Water (w) 1500 1030 

Hydrate (H) 3300 900 

Mineral1 
(m1, sandstone) 

2000~4000 2500 
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Mineral2 
(m2, shale) 

2400 2600 

 
Table 6.4.2: other parameters 

Parameter Value   

Porosity1 (in sandstone 
layer) 

0.2 ~ 0.3  

Porosity2 (in shale layer) Up: 0.6; Low: 0.2~0.4  

Sh 0~1  

 
 
Equations: 
 
Estimate average density and Vp according to these equations: 

 

 

 
Impedance:  Z = ρVp 

 
Preliminary result: 
 
The preliminary results show that the acoustic impedance of sandstone layer, is 
possible to be lower than that of a shale layer; then when hydrate saturation 
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increases, it’s possible to increase to higher values than that of a shale layer. In 
these situations, it’s possible that a blanking can be achieved during the hydrate 
accumulation process. (Figures.) 

 
Figure 6.4.1: Impedance increase of sandstone layer due to Sh increase 

Parameters: φ1=0.3; φ2=0.2; Vp_sand=2300 m/s; Vp_clay=2000 m/s 
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Figure 6.4.2: Impedance increase of sandstone layer due to Sh increase 

Parameters: φ1=0.3; φ2=0.3; Vp_sand=2500 m/s; Vp_clay=2000 m/s 
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Figure 6.4.3: Impedance increase of sandstone layer due to Sh increase 

Parameters: φ1=0.3; φ2=0.3; Vp_sand=2000 m/s; Vp_clay=2000 m/s 
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Subtask 6.8 (b): Sulfate, bicarbonate, calcium and carbon isotope (δ13C) profiles 
as an indicator of methane flux above marine gas hydrate systems: Sayantan 
Chatterjee 
 
Abstract 
 

Methane flux is an important constraint on the amount of hydrate that may 
be present in marine sediments. One approach to determine this flux is to use 
the depth to the sulfate-methane transition (SMT). Pore-water sulfate 
concentrations deplete to zero in shallow sediments above methane hydrate 
systems. Many authors attributed these chemical gradients to anaerobic 
oxidation of methane (AOM) at the SMT and directly related the depth of the SMT 
to the upward methane flux at steady-state conditions. However, an alternative 
mechanism for sulfate consumption by particulate organic carbon (POC) has 
been interpreted by various authors. To reconcile these two interpretations, 
Bhatnagar and others’ 1D model (2008) was extended and methane, sulfate, 
dissolved inorganic carbon (DIC), calcium and carbon isotope concentration 
profiles were computed with both advective and diffusive fluxes. In addition to the 
mass balances, sulfate consumption reactions following two reaction pathways 
(i.e.: POC driven and AOM) have been included in the model. In most marine gas 
hydrate systems, it is shown that cross-plot of fluxes of sulfate and DIC around 
the SMT lie on a 1:1 line and justifies the dominance of AOM for sulfate 
consumption in shallow sediment. For insignificant fluxes, relative to sulfate 
reduction by POC, the concentration cross-plot lie on the 2:1 line justifying the 
alternative reaction mechanism by POC. The numerical model developed in this 
report serves as a tool to interpret upward methane fluxes with the help of pore 
water profiles. 

 
Introduction 
 

The amount of gas hydrate is controlled by dynamic inputs and outputs of 
methane over geologic timescales (Dickens, 2003; Buffett and Archer, 2004). 
The upward methane flux is an important constraint on the amount and 
distribution of hydrates. In the shallow sediments (~30 mbsf) above all gas 
hydrate systems there exists a sulfate-methane transition (SMT) zone where 
pore water sulfate gets depleted to near-zero concentration, generally underlain 
by rapid increase in methane concentrations.  

 
For most gas hydrate systems, one potential approach for determining 

methane flux is to use the depth to the SMT ( , Figure 6.8.1). Many authors 
have attributed depletion in pore water sulfate at the SMT to anaerobic oxidation 
of methane (AOM).  Indeed, if AOM dominates consumption of methane and 
sulfate and the system is at steady-state conditions, the depth of the SMT should 
be directly related to the upward flux of methane (Borowski et al., 1996; Snyder 
et al., 2007; Dickens and Snyder, 2007). 
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The sulfate sink in these systems involves dissolved methane to consume 
sulfate at the SMT as shown in (1). 

 
(1)  2

4 4 3 2CH  (aq) + SO  HCO + HS  + H O− − −→                      AOM  
 

 

Figure 6.8.1: (a) Schematic representation of a gas hydrate system showing 
pore water sulfate and methane concentrations, which go to zero at shallow 
depths due to AOM. The dashed line represents the methane solubility curve. 
Fluid fluxes due to compaction driven flow and external flow are denoted as 

and respectively;  is the depth to the base of the gas hydrate 
stability zone. (b) Zoomed sulfate-methane transition (SMT) zone showing an 
overlap of sulfate and methane profiles and its depth below the seafloor 

(Bhatnagar et al., 2008). 

Previous numerical modeling attempts have also shown that the net 
upward flux controls the pore water methane and sulfate concentration profiles 
and is thus related to the SMT depth (Bhatnagar et al., 2008). Furthermore, the 
thickness of the hydrate zone and the gas hydrate saturation have been reported 
to be direct functions of the upward methane flux (Davie and Buffett, 2001; 
Bhatnagar et al., 2008). Several studies have shown correlation between the 
SMT depth and the shallowest occurrence of gas hydrate (Borowski et al., 1999). 
Few specific sites suggested a “rule of ten” where the shallowest gas hydrate 
occurs at a depth 10 times of the SMT (Paull et al., 2005). Using a generalized 
one-dimensional (1D) numerical model, validated by an analytical theory 
(Bhatnagar et al., 2010), Bhatnagar and coworkers estimated that the top of the 
gas hydrate layer occurs at 10-12 times of the SMT depth (Bhatnagar et al., 
2008). Thus, one-to-one relationships exist between the SMT depth; and the 
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upward methane flux, the gas hydrate layer thickness and the gas hydrate 
saturation within the GHSZ.  

 
In addition to AOM, particulate organic carbon (POC) can also consume 

pore water sulfate in shallow sediments. In the absence of methane, bacteria use 
the POC as a substrate to consume sulfate (Berner, 1980; Boudreau and 
Westrich, 1984). This reaction involves the oxidation of organic carbon and the 
reduction of sulfate to produce DIC and hydrogen sulfide shown in (2): 

 
(2)                    2

2 4 3 22CH O (s) + SO  2HCO  + H S− −→                   POC  

Notably, the amounts of reactants and products in the two reactions are 
different. In (1) HCO3

- :SO4
2- stoichiometry is 1:1, whereas in (2) it is 2:1. 

 
Presently, the use of sulfate profiles and the SMT depth to calculate 

upward methane fluxes is controversial because various authors have interpreted 
pore water composition and carbon isotope data in shallow sediment differently, 
even at the same sites (Kastner et al., 2008; Dickens and Snyder, 2009). The 
roots of the problem are twofold: (1) sulfate consumption can occur through two 
reaction pathways, and (2) dissolved inorganic carbon (DIC), a reaction 
constituent, has multiple sources and sinks.  

Bhatnagar and co-workers developed a generalized 1D numerical model 
for gas hydrate accumulation in marine sediments over geologic timescales 
(Bhatnagar et al., 2007).  Previous 1D model computed methane and sulfate 
profiles, however, DIC, calcium and carbon isotopes were not coupled with 
methane and sulfate mass balance equations. In this report, both the 
interpretations regarding the sulfate reduction stoichiometry and the carbon 
isotope balance are revisited and Bhatnagar’s 1D model (Bhatnagar et al., 2007, 
2008) was extended. Hence, both the sulfate consumption reactions (POC and 
AOM) were included and mass balances of all the carbon and sulfate species in 
the system were coupled. 
 
Example site – Hydrate Ridge, 1244, Cascadia margin 

 
As an example, physical properties and seafloor conditions were chosen 

similar to Hydrate Ridge site 1244 from the Ocean Drilling Program (ODP) leg 
204 data to simulate the pore water chemistry profiles. This site is located at 
890m below sea level (mbsl) on the eastern flank of the Hydrate Ridge about 
3km northeast of the southern summit (Trehú et al., 2003). The seafloor 
temperature (276.8 K) and pressure are well within the range for hydrate stability 
and occurrence and the linear geothermal gradient is 0.061°C/m. For these 
parameters, our calculations show that the temperature profile intersects the 
three-phase equilibrium curve at about 133.4 m below seafloor and marks the 
base of the GHSZ. Sedimentation rate is 27 cm kyr-1 and porosity of the 
sediments at the seafloor, is about 70% (Trehú et al., 2003). Other parameters 
that are specific to site 1244, used in this model are listed in appendix. The 
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concentration profiles of sulfate, methane, alkalinity (DIC), and calcium in pore 
water and carbon isotope δ13C data in DIC obtained from leg 204 data for hole 
1244 are shown in Figure 6.8.2 (Trehú et al., 2003). Note methane (red) and 
sulfate (blue) concentrations are shown in the same plot. Methane 
concentrations are low because significant quantity of methane was lost during 
its measurement. Notably, in 1244, the SMT is located at ~8.5 mbsf, where pore 
water sulfate approaches zero concentration and the remaining interstitial water 
species show a distinguishable change in slope at the same depth. 

  

 
 
Figure 6.8.2: Sulfate, methane, alkalinity (DIC), calcium concentration profiles 
and carbon isotope δ13C composition in DIC for shallow sediment at site 1244 on 
Hydrate Ridge (original data from Trehú et al., 2003) 

Two contradictory hypotheses 
 
 The two contradictory hypotheses revolve around the dominance of two 
reactions for sulfate consumption namely; AOM and POC driven consumption as 
stated earlier. Borowski et al. (1996) initially interpreted how sulfate gradients 
may be used as a proxy to measure in-situ methane fluxes from underlying 
hydrate sediments at sites where linear sulfate profiles exist. Linear sulfate 
profiles in shallow sediments indicate that sulfate profile is primarily driven by 
diffusion to the SMT where it reacts at the SMT with the methane flux from 
below.  This is in contrast to reaction with POC which is distributed throughout 
the sediment. If AOM is the dominant reaction, then at steady state conditions, 
sulfate and methane fluxes should be balanced (Borowski et al., 1996), and the 
pore water sulfate concentration profile is determined by the upward methane 
flux originating from deeper sediments. 
 
 
 
 
Argument for POC reaction 
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Several investigators (Kastner et al., 2008) have attempted to discriminate 
between the two reactions using pore water concentration profiles and carbon 
isotope data. In particular, arguments for the dominance of POC reaction over 
AOM have been made using cross-plots of change in excess alkalinity versus 
change in sulfate concentration (Figure 6.8.3). Excess alkalinity is the amount of 
HCO3

- (more commonly DIC) that would occur in pore water if authigenic 
carbonate had not precipitated. The change in excess alkalinity can be computed 
by summing the deviations in pore water alkalinity, Ca2+ and Mg2+ relative to their 
respective concentration in seawater. The change in pore water sulfate 
concentration is relative to the seawater. In the case shown here (Figure 6.8.3), 
there is a 2:1 slope, which Kastner and others interpret as release of two moles 
of DIC due to consumption of one mole of sulfate. If this interpretation is correct, 
this would imply POC driven sulfate consumption in a closed system (Kastner et 
al., 2008). A closed system is one in which sulfur and carbon fluxes in and out of 
sediment horizons are zero. This situation does not occur in most areas with gas 
hydrate because fluxes through diffusion and advection are usually faster than 
through sedimentation. 

 
The carbon isotope composition (δ13C) of DIC across the SMT has also 

been used to infer the POC driven reaction mechanism (Kastner et al., 2008). 
The overall idea is that POC has a δ13C of -25‰ whereas biogenic methane has 
a δ13C of -60‰, so the isotope composition of DIC at the SMT should give the 
proportion generated from AOM and POC. For example, the nominally -25‰ of 
DIC across the SMT at site 1244 has been argued to reflect a dominance of POC 
consumption of sulfate. 

Argument for AOM reaction 
 

An analysis of reactants and products using fluxes is a much better 
approach for understanding the stoichiometry of the sulfate consumption 
reaction. This is particularly true because there is often a flux of DIC into the SMT 
from below (Dickens and Snyder, 2009). Specifically, at ODP site 1244, when 
one calculates fluxes of DIC, there are −6 mol/m2kyr of HCO3

- entering the SMT 
from below and −22 mol/m2kyr of HCO3

- are leaving the SMT towards the 
seafloor. This gives a net change of −16 mol/m2kyr of HCO3

- across the SMT. 
This net change of HCO3

- flux nicely balances the +16mol/m2kyr of S04
2-entering 

the SMT, suggesting a 1:1 stoichiometry (Dickens and Snyder, 2009).  
 
The source of deep flux of DIC is from the biogenic generation of methane 

occurring in deeper sediments. The methanogenesis reaction involves 
breakdown of two moles of POC to form one mole of methane and one mole of 
carbon dioxide under microbial action via a series of reactions as shown below.  
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Figure 6.8.3: Concentration cross-plot of “excess alkalinity” corrected for 
carbonate precipitation versus SO4

2-(mM) relative to the seafloor for shallow 
sediment at site 1244 on Hydrate Ridge (original data from Trehú et al., 2003). 
As emphasized by Kastner et al. (2008), there is a 2:1 relationship for pore water 
concentrations above the SMT. Note, however, that excess alkalinity continues to 
rise below the SMT. There is an upward flux of HCO3

- from deeper sediment, 
which necessarily implies that only a fraction of excess alkalinity above the SMT 
comes from shallow sediment 

 
Methanogenesis reaction is a biochemical reaction and can be represented as a 
series of the following reactions. 
 
Fermentation: 2 2 3 2 26CH O + 2H O 2CH COOH + 2CO  + 4H→  

CO2  reduction and acetate methanogenesis  
 

2 2 4 2

3 4 2

CO  + 4H   CH  + 2H O
2CH COOH  2CH  + 2CO

→
→  

Overall reaction: 2 4 22CH O CH CO→ +   
The carbon dioxide reacts with pore water to form DIC: 2 2 3CO H O HCO H− ++ → +  

 
The overall methanogenesis reaction is shown below in (3). 

(3)  2 2 4 32CH O (s) + H O CH HCO H− +→ + +  
 
Over geologic timescales, sedimentation and deposition of older 

sediments buries the organic carbon to greater depths. This gives rise to the 
deeper DIC flux coming from below. However, DIC formed during 
methanogenesis typically has an isotope composition of +10‰ or greater. This 
means that, in an open system, the measured δ13C of DIC across the SMT is the 
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net result of δ13C formed by reactions at the SMT (e.g., AOM) and DIC fluxing in 
to and out of the SMT. A DIC of -25‰ across the SMT can result from AOM and 
a deep DIC flux with a δ13C of +10‰ or greater (Dickens and Snyder, 2009). So, 
an observed value of δ13C of DIC of -25‰ at the SMT need not be concluded to 
be a result of POC driven sulfate consumption. It could also be due to combined 
effect of AOM and deep source of DIC as a result of methanogenesis. To 
reconcile these two hypotheses, a mathematical model has been formulated and 
presented in the following section. 

 
Numerical model 

 
Gas hydrate accumulation in marine sediment has been modeled for 1D 

systems by Bhatnagar and others (Bhatnagar et al., 2007). Their overall 
modeling framework incorporated phase equilibrium and methane solubility 
calculations in addition to sediment deposition, porosity reduction and mass 
conservation for methane, water, and organic content. The model included 
advective and diffusive fluid fluxes as a result of compaction, and upward fluid 
flow arising from deeper sediments. However, the model did not couple 
bicarbonate, calcium, and carbon isotope composition along with methane and 
sulfate mass balances. All gas hydrate systems harbor few primary chemical 
reactions involving various pore water chemical species as listed below. The 
following three reactions are expressed with their corresponding kinetic models 
defining the kinetic rate for the respective reactions; and the fourth reaction is a 
reversible reaction and the equilibrium model is shown as follows: 

 
(i) Methanogenesis and fermentation reaction in deeper sediments 

2 2 4 32CH O H O CH + HCO  + H               r = -meth λα− ++ →  
 

(ii) AOM reaction at the SMT 

2
4 4 3 2 AOMCH SO HCO  +HS + H O                 r = - c cl l

AOM m sλ− − −+ →  
 

(iii) POC driven sulfate consumption between the seafloor and the SMT 

2
2 4 3 2 POC2CH O SO 2HCO  +H S                 r = - cl

POC sλ α− −+ →  
 

(iv) Calcite precipitation reaction  

32+
3 3

c
HCO  +Ca H CaCO                   r = − + ∆

→ + ↓
∆

l
CaCO

ppt t  The methanogenesis rate of reaction is represented by λ; whereas the rates of 
reaction for sulfate reduction by POC and AOM are denoted by λPOC, and λAOM, 
respectively. Unlike the kinetic modeling for the irreversible reactions, equilibrium 
rate for the calcite precipitation reaction is modeled differently as a function of 
formation of calcium carbonate. The authigenic carbonate precipitation is an 
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equilibrium reaction and its rate is quantified by the amount of calcium carbonate 
formed in unit time. The phase concentration for the different species are 
represented as l

mc for methane, l
sc for sulfate, l

bc for DIC, l
cac for calcium, 

3

l
CaCOc for 

calcium carbonate and α for POC. Hydrogen ions that are being formed in the 
system as a product of different reactions are assumed to be transported by 
advection and diffusion, thereby avoiding accumulation of hydrogen ions which 
would eventually make the formation acidic and the reactions would eventually 
stop. However, the hydrogen ion transport is not modeled in this work. 

 
Organic Material Balance for in-situ production 
 

The organic carbon content available for methanogenesis (α) is 
represented as a mass fraction of the total sediment. However, α represents only 
a fraction of the total organic carbon (TOC) since the entire content is not 
converted to methane. The sedimentation rate ( ) and amount of degradable 
organic content at the seafloor is assumed to remain constant over time. 
Furthermore, the POC is modeled to advect downward with the sediment velocity 
vs. With the above assumptions, the organic material balance is shown below.  

 
  

 
Further, the material balance could be rewritten in terms of sediment and 

fluid fluxes instead of velocities. The material balance equation can be rewritten 
in a dimensionless form using the scaling scheme developed by Bhatnagar et al. 
(2007) and presented as follows. 

 
  

 
Methane Mass Balance 

 
Following previous work (Bhatnagar et al., 2007; 2008), the methane 

mass balance equations have been simplified to exclude the gas hydrate and 
free gas phase terms. Assuming methane generation from POC and 
consumption due to AOM reaction, the mass balance equations are illustrated 
below. 

  

  

The terms on the left are the accumulation term followed by the 
convection term. The terms on the right hand side represent diffusion followed by 
the reaction terms. The reaction terms correspond to methanogenesis from POC 
and AOM, respectively. The mass balance equation can be rewritten in a 
dimensionless form using the same scaling scheme shown above. 
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Sulfate Mass Balance 
 

The sulfate mass balance includes both the reaction pathways for sulfate 
consumption in which both act as sinks for pore water sulfate and are shown 
below (Bhatnagar et al. 2008). 

  

  

 
The reaction terms correspond to sulfate consumption due to POC and 

AOM, respectively. The dimensionless sulfate mass balance equation is rewritten 
and presented using the same scaling scheme shown above. 

  

  
 

DIC Mass Balance 
 
As pointed out previously, DIC mass balance is a necessary step to 

investigate the competing hypotheses for the loss of sulfate. Similar to the sulfate 
balance, DIC mass balance not only includes source terms originating from both 
AOM and POC reactions but also includes source terms like the methanogenesis 
reaction. In addition to the source terms, the DIC mass balance includes a sink 
term corresponding to the calcite precipitation reaction as shown below. The sink 
term originates from the calcium carbonate that precipitates in the reaction. 
When DIC (or carbonate) reacts with calcium following a 1:1 stoichiometry, both 
species continue to get consumed and form calcium carbonate which precipitates 
out of solution as long as the product of calcium and DIC concentration is greater 
than the solubility product ( spk ) of calcium carbonate. When the product of DIC 
and carbonate concentrations equal the solubility product, their concentrations 
does not reduce any further, instead precipitates an equivalent amount of 
calcium carbonate and the reaction reaches equilibrium. The equilibrium reaction 
is modeled in such a way that calcium concentration is always constrained at the 
equilibrium concentration. Any calcium which gets consumed in excess of the 
equilibrium concentration forms calcium carbonate. Consequently, DIC also gets 
reduced by a similar amount in the reaction. The amount of calcium carbonate 
generated can be computed from the mass balance equations. 
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The reaction terms represent generation of DIC due to methanogenesis, 

AOM reaction, POC–sulfate reaction, and DIC consumption due to calcite 
precipitation, respectively. The dimensionless form has been illustrated below 
using the same scaling scheme discussed above. 

 

  

  

 
Calcium Mass Balance 

 
Calcium mass balance is another important component including the sink 

term corresponding to the calcite precipitation reaction and presented as follows. 
The sink term is represented as the amount of calcium carbonate actually formed 
in the reaction. 

  

Using the same scaling scheme developed by Bhatnagar et al., (2007), the 
dimensionless form is expressed as follows. 

   
 
Carbon isotope Mass Balance 

 
Carbon isotope mass balance is also included in our model. A simple 

carbon mass balance along with its isotope composition for the different species 
provides an overall conservation of carbon isotopes in the system. Notably, POC, 
methane, and DIC are the three carbon species with different carbon isotope 
composition for the various reactions listed above. This motivates us to write the 
carbon isotope mass balance separately for methane and DIC due to all the 
reactions sources and sinks in the system as illustrated below. This summarizes 
the mass conservation for all the species necessary for the mathematical model.  

 
 
 
 



 30 

Carbon isotope in Methane 
 

  

  
 
The dimensionless mass balance equation is presented as follows. 
 

  
 

  

 
Carbon isotope in DIC 
 

  
 

  
 

  
 
The dimensionless form can be represented as follows: 
 

  

  

  

  

 
During the AOM reaction, the carbon isotope ( composition in methane 

and DIC is represented by . During calcite precipitation, the value in 
DIC and calcium is . 
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The vertical depth is scaled by the depth of the base of the gas hydrate 
stability zone (BHSZ) Lt, and is defined as . Time is normalized by a 

combination of depth of the BSHZ and diffusivity of methane  as .  
 
The degradable content of POC in the sediment is normalized relative to 

the initial content deposited at the seafloor (αo). Normalized organic content in 
sediment is defined as  

Methane mass fraction in phase is normalized by methane solubility in 
the liquid phase at the base of GHSZ , while sulfate, DIC, and calcium 
mass fractions are normalized by their respective seawater values (=28 mM), 

(=2.29 mM) and  (=10 mM) to get their corresponding normalized 
variables.  The normalized variables are defined as: 

  

The reduced porosities, , and , normalized sediment flux , are defined 
as: 

      

where the porosity of sediment is , is the initial porosity at the seafloor,  is 
the minimum porosity attained at greatest depth, and  is the fluid flux due to 
sedimentation and compaction. Porosity changes with depth, seafloor porosity 

 and minimum porosity attained at greatest depth  representing 
occurrence of compaction.  
 
The fluid flux  can be defined as a combination of seafloor sedimentation 
rate  and porosities. 

 
 

 
The flux of sediment is represented by  and is scaled with respect to the fluid 
flux due to sedimentation , which equals to a constant . 
 

 

 
The numerical model incorporates two fluid fluxes to characterize the 

compaction driven and external fluid flow relative to diffusion; defined by two 
independent dimensionless groups known as Peclet numbers. The 
dimensionless group Peclet number Pe1 is characterized by the ratio of 
sedimentation-compaction driven fluid flux to methane diffusion. 
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Similarly, Pe2 is charaterized by the ratio of external fluid flux from deeper 
sediments relative to methane diffusion. 

  
Crucially, Pe1 and Pe2 act in downward and upward directions 

respectively, and have opposite signs. 
 
The dimensionless group Damkohler number is characterized by the ratio 

of reaction to diffusion. The three Damkohler numbers for the three main 
reactions mentioned above are defined as follows 

 
    Methanogenesis Reaction 

  Anaerobic Oxidation of Methane (AOM)  

 
  POC dominated sulfate reduction reaction 

 
All the parameters and dimensionless groups are specified and shown in 
appendix. To obtain finite solutions, the initial and boundary conditions are 
specified in addition to the mass balance equations.  
 
Initial Conditions 

 
Organic content, methane, sulfate, DIC, calcium and carbon isotope 

concentration are assumed to be zero at initial time 0=t  for any depth z .  
 

( ,0) 0α =
z           ( ,0) 0l

mc z =    ( ,0) ( ,0) ( ,0) 0= = =    

l l l
s b Cac z c z c z

 
4

13 ( ,0) 0CHC zδ =   3

13 ( ,0) 0HCOC zδ =  
Boundary Conditions  

 
Methane is assumed to form biogenically from POC and organic 

concentration is normalized with the seafloor value, thereby  specifying the 
normalized POC concentration at the seafloor to unity. Methane concentation is 
normalized relative to the triple point concentration of methane ,

l
m eqbc at the base 

of GHSZ. Since, there is no methane at the seafloor, normalized methane 
concentration at the seafloor is zero. Sulfate, DIC and calcium are normalized 
with its seawater values and the normalized sulfate, DIC and calcium 
concentrations are unity at the seafloor. Carbon isotope compostions are 
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normalized relative to a standard marine carbonate Pee-Dee-Belemnite, 
therefore the normalized carbon isotope compositions at the seafloor are zero.  

(0, ) 1α = t              (0, ) 0=

l
mc t           (0, ) (0, ) (0, ) 1l l l

s b cac t c t c t= = =  

    
4 3

13 13(0, ) (0, ) 0CH HCOC t C tδ δ= =   
Upward methane flux is assumed to originate in deeper sediments due to 
methane generated as a result of methanogenesis. In order to incorporate the 
upward methane flux, an methane concentration is specified at the base of the 
simulation domain.  

, ,

(0, ) 0

( , ) ( )

=

= =





 



  

l
m
l l l
m z m ext m eqb z

c t
c L t c c L  

where is the specified methane concentration at the bottom of the domain 
, and is equal to the solubility concentration of methane ,

l
m eqbc at depth . ,

l
m extc is 

also normalized with the triple point concentration of methane.  
Similarly, a deep flux of DIC and calcium are specified in the model and 

therefore an equivalent DIC and calcium molar concentration are specified at the 
base of the domain whereas sulfate does not have any upward flux in the 
system. Therefore, zero sulfate concentration and known methane ,

l
m extc , DIC 

,
l
b extc , and calcium ,

l
ca extc concentrations are specified at the base of the simulation 

domain. During the methanogenesis reaction, equal amounts of methane and 
DIC are formed, so their molar fluxes are equated at the bottom boundary. DIC 
molar concentration are specified equal to the molar concentration of methane at 
the bottom of our simulation domain. For a corresponding DIC concentration, 
calcium concentration is computed from the solubility product at the bottom 
boundary. Dirichlet boundary conditions are assumed at the seafloor and bottom 
of the domain. 
 

,( , ) 0= =



 

l l
s z s extc L t c

  

,( , ) =



 

l l
b z b extc L t c

  

,( , ) =



 

l l
ca z ca extc L t c  

 
where ,

l
s extc , ,

l
b extc , and ,

l
ca extc are specified concentrations of sulfate, DIC, and 

calcium at the bottom of the domain zL normalized with the seawater 
concentrations ,

l
s oc , ,

l
b oc  and ,

l
ca oc respectively. Methanogenesis is assumed to 

occur through CO2 reduction pathway and follows 70% isotope fractionation (α = 
1.07) (Whiticar, 1999). The organic carbon (nominally -25‰) fractionates into 
lighter methane (~ -60‰) and heavier DIC ( ~ +10‰) as it gets buried into 
deeper sediments. The carbon isotope compostions

4

13
CHCδ and 

3

13
HCOCδ in 

methane and DIC at the bottom boundary are specified based on their 
fractionated isotope compositions in deeper sediments. 
 

4 4

13 13
,( , ) 60δ δ= = −



o
ooCH z CH extC L t C

  

3 3

13 13
,( , ) 10δ δ= = +



o
ooHCO z HCO extC L t C  
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Results and discussions 
 
The hyperbolic organic material balance differential equation is 

numerically solved using an implicit block centered finite difference scheme. To 
simulate steady state concentration profiles of methane, sulfate, bicarbonate, 
calcium, carbon isotopes an explicit numerical scheme is formulated and the 
organic content profile is updated in time. A single point upstream weighting was 
used to formulate the sediment and fluid advection terms. Steady state methane 
and sulfate profiles are shown in Figure 6.8.4(a).  For close-up view, the profiles 
are zoomed into and concentration profiles are shown until normalized depth 

0.5=z even though the simulated profiles extend till 2=z  which is twice the 
thickness of the hydrate stability zone. With finite Pe1 (related to burial and 
sedimentation) and varying external fluid flux (i.e. varying Pe2), different profiles 
are plotted corresponding to different SMT depths. On increasing external fluid 
flux, SMT is observed to be shallower as previously reported by various authors 
(Borowski et al., 1996; Bhatnagar et al., 2008). Sulfate concentrations are 
normalized to seafloor values and methane concentrations are normalized to 
triple point concentration of methane. The arrow indicates increase in external 
flux. The profiles show that methane concentration increases with depth and on 
exceeding local solubility concentration, forms hydrates with the excess 
methane. Thus, methane gets constrained at the saturated value at the top of 
gas hydrate layer. The methane coming from below is transported towards the 
seafloor due to diffusive and fluid flux. The fluid flux increases with increase in 
magnitude of Pe2 and the methane transports towards the seafloor before it gets 
constrained at the SMT to zero methane concentration due to the AOM reaction. 
Near the SMT the diffusion gradients build up and methane profiles tend to bend 
towards the zero concentration at the SMT.  

 
The sulfate concentrations have the seawater value at the seafloor and 

when the concentrations are normalized with the seawater value, they attain a 
unit value at the seafloor 0z = . The pore water sulfate is consumed to near-zero 
concentrations at the SMT by dissolved methane as a result of the AOM reaction. 
In this work, pore water sulfate consumption has also been modeled to occur 
through POC driven reduction occuring in the region between the seafloor and 
the SMT. 

 
In one case, the methane and sulfate profiles constrain the SMT depth to 

~8 mbsf ( 0.06=z ) and the top of gas hydrate to ~80 mbsf ( 0.6=z ) matching the 
real data from site 1244 represented by red curves (Pe2 = -1.0) in Figure 6.8.4a. 
The model also computes the DIC, calcium and carbon isotope composition 
simultaneously with the methane and sulfate concentration profiles. The light 
blue curves (Figure 6.8.4) represent a case with zero external fluid flux, no AOM, 
and only POC to consume sulfate in shallow sediments. The red, green and dark 
blue curves correspond to another case with methanogenesis and AOM 
reactions, finite fluid flux, but without POC-sulfate reaction. There is a change in 
slope observed in these profiles at the SMT; which might be explained due to 
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generation of DIC due to the AOM. In these plots, the DIC concentration is 
normalized to the seawater concentration, therefore, the normalized DIC 
concentration is unity at the seafloor. 

 
Calcium present in the system precipitates out in the presence of DIC in 

shallow sediments forming calcium carbonate. The calcium carbonate formation 
is the sink for DIC and calcium has been modeled as an equilibrium reaction in 
this work. Calcium is consumed and finally constrained by the finite equilibrium 
concentration calculated from the solubility product of calcium carbonate. 
Increased flux results in increased DIC and reduced pore water calcium resulting 
in increased authigenic carbonate precipitation. The calcium profiles are 
normalized to seawater calcium concentration and therefore constrained to unity 
at the seafloor (Figure 6.8.4c). 

 

 
         (a)            (b)                          (c)             (d) 

Figure 6.8.4: Normalized concentration profiles at dimensionless time 2.0t = . (a) 
methane, and sulfate, (b) DIC, (c) calcium, (d) δ13C in DIC. The arrow shows the 
direction of increasing fluid flux. Parameters: Pe1=0.04. The light blue curves 
represent an example of no fluid flux (Pe2=0), no AOM (DaAOM=0), no 
methanogenesis (Da=0), with just POC reaction. The red, green and blue curves 
represent concentration profiles for different fluid fluxes with AOM (DaAOM=108), 
POC (DaPOC=10) and methanogenesis (Da=0.86) reaction.  
 

The carbon isotope composition 13Cδ in DIC is also computed and plotted 
in Figure 6.8.4d. The normalized carbon isotope in DIC is zero at the seafloor.  
This reduces to a nominal negative value of -25‰ as a net result of DIC (-60‰) 
generated at the SMT and a deep bicarbonate (+10‰) source due to 
methanogenesis in deeper sediments. The 13Cδ in DIC value increases with 
depth below the SMT and finally gets constrained to more positive values since 
deeper DIC is enriched in 13C as shown in Figure 6.8.4d. The carbon isotope 
composition in DIC has something very interesting to note. For zero external fluid 
flux, no methanogenesis, and no AOM, 13Cδ in DIC value is -25‰ suggesting 
dominance of POC reaction. Alternatively, it is observed that with AOM and 
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methanogenesis, and finite flux, 13Cδ in DIC is also - -25‰, as opposed to -60‰ 
suggested by various authors (Kastner et al., 2008). The deep flux of DIC from 
below of +10‰ mixes with DIC of -60‰ from the AOM reaction at the SMT and 
brings the carbon isotope composition to a nominal value of -25‰. 

 
From our simulation profiles, the deviation of concentration relative to 

seawater values is plotted.  Similar to the zero external fluid flux interpretation 
(Only POC, no AOM, no fluid flux), the concentration cross-plot lies on the 2:1 
line as shown in red circles in Figure 6.8.5a. The 2:1 concentration cross-plot 
could also result from a combination of AOM, and methanogenesis with very low 
fluid flux as shown in blue circles (Figure 6.8.5a). AOM generates 1 mole of DIC 
and consumes 1 mole of sulfate. On the other hand, methanogenesis generates 
1 mole of DIC. Overall, these two reactions form 2 moles of DIC and consume 1 
mole of sulfate in the system. In fact, below the SMT, the concentration of DIC 
increases with no change in sulfate (Figure 6.8.5a).This is due to the DIC flux 
due to a deep source of DIC as a result of methanogenesis. 

 

 
Figure 6.8.5a: Concentration cross-plots for sulfate and DIC relative to seafloor 
with zero or low upward fluid flux. Parameters: Pe1=0.04. The red circles 
represent an example of no fluid flux (Pe2=0), no AOM (DaAOM=0), no 
methanogenesis (Da=0), with just POC reaction (DaPOC=10). The blue curve 
represents an example of low finite flux (Pe2=-0.1), with AOM (DaAOM=108), 
methanogenesis (Da=0.86), but no POC (DaPOC=0) reaction. 2:1 correspondence 
could not only be achieved by POC alone, but also by a combined effect of AOM 
and methanogenesis. 

Therefore, 2:1 slope for DIC and sulfate concentration cross-plot does not 
necessarily suggest POC driven sulfate consumption reaction. It could also result 
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from combinations of AOM and a deep bicarbonate source (methanogenesis) 
and fluid flux. 
 

 
Figure 6.8.5b: Concentration cross-plots for sulfate and DIC relative to seafloor 
with finite flux and rate of methanogenesis. Parameters: Pe1=0.04, DaAOM=108, 
DaPOC=10. The bold curves represent lower rate of methanogenesis, Da=0.86 
and dashed curves correspond to a higher rate Da=10. On increasing fluid flux 
the slope of the cross-plot decreases. Higher rate of methanogenesis results in 
more DIC generation hence the curves are shifted with an increased slope. 

On increasing the external fluid flux, the slope of the concentration cross-
plots decreases (Figure 6.8.5b). On increasing the rate of methanogenesis, the 
slope of the concentration cross-plots increases. This increase is because more 
of DIC is generated with increased methanogenesis (Figure 6.8.5b). 

From the computed concentration profiles, gradients are calculated and 
the diffusive fluxes of DIC and methane relative to sulfate diffusive fluxes at the 
SMT are plotted in Figure 6.8.6. The red markers represent DIC and blue 
correspond to methane. Both methane and DIC fluxes show 1:1 correspondence 
with the sulfate fluxes. This is obviously due to the AOM at the SMT as reported 
by several authors in the past (Borowski et al., 1996). Even on increasing the 
rate for POC reaction from zero to 10 does not shift the flux cross-plot from 1:1 
line. Squares (DaPOC=10) and circles (DaPOC=0) show the two different rates for 
POC reaction. Notably, that the net DIC flux at the SMT is calculated as a 
difference in flux coming from deeper sediments and shallow flux going towards 
the seafloor.  
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Figure 6.8.6: Flux cross-plots of methane (blue) versus sulfate or DIC (red) 
versus sulfate across the SMT showing 1:1 correspondence for AOM dominated 
system. Squares (DaPOC=10) and circles (DaPOC=0) show the two different rates 
for POC reaction. Changing the rate of POC reaction does not alter the flux 
correspond of the above species. 
 
 

 
Figure 6.8.7: Sulfate, methane, alkalinity (DIC), calcium concentration profiles 
and carbon isotope δ13C composition in DIC for shallow sediment at site KC151 
on Gulf of Mexico (original data from Kastner et al., 2008) 
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Example site – Gulf of Mexico Keathley Canyon 151 
 
A second example site is simulated from the Gulf of Mexico Keathley 

Canyon 151 where DIC is the limiting species and calcium is in excess as shown 
in observed data (Figure 6.8.7). Due to high calcium concentration, DIC gets 
consumed in deeper sediments. There exists a change in slope at the SMT in the 
profiles shown in Figure 6.8.7. The DIC concentration increases in the region 
between the seafloor and the SMT but drops below the SMT. With the help of the 
numerical model, the concentration profiles were simulated for site KC151 for a 
given set of parameters (see appendix). From the simulated concentration 
profiles, the change in DIC and sulfate concentration was cross-plotted, with 
respect to seawater values as shown in Figure 6.8.8. The concentration cross-
plot lie away from the 2:1 line (closer to 1:1 line) and in fact, on increasing the 
external fluid flux the slope of the cross-plot decreases, similar to what was found 
at Hydrate Ridge site  example (Figure 6.8.5b). 
 

 
Figure 6.8.8: Concentration cross-plots for sulfate and DIC relative to seafloor 
with finite flux and rate of methanogenesis. Parameters: Pe1=0.05, DaAOM=108, 
DaPOC=10, Da=0.5. The bold curves represent concentration cross-plots for Gulf 
of Mexico, Keathley Canyon KC151. On increasing fluid flux, the slope of the 
bold curves decreases. Note that the concentration of DIC drops below the SMT 
because calcium consumes the DIC at greater depths. Therefore, the 
concentration cross-plot slope is significantly lower than 2:1. 
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Conclusions 

The modeling shows us that a 2:1 correspondence in concentration cross-
plot for alkalinity and sulfate is not limited to POC driven sulfate reduction. The 
2:1 concentration cross-plot could also result from combinations of AOM, 
methanogenesis, and fluid flux. 

 
On increasing the external fluid flux the slope of the concentration cross-

plot decreases. Higher rate of methanogenesis results in more DIC generation 
hence the curves are shifted with an increased slope. A trade-off of fluid fluxes 
and rate of methanogenesis decides whether the concentration cross-plot lies on 
2:1 or not. 

 
The δ13C values in DIC are significantly more positive than -60‰ (e.g. -

22‰) and can result from the combined input of AOM and a deep bicarbonate 
source (from methanogenesis). 

 
Flux cross-plot of methane versus sulfate or DIC versus sulfate across the 

SMT lie on the 1:1 slope, if dominated by AOM. For AOM dominated systems, 
the SMT depth can be used as a proxy to determine the upward methane flux 
above marine gas hydrate sediments. 
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Appendix – Notations 
 

 
Mass fraction of component and corresponding 
normalized value in phase  

 
Methane mass fraction in pore water at the base of 
gas hydrate stability zone (BHSZ) 

, ,  Diffusivities of methane, sulfate, DIC, and calcium 

,  Damkohler number for AOM, POC and 
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methanogenesis reactions 

, Ls Depth to base of GHSZ, Depth to SMT 

,  
Molecular weight of methane, sulfate, DIC, calcium, 
and POC, respectively 

 
Peclet numbers for compaction driven and external 
fluid flow 

 
Dimensional time and dimensionless time, 
respectively 

 Net fluid flux and sediment flux, respectively 

 
Dimensionless net fluid flux and sediment flux, 
respectively 

 
Fluid flux due to sedimentation-compaction and 
upward external flow, respectively 

 Sediment velocity 

 
Vertical depth and normalized vertical depth, 
respectively 

 
Organic content in sediment and normalized value, 
respectively 

 
Organic content in seafloor and normalized value, 
respectively 

   value in methane and DIC, respectively 

 
 composition in methane in methanogenesis 

reaction 

  
 composition in DIC for methanogenesis and 

POC driven sulfate consumption reaction, 
respectively 

 
Sediment porosity and reduced sediment porosity, 
respectively 

,  
Sediment porosity at seafloor and minimum porosity 
at depth, respectively 

 Reduced porosity parameters 

 Rate of methanogenesis, AOM and POC driven 
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sulfate consumption 

 
density of the phase  and normalized value, 
respectively 

 
Subscripts and superscripts 

 methane, sulfate, DIC, calcium, calcium carbonate, 
water and sediment components, respectively 

 liquid phase 
 

 

Model parameters Hydrate Ridge 
1244 

Gulf of Mexico 
KC151 

Seafloor depth (m) 890 1300 
Seafloor temperature (  3.8 4 
Geothermal gradient (  0.061 0.038 
Depth to GHSZ:   (mbsf) 133.4 316.5 
Depth to SMT:   (mbsf) 8.5 9 
Methane solubility at base of GHSZ:  1.701 x 10-3 2.11 x 10-3 

Sedimentation rate:  (cm/kyr) 27 25 

Methane diffusivity:  (m2/s) 90.87 10−×  
Sulfate diffusivity:  (m2/s) 90.56 10−×  
DIC diffusivity:  (m2/s) 90.60 10−×  
Calcium diffusivity:  (m2/s) 90.40 10−×  
Rate of methanogenesis:  145 10−×  
Fluid flux due to sedimentation: (m/s) 132.85 10−×  132.64 10−×  

Normalized sediment density  2.57 

TOC: (%) 1.5 0.5 

  0.04 0.1 

  -0.2, -0.5, -1.0 -1.0, -2.0, -5.0 
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  10 

  108 

 =  0.86 0.5 

  2.2 0.59 
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Task 7: Analysis of Production Strategy 
J. Phirani & K. K. Mohanty, University of Texas at Austin 

Abstract 
 
A large deposit of gas hydrate is found in the Gulf of Mexico (GOM) block AC 
818. In the last 6 months, we have worked on assessing the production from this 
block using a thermal, compositional, 3-D simulator in equilibrium mode. Four 
components (water, methane, hydrate and salt) and four phases (gas, aqueous-
phase, hydrate and ice) are considered where salt is assumed to be in aqueous 
phase only. The reservoir GOM, block AC 818 is reported to be an unconfined 
reservoir. For these types of reservoirs, depressurization is ineffective and warm 
water flooding is necessary for production. We study different well configurations 
for production from this hydrate reservoir using warm water flooding. Vertical 
wells, horizontal wells and a combination of both are considered. Horizontal wells 
increase the area of sweep by warm water in hydrate bearing sediments and 
increase the gas production to 48% of original gas in place as compared to 15% 
produced by using vertical wells. Positions of horizontal wells with respect to the 
aquifer also play an important role in production. 
 

Reservoir description 
The block AC 818 that is considered in this work is a 1200m long and 500m wide 
reservoir, as shown in Figure 1. It has a 18m thick hydrate layer which is 
underlain by an infinite aquifer. In the hydrate zone, hydrate saturation is 0.75 
and water saturation is 0.25. Initial pressure at the bottom of the reservoir is 
31.4MPa and initial temperature is 294.88K which vary in the reservoir according 
to hydrostatic pressure drop and geothermal gradient, respectively. To model the 
infinite aquifer a 12m thick aquifer zone is considered for simulation in which the 
bottom most 3m layer was assumed to have a permeability 1/10th of the hydrate 
layer absolute permeability. The water saturation is 1.0 for the aquifer layer. For 
over-burden, no mass flow is allowed while heat can transfer with a specified 
heat transfer coefficient. At the under-burden, we have an infinite aquifer, so, 
heat transfer is allowed and the pressure is specified at the bottom boundary. 
The water can come into the reservoir or go out according to the pressure 
difference between the bottom most grid layer and the boundary pressure. For 
lateral boundaries no heat or mass flow is considered, due to symmetry.  
 
Different well configurations (Figures 1b-g) considered for production from this 
reservoir are described below: 

1. Vertical wells: It is assumed that the reservoir will be developed in a 5-spot 
pattern and a quarter of a 5-spot pattern is studied. The reservoir is 
discretized by 50 x 25 x 10 gridlocks. 

2. Horizontal wells: Horizontal injectors and producers are considered along 
the length which are 250m apart. Different positions for horizontal wells 
are considered. 
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3. Vertical injector and horizontal producer: The gas dissociated from 
hydrates rises due to gravity. So, a horizontal production well is 
considered at the top of the hydrate layer while a vertical injector is placed 
at the corner of the reservoir, as shown in the figure. The reservoir is 
discretized by 25 x 12 x 10 gridlocks. 

4. Vertical producer and horizontal injector: The injected water drains down 
due to gravity. So, a horizontal injector at the top of the reservoir and a 
vertical producer at the corner are considered, as shown in the figure. 

 

 
 
 
Figure 1a: Reservoir description considered for production 
 
 
 
 

 
 
 
Figure 1b: Reservoir developed in 5-spot pattern 
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Figure 1c: Reservoir with horizontal wells at the top 
 

 
Figure 1d: Reservoir with horizontal wells in the middle of hydrate bearing layer 
 
 

 
Figure 1e: Reservoir with injector at bottom of hydrate bearing layer and 
producer at top 
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Figure 1f: Reservoir showing face perpendicular to producer and along the 
injector on left 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1g: Reservoir showing face perpendicular to injector and along the 
producer on right 
 
Results  
 
Figure 2 shows the production as a percentage of the original gas in place for 
different well configurations. For all the well configurations, the well temperature 
and pressure conditions are kept the same. The injection well injects water at 
50°C and at a pressure of 50MPa. The producer well pressure is maintained at 4 
MPa. With a five spot pattern (Figure 1b), the total production is similar to the 
warm water flooding of an unconfined reservoir, as shown by Phirani et al. 
(2009), even though the reservoir, injection and production conditions are entirely 
different. We are able to produce about 15% of the original gas in place when the 
vertical wells penetrate or do not penetrate the aquifer layer as shown by 
‘vertical_wells’ and ‘short_vertical_wells’, respectively. We are able to produce 
more gas when horizontal wells are used. Different configurations for horizontal 
wells are used. In hydrate reservoir, for warm water injection we inject water and 
produce gas. The water drains down due to gravity and gas rises up due to 
gravity. So the first case we study is with both the injector and producer wells on 
the top of hydrate bearing zone, shown by ‘horizontal_wells_top’. The horizontal 
wells are 1200m long and are located in the 3rd grid block layer from the 

500m
 

500m
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longitudinal sides, as shown in Figure 1c. The production curve shows that the 
gas production in the first 700 days is negligible; so different positions of the 
horizontal wells are studied. The case ‘horizontal_wells_mid’ shows the 
production curve (Figure 3) when both the horizontal wells in the middle of the 
hydrate bearing zone (Figure 1d). In this case the production begins a little earlier 
than the previous case. Though we are injecting water, because the temperature 
of injection water is more than reservoir temperature, the water injected also 
rises due to the density difference. So we simulate the case where the production 
well is at the top of hydrate bearing zone while the injection well is below the 
hydrate bearing zone, as shown by ‘producer_up_injector_down’. Figure 1e 
shows the position of the wells for this case. In this case we are able to produce 
from the beginning but the final gas production is similar to the previous cases 
with about 47% of OGIP produced. If we increase the distance between the 
horizontal wells and the wells are located on the extremes, then the production 
rate and total production decreases as shown in the case 
‘producer_up_injector_down_onsides’.   
 
 

 
Figure 2: Production curves for different well configurations 
 
Two more cases are studied where a combination of vertical and horizontal wells 
is considered. The production curve for ‘vertical injector and horizontal producer’ 
is shown by ‘vertical_inj_horizontal_prod’. The total production for this case is 
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least of all the cases. But when we have horizontal injector and vertical producer 
shown by ‘vertical_prod_horizontal_inj’ the production curve is similar to the 
horizontal well case. 
 
Vertical Wells 

When both wells are vertical, we consider a 5-spot pattern in the reservoir, as 
shown in Figure 1b and simulate a quarter of the pattern. In the simulation 
domain, we have one injection and one production well in the reservoir. We 
simulate two cases of the 5-spot pattern. In one case, the vertical wells penetrate 
the aquifer zone (‘vertical_wells’ in Figure 2) and in another, they do not 
penetrate the aquifer zone (‘short_vertical_wells’ in Figure 2).  We are able to 
produce about 18% of the OGIP. This is because both the vertical wells are 
connected to the infinite aquifer and water flow is easier in the aquifer as 
compared to hydrate bearing layer because the presence of hydrates reduces 
the permeability. The easier water flow helps in warm water convection in the first 
case and the production is a little higher than the second case. But after about 
500 days most of the water goes into the infinite aquifer and horizontal sweep of 
warm water slows down. 
 
Horizontal wells 

Injector and producer at the top 

Figure 2 shows that we can get about 48% of OGIP if we use horizontal wells. 
Different configurations of horizontal wells are studied. Figure 1c shows the 
position of the horizontal wells when both the wells are at the top. The production 
curve for this configuration is shown in Figure 1 as ‘horizontal_wells_top’. Before 
700 days, the production as shown in Figure 2 is negligible. This is because the 
injector is in hydrate bearing low permeability zone. This decreases the injectivity 
of warm water in the system and initial heating of the reservoir happens by only 
conduction. After some of the hydrates near the well region dissociate, the 
convection of warm water becomes easy and hydrate dissociation rate increases. 
 
Horizontal wells in the middle 

To increase the initial production, we move the horizontal wells near the aquifer 
layer to the middle of the hydrate bearing zone (Figure 1d). The production curve 
for this case is shown by ‘horizontal_wells_mid’. The production in this case 
starts at about 500 days. Injection water is lighter than the water present in the 
reservoir and hence water rises; final production of gas is again about 48% of 
OGIP. As the warm water rises due to gravity, we can use injection well at the 
bottom of the hydrate bearing layer and producer at the top as gas also rises due 
to gravity. 
 



 51 

Injector at bottom-producer at top 

Figure 1e shows the face of the reservoir perpendicular to the horizontal wells for 
this case. In this case the injection well is near the infinite aquifer which makes 
the warm water flow easy. Figure 2 shows that we are able to produce significant 
amount of gas from the beginning but the final production is about 48% of OGIP 
(case ‘producer_up_injector_down’). 
 
The final production is similar in all the cases of horizontal wells. The total 
production is governed by the hydrate bearing area that warm water is able to 
sweep, which depends on horizontal convection of warm water. In all the cases 
this is similar. We also study the production from combinations of vertical and 
horizontal wells, which includes two cases: vertical injector-horizontal producer 
and vertical producer-horizontal injector.  
 

Vertical and Horizontal Wells 

Vertical injector-horizontal producer 

Figure 1f shows the face perpendicular to the horizontal well when we have a 
vertical injector and a horizontal producer. In this case, we have a horizontal 
producer, which tries to depressurize the reservoir at 4MPa and the producer is 
not directly connected to the infinite aquifer. The injector injects water at 50C at a 
pressure of 50MPa. The initial hydrate saturation is 0.75, which is very high and 
decreases the permeability of hydrate bearing zone to a great extent. This 
reduces the water productivity of the horizontal well and the pressure does not 
drop to gas stable zone even in the near well regions. The production well is at 
the top of hydrate bearing layer about 120m from the right side. In this case 
warm water can not reach faces away from the vertical injection well leading to 
low gas production as shown in Figure 2. Another reason of low production in this 
case is that the wells are not aligned as in the case of two vertical wells where 
pressure drop along the wells help in horizontal convection of the warm water. 
The total gas production in this case is less than 10% of OGIP. 
 
Vertical producer-horizontal injector 

Figure 2 shows that for this case ‘vertical_prod_horizontal_inj’, the production 
curve is similar to that of the horizontal wells at top. In this case, we have injector 
at the top, as shown in Figure 1. This is because most of the production is due to 
the thermal stimulation by warm water. With a horizontal injection well, we are 
able to sweep the same area of the reservoir. 
 
Sensitivity to distance between the horizontal wells 
If the horizontal wells are on the extreme ends of the reservoir, i.e., we increase 
the distance between the wells. Figure 2 case 
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‘producer_up_injector_down_onsides’ shows that the total production decreases 
as the area swept by the wells decrease. We compare the case 
‘producer_up_injector_down’.  
 
 
Effect of Salt Content 
We simulate the reservoir with initial salt content of 1% while injecting fresh 
water. Figure 3 shows the production profile for this case and compares it with no 
salt case. This shows that the salt content increases the gas production very little 
and can be neglected. One reason for this can be that the hydrate dissociation 
produces fresh water and decrease the effective salt concentration in the 
reservoir leading to less difference between the two cases. 
 
 
 

 
Figure 3: Comparison of production curve for the cases with and without salt 
 
Conclusions 

Phirani et al. (2009) concluded that warm water injection is necessary for the gas 
production from unconfined hydrate reservoirs. The vertical wells for the 
unconfined case are less efficient that the horizontal wells. Horizontal wells 
increase the area of sweep of hydrate bearing sediments leading to more 
production. If the wells are located in the hydrate-bearing zone, the low 
permeability of the region leads to a low gas production in the initial period. If the 
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injection well is near the aquifer layer, the convection of water becomes easy and 
the gas production is nonzero from the beginning. Increasing the distance 
between the horizontal wells decreases the amount of hydrate dissociated in the 
whole reservoirs and gas production decreases. The salt content increases the 
gas production rate a little but the production of fresh water from hydrate 
dissociation reduces the effect and in the case studied makes the salt effect 
negligible. 
 

Future Work 
In the last 6 months we have also added CO2 as a component to the present 
simulator and are simulating core scale displacement of methane by CO2. 
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Task 8: Seafloor and Borehole Stability:  
Hugh Diagle and Brandon Dugan 
 
We are concentrating on different scales of failure in gas hydrate systems 
ranging from bed-scale fracture genesis to regional-scale slope failure (Subtask 
8.2).  This work, which is grounded on data collected from previous hydrate 
studies (Subtasks 8.1 and 8.3), is not only providing constraints on what drives 
different types of failure, but it is also helping us characterize the controls on 
heterogeneous hydrate accumulations.  This has led to our involvement in other 
hydrate collaborations with the Chevron Gulf of Mexico JIP, hydrate studies in 
China, and hydrate studies in Cascadia (building on Subtask 8.3 and general 
collaborations within DOE and outside of DOE).  
 
Milestone Status 
8.2a Link database with models – we employing 1D and 2D models for slope 

stability and fracture genesis based on observed and characterized 
properties. 

8.2b Add sediment stability to models – fracture genesis models exist in 1D for 
dissolved-phase and free-gas phase models; slope failure models exist in 
2D and are being extended to include advective flux for deep-sourced 
methane as initial studies suggest this is important. Presentations on 
these stability models are planned for the Gordon Conference on Natural 
Gas Hydrate in June 2010 at which time sensitivity/parameter studies 
based on observations. A fracture-genesis manuscript has been submitted 
(see update on Subtask 8.2 for details). 

8.2c Conditions for (in)stability – this is ongoing work and will be completed but 
delayed until 06/10 as we are progressing in phases. This work will be 
presented at the Gordon Conference in June 2010. After establishing the 
conditions for slope failure, we will submit at least two manuscripts on this 
work – one will be discussion on the general conditions for failure; the 
second will be assessment of observed failures at Cascadia in 
collaboration with researchers at the Pacific Geoscience Centre and the 
University of Victoria. 

 
Update on Subtask 8.2: Modeling (In)stability – Fracture Genesis 
Fracture-hosted methane hydrate deposits exist at many sites worldwide. We 
estimate that thousands to millions of years are required to form fracture systems 
by hydraulic fracturing driven by occlusion of the pore system by hydrate. This 
time scale is a function of rates of fluid flow and permeability loss. Low-
permeability layers in a sedimentary column can reduce this time if the 
permeability contrast with respect to the surrounding sediments is of order 10. 
Additionally we find that tensile fracturing produced by hydrate heave around 
hydrate lenses is a viable fracture mechanism over all but the lowermost part of 
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the hydrate stability zone. With our coupled fluid flow-hydrate formation model, 
we assess fracture formation at four well-studied hydrate provinces: Blake Ridge 
offshore South Carolina, Hydrate Ridge offshore Oregon, Keathley Canyon Block 
151 offshore Louisiana, and the Krishna-Godavari Basin offshore India.   
 
We simulate a one-dimensional system where methane-saturated water flows 
upwards. We prescribe a seafloor depth dsf [m], seafloor temperature Tsf [K], 
geothermal gradient dT/dz [K m-1], porosity-depth profile φ [m3 m-3], permeability-
depth profile k [m2], and vertical fluid flow rate fq  [m s-1]. Formation of methane 
hydrate is simulated by determining methane solubility for the given temperature 
and pressure conditions, and then performing a mass balance for water and 
methane. The methane solubility curve l

eqbmc ,  [kg kg-1] is computed using the 
methodology of Bhatnagar et al. [2007] assuming a constant NaCl concentration 
of 33.5‰. We determine the hydrate saturation Sh by solving the mass balance 
for methane: 
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 (Equation 1) 
 

where l
mc  and h

mc  are the concentrations of methane in the liquid and hydrate 
phase [kg kg-1], and Dm is the diffusion coefficient for methane in water [m2 s-1]. 
We assume Dm = 10-9 m2 s-1 and h

mc = 0.134 kg kg-1 [Davie and Buffett, 2001]. As 
hydrate forms, the pore space available to fluid flow is occluded. We model 
reduced permeability k’ [m2] as 
 

( )21' hSkk −= .        
 (Equation 2) 
 
This model is based on the permeability of a series of cylindrical capillary tubes 
with hydrate forming a uniform coating on the walls [Nimblett and Ruppel, 2003], 
which is supported by the work of Yun et al. [2005] and Lee et al. [2007]. The 
pore fluid pressure Pp [Pa] in the sediments is computed from Darcy’s Law: 
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where μ is the viscosity of water [Pa s]. We model a constant fq  and compute 
the pore fluid pressure profile required to maintain a constant flux as hydrate 
forms and permeability evolves. 
 
We consider fracture formation by hydraulic fracturing driven by water pressure, 
and hydrate-induced heave. In a passive sedimentary basin, the maximum 
principal stress σ1 [Pa] at a given depth z [m] is vertical and can be defined by 
integrating the bulk density. We assume that the total vertical stress σv [Pa] is 
equal to σ1, and that the horizontal stress σh [Pa] is equal to the minimum 
principal stress σ3 [Pa].  Hydraulic fractures form when the pore fluid pressure 
exceeds the horizontal effective stress. We define the overpressure ratio as the 
ratio of excess pore pressure to vertical effective stress under hydrostatic 
conditions: 
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During normal, K0 consolidation, the horizontal effective stress under hydrostatic 
conditions is typically 60% of the vertical hydrostatic effective stress [Karig and 
Hou, 1992]; for fractures to occur, the excess pore pressure P* must exceed the 
horizontal effective stress - fracturing to occurs where λ ≥ 0.6.   
 
Hydrate-induced heave is a process similar to frost heave where the formation of 
lenses of hydrate forces sediment grains apart [Krause, 2000]. During growth of 
a hydrate lens, the solid hydrate will occupy pore space along with some fluid. 
The force which the hydrate lens exerts on the surrounding sediment as it grows 
is proportional to the volume of hydrate which can be formed from the remaining 
liquid volume; this concept is known as thermomolecular buoyancy and is 
analogous to Archimedes’ Principle [Rempel, 2007]. The net outward force per 
unit area F



 [Pa] which is exerted over the surface of the lens is given by [Rempel 
et al., 2004; Rempel, 2007] 
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where L is the latent heat of fusion per unit mass [J kg-1], Tm is the melting 
temperature (three-phase equilibrium temperature) of hydrate at a given depth 
[K], Tl is the in situ (lens) temperature [K], Tf is the temperature at the base of the 
MHSZ [K], Sh is the hydrate saturation 

 [m3 m-3], and n  is the outward unit normal vector. The dimensionless variable H* 
= '/ vσF


represents the positive ratio of heave force to vertical effective stress. 
Vertical hydrate-filled fractures are thus possible when H* ≥ 0.6, and horizontal 
hydrate-filled fractures are possible when H* ≥ 1. 
 
We simulated hydrate formation at four field sites: Keathley Canyon Block 151 
(KC151), Blake Ridge (Site 997), Hydrate Ridge (Site 1250), and NGHP Site 10 
in the Krishna-Godavari Basin offshore India. At each site we simulated a 
homogeneous (reference) case, with single trends of porosity and permeability 
with depth, and a heterogeneous case, where porosity and permeability were 
varied based on lithology determined from petrophysical logs. We assumed 
vertical flow rates of 0.4 mm yr-1 at KC151, 0.2 mm yr-1 at Blake Ridge, 300 mm 
yr-1 at Hydrate Ridge, and 35 mm yr-1 at NGHP Site 10. In the homogeneous 
cases, we found that fractures formed after 9x105 years at KC151, 8x106 years at 
Blake Ridge, 9000 years at Hydrate Ridge, and 105 years at NGHP Site 10. 
Fractures in all cases form first near the base of the MHSZ, where the dissolved 
methane concentrations are highest and initial λ* values are largest (Figure 1). 
Hydrate heave is a viable fracturing mechanism over all but the lowermost few 
tens of meters at each site. In the heterogeneous cases, we found that fractures 
formed after 3x105 years at KC151, 8x106 years at Blake Ridge, 1600 years at 
Hydrate Ridge, and 105 years at NGHP Site 10. At KC151 and Blake Ridge, the 
location of fracture initiation was not changed from the homogeneous cases; at 
Hydrate Ridge and NGHP Site 10, fractures initiated at the base of some of the 
lower-permeability layers in the sequence (Figure 2). 
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Fig. 1. (a) Model results for KC151. From left to right, hydrate saturation, porosity, 
permeability, overpressure ratio λ*, and ratio of hydrate heave force to vertical effective 
stress H*. The fracture criterion is represented by the dashed line at λ* = 0.6. The 
hydraulic fracturing criterion is achieved after 9x105 years. Hydraulic fractures initiate at 
the base of the MHSZ. The hydrate heave force is sufficient to produce subvertical veins 
and fractures in the interval 250-340 mbsf. Sh is small in this case because the initial λ* is 
close to the critical value of 0.6, requiring only a slight reduction in permeability to cause 
fracturing. (b) Model results for Blake Ridge. The fracture criterion is achieved after 
8x106 years. Hydraulic fractures are generated first near 390 mbsf where Sh = 0.99. The 
hydrate heave force is sufficient to produce subvertical veins and fractures in the interval 
50-310 mbsf. (c) Model results for Hydrate Ridge. The fracture criterion is achieved after 
9x103 years. Fractures initiate near 122 mbsf. The hydrate heave force is sufficient to 
produce subvertical veins and fractures above 90 mbsf. (d) Model results for NGHP Site 
10. Pressure core data are from Lee and Collett [2009]. The hydraulic fracturing criterion 
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is achieved after 105 years. The hydrate heave force is sufficient to produce subvertical 
veins and fractures in the interval 10-135 mbsf. Note how the computed Sh profile closely 
matches the pressure core saturations; we use this match as a constraint on vertical flow 
rates. 

 
Fig. 2. (a) Model results for KC151 with heterogeneities derived from the gamma ray log. 
Left to right, hydrate saturation, porosity, permeability, and overpressure ratio. Porosity 
and permeability are derived from Daigle and Dugan [2009]. The fracture criterion was 
achieved after 3x105 years. Fractures initiate at the base of the MHSZ, indicating that 
permeability contrasts at this site are not sufficient to cause fracturing at other depths. 
(b) Results for Blake Ridge with heterogeneities derived from the gamma ray log. 
Porosity is from ODP Leg 164 site 997; permeabilities of 10-15 m2 and 10-16 m2 were 
assigned to the silt and clay intervals. Fracture criterion was achieved after 8x106 years. 
Fractures are predicted to initiate at 386 mbsf, which is the same location predicted for 
the homogeneous case (Fig. 1b). This indicates that order-of-magnitude permeability 
contrasts are not sufficient to change the location of fracture initiation at this site. (c) 
Results for Hydrate Ridge with heterogeneities derived from the gamma ray log. Porosity 
is from ODP Leg 204 site 1250. Permeabilities of 10-14 m2 and 10-15 m2 were assigned to 
the silt and clay intervals [Tan et al., 2006]. Fracture criterion was achieved after 1600 
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years. Fractures initiate at the base of the MHSZ and at the base of a low-permeability 
layer near 115 mbsf illustrationg how low-permeability layers can cause fracturing 
throughout the MHSZ at lower Sh and in less time than in homogeneous cases provided 
flow rates are high enough.(d) Results for NGHP Site 10 with lithologic heterogeneities 
derived from the gamma ray log. Porosity is taken from the bulk density log; 
permeabilities of 10-15 m2 and 10-16 m2 were assigned to the silt and clay intervals, 
respectively. The fracture criterion is achieved after 6x103 years.  Fractures initiate at the 
base of a clay layer at 87 mbsf. 

Fractures will tend to initiate first in locations which have high initial λ* values. 
Initial λ* values are determined by permeability and fluid flux, and will be higher in 
areas with low permeability and/or high flux. In the case of KC151 and Blake 
Ridge, the fluid fluxes are so low that lithologic heterogeneities are not sufficient 
to cause fractures to nucleate in locations other than the base of the MHSZ. 
Hydrate Ridge and NGHP Site 10 represent the other endmember, where the 
combination of high fluxes and low-permeability layers is sufficient to cause 
fracture initiation in the low-permeability layers. Hydrate heave is more likely to 
be a significant fracturing mechanism at low-flux sites like KC151 or Blake Ridge. 
We are now extending this work by investigating the effect of free gas within the 
MHSZ on fluid pressures. To accomplish this, we have developed a model which 
couples a chloride mass balance relation with hydrate and free gas stability 
conditions. As hydrate forms, salts are excluded from the water which is 
incorporated into the hydrate crystals. This has the effect of increasing the 
salinity in the remaining pore fluid [e.g., Liu and Flemings, 2006]. The increased 
salinity in the pore fluid causes a depression of the liquid+hydrate+free gas triple 
point [Sloan, 1990], and it is possible to increase salinity within the MHSZ to the 
point where free gas is stable along with dissolved methane and hydrate. 
We solve the mass balance equation for methane dissolved in pore fluid and 
methane in free gas: 
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 (Equation 6) 

where Sg is the fraction of pore space occupied by free gas [m3 m-3], g
mc is the 

mass fraction of free gas composed of methane [kg kg-1] (assumed to be 1), ρg is 
the gas density computed from the ideal gas law [kg m-3], and gq is the gas flux 
[m s-1]. We assume a constant pressure at the base of the domain rather than a 
constant flux as before.  Fluxes are computed from Darcy’s law: 
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where iq , Pi, ρi, and µi are the flux, pressure, density, and viscosity of 
component i, and kri is the relative permeability for component i. Gas viscosity is 
calculated from the Lennard-Jones potential [Bird et al., 2007]. Relative 
permeabilities are calculated using Corey’s model [Bear, 1972]. The difference 
between the gas phase pressure and the water pressure is the capillary 
pressure, which we compute using a J-function [Bear, 1972] based on mercury 
injection capillary pressure measurements on a marine mudstone.  
Our preliminary results for Hydrate Ridge indicate that free gas does not 
significantly alter the time required to achieve the fracture criterion, and that 
lithologic heterogeneities have the same effect as before, namely reducing the 
time to fracture and causing fractures to nucleate in low-permeability layers. We 
ran simulations to reach a fracture criterion where the gas phase pressure equals 
the vertical effective stress; in the homogeneous case, the simulation took 6018 
years (Figure 3), and in the heterogeneous case, the simulation took 2262 years 
(Figure 4). 

 

Fig. 3. Model results for Hydrate Ridge with free gas in the MHSZ with homogeneous lithology. 
Simulation took 6018 years to achieve the fracture criterion. Left to right, saturations, chloride 
mass fraction, porosity, permeability, and λ*. Fractures nucleate near 70 mbsf where the hydrate 
saturation is near 80%. 



 62 

 
Fig. 4. Model results for Hydrate Ridge with free gas in the MHSZ and heterogeneous lithology. 
Simulation took 2262 years to achieve the fracture criterion. Hydrate saturation at fracture is less 
than in Figure 3, and fracture initiate in the low-permeability layer near 120 mbsf. 

 
These models have also allowed us to study preferential hydrate accumulation in 
higher-permeability layers. Observations from Hydrate Ridge [Su et al., 2006; 
Weinberger & Brown, 2006] and the northern Cascadia margin [Malinverno et al., 
2008; Torres et al., 2008] indicate that hydrates in these areas are located 
preferentially in layers with larger grains and higher permeability. Recent 
experimental data suggest that the triple point is depressed in sediments with 
small pore throats because of capillary effects [Henry et al., 1999; Uchida et al., 
2004; Torres et al., 2008]. This has the effect of increasing the solubility of 
methane in these sediments, so that higher concentrations of dissolved methane 
are required to form methane in lower-permeability layers than in higher-
permeability layers. Malinverno [2010] modeled hydrate formation in an 
interbedded silt-clay sequence from methane produced in situ by biogenic 
processes, and found that the higher solubility in the clay layers produced a 
relative oversaturation in these layers relative to the silts, resulting in a diffusive 
flux of methane from the clays to the silts. This diffusive flux was found to be 
sufficient to produce the observed hydrate distributions from IODP311 Site 
U1325. However, this location is interpreted to be an advective methane system 
based on porewater chlorinity observations [Riedel et al., 2006]. We are 
interested in determining if similar hydrate saturation profiles can be obtained by 
advective transport of methane. 
 
Our preliminary modeling results indicate that advective methane transport can 
result in preferential hydrate formation in silts relative to clay because of the 
higher solubility of methane in the clays. We modeled flow through a 50 m-thick 
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domain of alternating 10 m-thick layers of silt and clay. Temperature, pressure, 
permeability, and porosity conditions were based on Hydrate Ridge Site 1250; 
we assumed permeabilities of 10-15 m2 in the clays and 10-14 m2 in the silts. 
Solubility was computed by increasing the triple point temperature T3P by an 
increment ΔT3P = (0.0016 – 0.23/d)T3P, where d is the pore diameter in 
nanometers [Uchida et al., 2004; Torres et al., 2008]. Hydrate forms near the 
tops of the clay layers and throughout the silt layers; fractures propagate 
upwards through the clay layers but not in the silt layers. After ~60,000 years of 
simulation time, fractures propagate through the lower two clay layers, bypassing 
the intervening silt layer (Figure 5). We plan to model the turbidite sequence 
encountered in IODP 311 and modeled by Malinverno [2010] once we find 
suitable permeability and fluid flow constraints. 
 

 
Fig. 5.  Model results for flow through interbedded silts and clays with capillary effects on 
solubility. Left to right, hydrate saturation, solubility and concentration of methane in pore fluid, 
overpressure ratio. Lithology column is indicated between tracks in yellow and brown. Fractures 
shown on the far right as purple bars. After 60,000 years, fractures have propagated upwards 
through the lowermost clay and partway through the next clay, but have bypassed the intervening 
silt.  Hydrate forms preferentially in the silts and near the top of the clay layers. 
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Task 9: Geophysical Imaging of Gas Hydrate and Free Gas Accumulations  
P. Jaiswal and C.A. Zelt 
Report will be issued with end of Phase 4 report. 
 
Task 10 Technology Transfer 
Publications 
 
 
Manuscript 
Elevated Ocean Bottom Water Temperature and Abundant Marine Gas Hydrate 

in the Early Palaeogene. Guangsheng Gu, Gerald R. Dickens*, Gaurav 
Bhatnagar, Frederick S. Colwell, George J. Hirasaki, Walter Chapman. In 
Review and Revision. 

Daigle, H., Dugan, B., in review, Origin and evolution of fracture-hosted methane 
hydrate deposits, Journal of Geophysical Research. 

Waite, W.F, C. Santamarina, D. Cortes, B. Dugan, N. Espinoza, J. Germaine, J. 
Jang, J. Jung, T. Kneafsey, H. Shin, K. Soga, W. Winters, T-S. Yun, 
accepted pending revision, Physical properties of hydrate-bearing 
sediments, Reviews of Geophysics, 47, RG4003, 
doi:10.1029/2008RG000279. 

 

Journal articles (draft manuscript)
 

 - Prepared the first draft for our manuscripts 

1. “Pore water chemistry profiles across SMT above marine gas hydrates 
systems: A numerical modeling perspective” to be submitted to Journal of 
Geophysical Research (Chatterjee et al.) 
 

2. “Analytical theory for relating depth of the sulfate-methane transition to gas 
hydrate saturation” to be submitted to Geochemistry, Geophysics, 
Geosystems (Bhatnagar et al.) 

 

 
Conference presentations 

S. Chatterjee, G. Bhatnagar, W. G. Chapman, G. R. Dickens, B. Dugan, G. J. 
Hirasaki, "Sulfate, Alkalinity, Calcium and Carbon isotope δ13C profiles as an 
indicator of upward methane flux", (oral presentation) American Geophysical Union 
(AGU) Fall meeting, San Francisco, CA, December 2009 

 
S. Chatterjee, G. Bhatnagar, W. G. Chapman, B. Dugan, G. R. Dickens, G. J. 
Hirasaki, "Carbon cycling across sulfate-methane transition above marine gas 
hydrate systems", (oral presentation) Society of Petroleum Engineers (SPE) Gulf-
coast regional student paper contest, Lubbock, TX, April 2010 
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S. Chatterjee, G. Bhatnagar, W. G. Chapman, B. Dugan, G. R. Dickens, G. J. 
Hirasaki, "Sulfate-Methane Transition depth as a proxy for methane flux above gas 
hydrate systems", (selected for poster presentation) Gordon Research Conference 
– Natural gas hydrate systems, Waterville, ME, June 2010 
Daigle, H., Dugan, B., 2009, Fracture genesis in methane hydrate systems, Rice 

University Department of Earth Science seminar, Houston, TX (17 
November 2009).  

Daigle, H., Dugan, B., 2009, Fracture genesis and fracture filling in methane 
hydrate systems, American Geophysical Union Fall Meeting, San 
Francisco, CA (17 December 2009).  

Daigle, H., Dugan, B., 2010, Origins of fracture-hosted methane hydrates, 
Chevron technology talk, Houston, TX (11 March 2010). 

 
 

 
DOE methane hydrate meeting, Georgia Tech University, Atlanta, GA 

1. Carbon cycling across SMT above marine gas hydrates systems: A numerical 
modeling perspective – Monday Jan 25, 2010  
 

2. Effect of lithologic heterogeneity on gas hydrate distribution – Wednesday Jan 
27, 2010 

 

3. Effect of Hydrocarbon Components on Hydrate/Gas Distribution and BSR. 
Guangsheng Gu, Walter Chapman, Priyank Jaiswal, George J. Hirasaki, 
DOE Hydrate Meeting, 2010 Jan 25-29, Atlanta, GA. 

Daigle, H., 2009, Fracture genesis and fracture filling in methane hydrate 
systems, DOE/NETL Methane Hydrate Workshop, Atlanta, GA (26 
January 2010). 

Dugan, B., 2010, Physical properties studies: flow, fractures, and failures, 
DOE/NETL Methane Hydrate Workshop, Atlanta, GA (26 January 2010). 

 
 
Hydrate Collaborations and Community Service 
Dugan was a member of the panel discussion on Gas Hydrates and Slope 
Stability at the Submarine Mass Movements and Their Consequences 
Symposium, Austin, TX, November 7-12, 2009. 
Dugan has opened hydrate-related collaborations with M. Riedel (Pacific 
Geoscience Center, British Columbia, Canada) and N. Scholz (University of 
Victoria, British Columbia, Canada) to model the hydrate formation and slope 
failure along the Cascadia margin and with Xiujuan Wang (Institute of 
Oceanology, Chinese Academy of Sciences) to study flow systems related to 
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heterogeneous hydrate accumulations in the South China Sea and to compare 
them with the Gulf of Mexico. 
Dugan has also been collaborating with the Chevron Gulf of Mexico JIP team to 
develop the science plan for Leg III in 2011. Dugan is leading the physical 
properties science plan initiative that will be integrated with the overall science 
plan to meet the objectives of the JIP in 2011.  
 
Cost Plan / Status 
The Cost Plan / Status will updated with the End of Phase 4 report. 
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Milestone Plan/Status 
 

Task Milestone: Status and Results Date Status 

5. Carbon inputs and 
outputs to gas 
hydrate systems 

5.1a Measure iodine in sediments 
We have measured iodine concentrations in pore 
waters and sediments from 4 gas hydrate systems. 
 

12/07 Done 
(except 
writing) 

 5.1b Constrain Corg inputs from iodine 
We have measured the content and isotopic 
composition of organic carbon and carbonate in 
sediment from cores of several gas hydrate systems.  
We are beginning to incorporate the results into 
models. 
 

10/08 Partly 
Done 
 

 5.2a Construct metal profiles in sediments 
We have measured metal contents in pore water and 
sediment from cores of two gas hydrate systems 
along the Peru Margin and in the Sea of Japan. The 
Sea of Japan work has been published (Snyder et al., 
2007).  
 

12/09 Done 
(except 
writing) 

 5.2b Modeling/integrating profiles 
We are beginning to incorporate the results into 
models. We have written an article defending our use 
of the SMT as a proxy for methane loss through 
AOM.  
 

12/10 Begun 
 

 
 

6. Numerical 
models for 
quantification of 
hydrate and free 
gas 
accumulations 

6.1 Model development.   
The recipient shall develop finite difference models for the 
accumulation of gas hydrate and free gas in natural 
sediment sequences on geologically relevant time scales. 

9/07 done 

 6.2: Conditions for existence of gas hydrate 
The recipient shall summarize, quantitatively, the 
conditions for the absence, presence, and distribution of 
gas hydrates and free gas in 1-D systems by expressing 
the conditions in terms of dimensionless groups that 
combine thermodynamic, biological and lithologic 
transformation, and transport parameters.   

3/07 done 
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 6.3 Compositional effect on BSR 
The recipient shall add to the numerical model, 
developed under this task, a chloride balance and multi-
hydrocarbon capability specifically to investigate how 
hydrocarbon fractionation might affect Bottom Simulating 
Reflectors (BSRs).   

7/07 Partialy 
done 

 6.4: Amplitude Attenuation and chaotic zones due to 
hydrate distribution 
The recipient shall simulate preferential formation of gas 
hydrate in coarse-grained, porous sediment in 2-D by 
linking fluid flux to the permeability distribution. 

3/09 started 

 6.5: Processes leading to overpressure 
The recipient shall quantify, by simulation and summarize 
by combination of responsible dimensionless groups, the 
conditions leading to overpressure to the point of 
sediment failure. 

3/08 Collabor
ating 
with task 
8 

 6.6 Concentrated hydrate and free gas 
The recipient shall, using 2-D and 3-D models, simulate 
lateral migration and concentration of gas hydrate and 
free gas in structural and stratigraphic traps. 

3/08 ongoing 

 6.7 Focused free gas, heat and salinity 
The recipient shall quantify, using 2-D and 3-D model 
simulations and comparisons to available observations, 
the factors controlling the process of localized upward 
migration of free gas along faults and lateral transfer to 
dipping strata that can lead to chaotic zones and possible 
accumulations of concentrated hydrate.   

9/09 started 

 6.8 Sulfate profile as indicator of methane flux 
The recipient shall compute, for systems where data on 
the sulfate profile is available, the oxidation of methane 
by sulfate and shall indicate the perceived level of effect 
on gas hydrate accumulation and the data’s value as an 
indicator of methane flux. 

7/07 Done, 
drafting 
manuscri
pt. 

 6.9 Application of models to interpretation of case 
studies.   
The models developed in Task 6 will be applied to case 
studies in the interpretation of each of the other tasks. 

6/10 started 

7. Analysis of 
production 
strategy 

7.1a Pore scale model development and Hydrate code 
comparison 
For this milestone, we will develop pore-scale models of 
hydrate accumulation by simulation. Our hydrate code will 
be used to solve a set of problems formulated by the 
Code Comparison Study group. Our results will be 

1/08 6/08 
This task 
is 
complete 
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compared with those of other hydrate codes. 
Should be changed to: 6/08  
Reason: The starting date was moved to 6/07 
Status: Code comparison study is 100% complete. 

 7.1b Petrophysical and thermophysical properties of 
hydrate sediments from pore-scale model 
For this milestone, we will assume the pore-scale models 
of hydrate accumulation developed in the last milestone 
and estimate transport properties as a function of hydrate 
and gas saturations. 
Should be changed to: 6/09  
Reason: The starting date was moved to 6/07 

1/09 6/09 
This task 
is 
complete 

 7.2a Modeling of several production strategies to recover 
gas from marine hydrates 
Several production strategies would be modelled using 
the transport property correlations developed in the 
previous milestone. Optimal strategies will be identified. 
Should be changed to: 6/10  
 

1/10 In 
progress 

 7.2b Effect of marine reservoir heterogeneities on 
production of methane 
Reservoir heterogeneity anticipated in marine 
environments (known or determined through other tasks) 
would be incorporated. Appropriate hydrate distributions, 
either constrained from experimental data or mechanistic 
simulations (Task 5) would be used. Sensitivity of gas 
production to the heterogeneities would be calculated. 
Should be changed to: 6/11  
Reason: The starting date was moved to 6/07 
Status: Have not started 

12/10 This task 
will start 
in 6/10 

8. Seafloor and 
borehole stability 

8.1a Collection of data 
We have collected the published data and are working it 
into a data base. We are also working on a review paper 
summarizing the state of the art settings.  This will include 
laboratory experiments, field data, published results, and 
unpublished data. 

05/08 Complet
ed 

 8.1c Complete database 
We are organizing the data from task 8.1a into a format 
that can be searched and used by researchers trying to 
understand mechanical behavior of hydrate-bearing 
sediment. We will also identify key gaps in the database 
for focusing future hydrate research endeavors. We have 
started exchanging these data with the modeling 
components of this project. 

10/09 On target 
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 8.2a Link database with models 
We have started passing data along to the modeling 
groups so they can use sediment properties from hydrate 
provinces as they simulate hydrate accumulation and 
production. 

08/08 On target 

 8.2b Add sediment stability to models 
Standard stability calculations have been implemented in 
a standard basin model. Now that it is functional we will 
work with the hydrate accumulation model to add a 
stability calculation to the 2-D models. 
 

10/08 On target 

 8.2c Conditions for (in)stability 
After implementing the stability model in the hydrate 
accumulation code, we can explore the conditions (e.g., 
hydrate dissociation, sea-level fall) that could drive slope 
failure and hydrate/methane release or lead to borehole 
failures during production. 

9/09 On target 

9 Geophysical 
imaging of 
hydrate and free 
gas 

9.1 Preliminary processing and inversion of seismic data.  
Perform conventional seismic reflection processing, 
velocity analysis, travel time tomography, and other 
analyses as deemed appropriate and necessary. 

8/08 Done 
(except 
writing) 

 9.2: Final 1-D elastic and 2-D acoustic waveform 
inversion.  
Apply 1-D elastic and 2D acoustic inversions on data 
obtained from subtask 9.1 to derive determine high-
resolution elastic and acoustic properties.  

8/09 Delayed 
due to 
lab 
develop
ment 

 9.3: Rock physics modeling. 
Apply rock physics models to the developed seismic 
models to estimate hydrate saturation and lithology 
through application of well log data in conjunction with 
data from subtask 9.2. For this subtask we shall seek to 
collaborate with research being conducted under 
separately funded DOE-NETL projects (DE-FC26-
05NT42663 with Stanford University, "Seismic-Scale 
Rock Physics of Methane Hydrate" and others as 
applicable). 

8/10 On 
Target 
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