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ACCOMPLISHMENTS 

 

The project goal is to show, through numerical modeling, how the transport of methane, and the 

mechanism by which it is transported, control the development of persistent, massive hydrate 

accumulations in deep sediments below the seabed. The models will be based on recently 

collected data from Walker Ridge Block 313 (WR 313) in the northern Gulf of Mexico (Figure 

1). To achieve the project goal, the project has been divided into three phases. Phase 1 of the 

project will focus on modifying an existing reservoir simulator (Sun and Mohanty, 2006) to 

include microbial methane production, salt mass balance and effects on methane stability, and 

sedimentation. Additional 1-D modeling will provide constraints on expected rates of 

methanogenesis. Phase 2 of the project will focus on simulations of dissolved methane migration 

mechanisms to determine if sufficient flux is available to develop the massive hydrate 

accumulations observed at WR 313. Phase 3 of the project will focus on simulations of free 

methane gas migration and recycling of methane in the gas phase as it is buried below the base of 

the methane hydrate stability zone. 

 

The objectives of this project are to define: 

 1. The dissolved methane flux, organic matter abundance, and time required to develop 

 the accumulations observed at WR 313 by short-distance migration of microbial methane 

 into adjacent coarser-grained layers; 

 2. The dissolved methane flux and time required to develop the accumulations observed 

 at WR  313 by long-distance, updip migration; 

 3. Whether there is enough methane in the dissolved phase in the fine-grained sediments 

 to form the observed hydrate deposits or whether a gas phase is present, and if so what 

 the conditions are for three-phase equilibrium; 

 4. The fate of hydrate that subsides beneath the base of the MHSZ and accumulates as 

 gas, and overpressure generation associated with gas accumulation. 

 

Tasks to be performed 

PHASE 1 / BUDGET PERIOD 1 

Task 1 - Project management and planning 

 

The Recipient shall work together with the DOE project officer upon award to develop a project 

management plan (PMP). The PMP shall be submitted within 30 days of the award. The DOE 

Project Officer shall have 20 calendar days from receipt of the PMP to review and provide 

comments to the Recipient. Within 15 calendar days after receipt of the DOE's comments, the 

Recipient shall submit a final PMP to the DOE Project Officer for review and approval. 

 

The Recipient shall review, update, and amend the PMP (as requested by the DOE Project 

Officer) at key points in the project, notably at each go/no-go decision point and upon schedule 



variances of more than 3 months and cost variances of more than 10%, which require 

amendments to the agreement and constitutes a re-base lining of the project. 

 

The PMP shall define the approach to management of the project and include information 

relative to project risk, timelines, milestones, funding and cost plans, and decision-point success 

criteria. The Recipient shall execute the project in accordance with the approved PMP covering 

the entire project period. The Recipient shall manage and control project activities in accordance 

with their established processes and procedures to ensure subtasks and tasks are completed 

within schedule and budget constraints defined by the PMP. This includes tracking and reporting 

progress and project risks to DOE and other stakeholders.  

 

Task 2 – Reservoir Model Development 

 

The Recipient shall modify an existing general purpose reservoir simulator to include 

sedimentation, microbial methane production and effect of salt on hydrate equilibrium. The 

methane equilibrium calculation shall be modified to include changes in water activity due to 

dissolved salt following the method of Handa (1990). The mass conservation calculation shall be 

modified to include sedimentation, burial, and changes in porosity over time following the 

method of Bhatnagar et al. (2007). The initial conditions shall be modified to allow specification 

of heterogeneous properties (e.g., porosity) throughout the model domain. The boundary 

conditions shall be modified to allow specification of seafloor sedimentation rate and fluid flux. 

The Recipient shall verify code modifications with benchmark comparisons of performance with 

published simulation results (e.g., Bhatnagar et al., 2007). 

 

Task 3 – 1-D Modeling of Microbial Methanogenesis 

 

Concurrently with Task 2, the Recipient shall start with a 1-D reaction-transport model that will 

follow the burial by sedimentation of a sand layer surrounded by fine-grained sediments. The 

time-dependent modeling shall track the evolution of gas hydrate formation in the sand layer and 

shall provide more accurate estimates of the time scales and of the gas hydrate quantities 

associated with short migration. The methane hydrate stability conditions shall include the effect 

of pore size in the sand and fine-grained layers following the method of Malinverno (2010). The 

rate and spatial distribution of microbial methanogenesis shall be constrained by data from 

scientific ocean drilling expeditions (DSDP, ODP, IODP). The results of this task shall provide 

first-order constraints on rates of methanogenesis which shall be used as inputs to subsequent 

tasks (4.1, 4.3, 5.1, 5.2). 

 

PHASE 2 / BUDGET PERIOD 2 

Task 4.1 – Short Migration of Dissolved Methane 

 



The Recipient shall investigate short migration of dissolved methane, in which methane 

generated in fine-grained sediments within the MHSZ is transported by diffusion into adjacent 

coarse-grained layers in which it forms concentrated hydrate deposits. The simulator developed 

in Task 2 shall be used for this task. The model domain shall consist of dipping sand layers 

surrounded by fine-grained sediments. This domain shall be designed to approximate the 

geometries observed at WR313 with sediment physical properties defined from logs or analog 

data. Rates of microbial methanogenesis and fluid flow shall be altered to determine the effect 

each has on the resulting hydrate distribution and time required for accumulation. The model 

results shall be used to determine the time scale of short migration at WR313, and the 

distribution of hydrate resulting from short migration. 

 

Task 4.2 – Long Migration of Dissolved Methane 

 

The Recipient shall investigate long migration of dissolved methane, in which dissolved methane 

is transported by advection from a distant source to the MHSZ. The investigation shall use the 

simulator developed in Task 2. The model domain shall consist of dipping sand layers 

surrounded by fine-grained sediments, and shall be designed to approximate the geometries 

observed at WR313. The model shall assume no local methane generation in the MHSZ and pore 

water entering the MHSZ with a methane concentration equal to the local solubility. Fluid flux 

shall be determined assuming that fluid flow is driven by overpressures to due high 

sedimentation rates (Gordon and Flemings, 1998). The Recipient shall explore the time scale 

associated with long migration by determining how long is required for fluid flow to form 

hydrate deposits comparable to those observed at WR313. The Recipient shall additionally 

simulate situations in which active fluid flow ceases after some time, and investigate how the 

hydrate that is formed evolves after cessation of fluid flow. 

 

Task 4.3 – Assessment of Flux Associated with Dissolved Methane Migration 

 

The Recipient shall use the model results from Tasks 4.1 and 4.2 to assess the methane flux 

associated with methane migration in the dissolved phase by either long or short migration. The 

different scenarios modeled in Tasks 4.1 and 4.2 shall be analyzed to determine methane flux 

from each migration mechanism, and the time scales and hydrate volumes produced by each. The 

analysis results shall be compared to the observed hydrate accumulations at WR313 and the age 

of the host sediments to determine whether migration of dissolved methane could have produced 

the observed hydrate accumulations. 

 

PHASE 3 / BUDGET PERIOD 3 

Task 5.1 – Assessment of Methane Budget Required for Presence of Gas Phase 

 



The Recipient shall use the results of Tasks 4.1 and 4.2 to define methane availability from local, 

microbial sources as well as deeper sources (thermogenic or microbial). The phase equilibrium 

implemented in the 3-D model in Task 2 shall be used to determine local solubility within the 

model domain and determine the amount of methane that may be present as a gas phase. The 

results of this task will be used to place limits on gas availability in Tasks 5.2 and 5.3. 

 

Task 5.2 – Free Gas Migration 

 

The Recipient shall apply a previously established model of hydrate formation (multiphase-flow-

controlled, nonequilibrium, neglecting transport of salinity and latent heat) to assess whether the 

gas phase accumulated beneath the MHSZ can contribute significantly to hydrate saturations 

within the MHSZ. The Recipient shall evaluate the conditions under which the accumulated gas 

phase drains into coarse-grained sediment. Having identified those conditions, the Recipient 

shall evaluate the geologic setting (dip angle, petrophysical properties and multiphase flow 

properties of the sediment) for which significant updip migration of the gas phase can be 

expected. The Recipient shall apply the hydrate formation model to geologic settings with 

significant expected migration to determine the hydrate saturation distribution in the updip 

direction. The model shall be tested for ranges of the two competing rates (namely, rate of gas 

accumulation at base of MHSZ and rate of hydrate formation from gas phase and water phase in 

the MHSZ). The Recipient shall additionally determine the pressure, temperature, and salinity 

conditions that will permit short migration of a gas phase within the MHSZ. The predicted 

saturation distributions shall be compared to observations (magnitude of hydrate saturation and 

its lateral extent) within coarse-grained layers at WR313. If hydrate is predicted to form in the 

same location and same volume as the accumulations observed at WR313, the Recipient shall 

determine whether the conditions that give agreement are geologically plausible, and the 

Recipient shall compare the flux of methane in the gas phase to the fluxes of methane by other 

mechanisms to be determined in Tasks 4.1 and 4.2. If the rates of methane delivery and time 

scale of hydrate accumulation are consistent with the accumulations observed at WR313, the 

Recipient shall use the results to guide the inclusion of free-gas migration phenomena into the 

full-physics 3D simulations of Task 5.3. 

 

Task 5.3 – Methane Recycling at the Base of the MHSZ 

 

The Recipient shall use the reservoir model developed in Task 2 to evaluate the fate of hydrate 

that moves below the base of the MHSZ as a result of sedimentation. In particular, the Recipient 

shall examine subsidence of dipping, hydrate-bearing sands of the type encountered at WR313. 

The Recipient shall model burial of a dipping sand layer through the base of the MHSZ in 3 

dimensions. The Recipient shall test different scenarios of sedimentation rate, hydrate saturation 

in sand layers, and deep methane flux to evaluate gas accumulation below the MHSZ, supply of 

methane to the base of the MHSZ, and overpressure generated by the accumulation of a 



connected gas column. The gas column will be considered connected when it overcomes a 

percolation threshold of roughly 10% of the pore volume (England et al., 1987). Gas phase 

pressure shall be computed from gas column height and estimates of capillary pressure from 

analog sediments (e.g., Blake Ridge; Clennell et al., 1999). The potential to fracture overlying 

sediments shall be investigated by comparing the resulting pore pressure to the total vertical 

stress and the minimum horizontal stress. 

 

Milestone Status Report 

 

1.A Title: PMP submission 

 Planned Date: 4 December 2013 

 Completed Date: 22 November 2013 

 Verification Method: Submission of final Project Management Plan to DOE within 65 

 days of start of project. 

 

1.B Title: Project kick-off meeting 

 Planned Date: 29 December 2013 

 Completed Date: 7 November 2013 

 Verification Method: Meeting held within 90 days of start of project. 

 

1.C Title: Sedimentation, microbial methane production, salinity effect implementation 

 Planned Date: 30 June 2014 

 Completed Date: 30 June 2014 

 Verification Method: Implementation of sedimentation, microbial methane production, 

 salinity effect on hydrate stability in 3-D model. 

 

1.D Title: Benchmarking of numerical model against published results 

 Planned Date: 31 March 2015 

 Completed Date: 31 March 2015 

 Verification Method: Simulation results match those obtained from other simulators in 

 1-D and 2-D (e.g., Bhatnagar et al., 2007; Chatterjee et al., 2011) within 1% in time and 

 hydrate saturation using the same input parameters. 

  

1.E Title: Development of time and methanogenesis constraints for future modeling 

 Planned Date: 31 March 2015 

 Completed Date: 31 March 2015 

 Verification Method: Development of a model that includes time-dependent changes in 

 methane stability in a dipping, subsiding sand layer but matches the results of Cook and 

 Malinverno (2013) for steady-state conditions. 

 



2.A Title: Completion of short migration modeling 

 Planned Date: 30 September 2016 

 Completed Date: 30 September 2016 

 Verification Method: Completion of simulations to evaluate conditions necessary for 

 development of massive hydrate deposits by short migration. 

 

2.B Title: Completion of long migration modeling 

 Planned Date: 30 September 2016 

 Completed Date: 30 September 2016 

 Verification Method: Completion of simulations to evaluate conditions necessary for 

 development of massive hydrate accumulations by long migration. 

 

2.C Title: Quantification of methane flux in the dissolved phase 

 Planned Date: 30 September 2016 

 Completed Date: 30 September 2016 

 Verification Method: Quantification of methane flux associated with methane 

 migration in the dissolved phase by either long or short migration and comparison with 

 existing estimates of methane flux in the northern Gulf of Mexico such as those presented 

 in Frye (2008). 

 

3.A Title: Quantification of methane availability and expected quantities of gas 

 Planned Date: 30 September 2017 

 Verification Method: Quantification of amount of methane required to form a free gas 

 phase and comparison with existing estimates of methane flux in the northern Gulf of 

 Mexico such as those presented in Frye (2008). 

 

3.B Title: Completion of free gas migration models 

 Planned Date: 30 September 2017 

 Verification Method: Determinations of methane flux and time necessary to reproduce 

 observed hydrate accumulations at WR313 by migration of free gas. 

 

3.C Title: Completion of modeling efforts to assess methane recycling 

 Planned Date: 30 September 2017 

 Verification Method: Completion of simulations to assess rates of gas accumulation 

 beneath MSHZ and effect on gas migration and overpressure generation. 

 

 

 

 

 



What was accomplished under these goals? 

 

Major activities 

 

We performed sophisticated 1D, 2D, and 3D modeling to investigate hydrate formation at 

WR313. 

 

Model setup 

One- and two-dimensional simulations were performed on a small scale to assess the impact of 

methane diffusion on gas hydrate distributions within and immediately surrounding a thin sand 

layer as it is buried through the GHSZ. In these simulations, we adopt a Lagrangian reference 

frame: boundary conditions change through time in the simulation to reflect increasing pressure 

and temperature within a small domain describing the burial of an individual sand layer. The 1D 

simulation control volume is depicted in Figure 1.  

 

 

 
Figure 1.  A fully developed methane concentration profile in a repeating sequence of 

alternating fine- and coarse-grained sediments with the free space methane solubility (dashed 

green line) and clay layer methane solubility (dashed magenta line) superimposed. The control 

volume in 1D centers around a sand layer and is buried deeper beneath the seafloor with time. 

Boundary conditions change correspondingly. 

 

Temperature boundary conditions (TB1 and TB2 in Figure 1) are set according to the seafloor 

temperature and the geothermal gradient, pressure boundaries (PB1 and PB2) are hydrostatic, 



depths (ZB1 and ZB2) are determined by the sedimentation rate (vsed) and the simulation time 

(t1 and t2). Boundary values for methane concentrations (CmB1 and CmB2) before hydrate is 

present in the system are set equal to the methane concentrations in the adjacent interior cell at 

the previous time step plus the methane input at the depth of the boundary due to 

methanogenesis. When hydrate is present, methane concentrations on the boundaries are set 

equal to the methane concentrations in the adjacent interior cell at the previous time step. 

 

In 2D, the domain is discretized into an array of right rhombic prisms; the gravity vector is 

rotated to simulate a dipping sand (Figure 2a). In 3D, a static system buries sand at time steps 

that depend on grid discretization (Figure 2b). One- and two-dimensional simulations are limited 

in that they cannot describe regional-scale gas hydrate distribution patterns; 1D simulations 

illustrate hydrate distributions within a sand layer itself, while 2D simulations yield insight into 

average hydrate saturation variations along a short length of a single thin sand. However, these 

simulations provide results at a resolution not possible in 3D simulations due to computational 

limitations. 

 

 

 
Figure 2. a) A moving (Lagrangian) reference frame is used for 1D and 2D simulations of 

hydrate distributions within and around single sand layers, while b) a static (Eulerian) reference 

frame is implemented in this study for 3D basin-scale simulations.  

 

In 1D simulations performed in this study, all grid blocks are 0.6m thick. The thickness of the 

entire sand layer varies from 1.8 m to 18 m with 25.5 m of clay both above and below the sand 

layer, for a total domain length of between 52.8 m and 69 m. In 2D, the sand thickness is 

discretized as one 3.6 m grid block. The downdip length of the sand layer in these simulations is 

set at 100 m, discretized into 20 grid blocks. Three-dimensional simulations are performed in an 

Eulerian reference frame (Figure 2b): hydrostatic pressure conditions and a constant geothermal 

gradient are imposed on 11250 grid blocks (50 in the downward z-direction and 15 in each 

lateral dimension) discretizing a basin system that spans 118.74 cubic kilometers. This resolution 

b)   3D: Eulerian reference frame: static boundary conditions
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yields a sand grid block thickness of 18.3 m, which is about 5 times the thickness of the 

individual sand unit modeled in 2D. Therefore, because of computational limitations on grid 

discretization, 3D simulations are not able to resolve hydrate-free zones immediately 

surrounding sand layers; nor can they depict gas hydrate distributions within individual sands. 

They do, however, illustrate regional gas hydrate distribution trends across multiple dipping, 

non-planar sands. 

 

Incorporating heterogeneity from well logs, laboratory measurements, and seismic data 

The simulation environment was developed to incorporate interpreted seismic horizons directly 

as input information to build the structure of the simulated reservoir. It then uses this data when 

building the structure of the grid to calculate spatial variations in sediment permeability, 

porosity, and pore size. Three-dimensional simulations presented here use interpreted seismic 

data to define sand geometries; all simulations adopt an empirical porosity-depth trend due to 

compaction formulated for Walker Ridge sediments from log data as follows: 

 

  zz eez 00019.0016.0 37.035.0   ,  (1) 

 

where ϕ is the sediment porosity and z is the depth beneath the seafloor in meters. This 

compaction trend is applied to both the sand and the clay lithology. Future work could improve 

upon these simulations by applying different compaction trends to different lithologies, but the 

porosity data presented by Daigle et al. (2015) indicate that the difference between sand and clay 

porosities is significant only in the first 100 meters below seafloor (mbsf) at Walker Ridge. 

 

In simulating diffusive methane transport within a thin coarse-grained sand on a small scale, pore 

size distributions have a strong impact on gas hydrate growth potential. This is because the 

magnitude of the solubility change of methane in water due to changes in pressure and 

temperature across an individual sand layer is comparable to (and even outweighed by) the 

solubility change between the largest and smallest sediment pores. In a porous medium 

containing a distribution of pore sizes, the nonwetting gas hydrate phase will preferentially fill 

large pores first before filling smaller pores, a phenomenon resulting from the solubility increase 

due to the Gibbs-Thomson effect (Liu and Flemings, 2011). Therefore, as the sediment pore 

space fills with hydrate, progressively larger amounts of aqueous methane are required to 

precipitate hydrate in the pore space.  

 

Incorporating this phenomenon is also important from the perspective of minimizing resolution-

dependent hydrate growth across lithologic discontinuities. For a discrete system containing sand 

and clay intervals defined by a single pore size, if the grid discretization is refined to resolve 

smaller volumes at the clay-sand boundary, the same methane mass flux from surrounding clay 

to the edge of a sand grid block will produce higher saturations of gas hydrate at the sand’s edges 

than in a lower resolution model. This can lead to practical simulation difficulties in 1D (when 



ignoring fracturing potential) and inconsistencies between grids of varying resolution, whereby 

hydrate saturations can reach (or surpass) 100% of the pore space available in the sand layer, and 

the permeability at a sand’s edge can drop to 0.  

 

In high resolution simulations, pore water methane solubility can instead be reformulated not 

only as a function of pressure, temperature, salinity, and single pore characteristics but 

additionally as a function of the pore size distribution within a grid block. While sands are 

generally considered to contain large pores with negligible influence of pore curvature effects on 

aqueous methane solubility, we show that a broad pore size distribution within a sand layer that 

is centered at a relatively small median pore size can actually significantly redistribute hydrate 

toward the center of the sand in comparison to a sand layer described by a single pore size or a 

narrow pore size distribution (Figure 3).  

 

To incorporate this effect we describe an effective pore radius that governs equilibrium hydrate 

precipitation, which decreases with increasing gas hydrate saturation. A decreasing effective 

pore radius leads to an enhancement in the Gibbs-Thomson effect within hydrate-bearing pore 

space. Using well log and MICP data on samples recovered from JIP Leg 1 Keathley Canyon 

151 in the Gulf of Mexico, we approximate that the sand layers can be described by a lognormal 

pore size distribution with a median pore radius rm and standard deviation σr (Bihani et al., 

2016); we then formulate a synthetic function expressing effective pore radius influencing three-

phase equilibrium in the sand layer as a function of pore-filling gas hydrate saturation. First, we 

define a lognormal cumulative distribution function in terms of incremental (effective) pore 

radius, re, total pore volume, Vtot, and cumulative volume in pores smaller than re, V: 
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where μ is the location parameter and σ is the scale parameter of the distribution. 

 



Because this represents the volume fraction of free pore space (increasing hydrate saturations are 

associated with decreasing effective pore radius), Equation 2 can be rewritten in terms of pore 

filling hydrate saturation as follows: 
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where Sh is the fraction of pore space occupied by gas hydrate. Solving for effective pore radius 

as a function of hydrate saturation, the equation is rearranged as follows and incorporated into 

simulations:  

 

    

he Serfr 212exp 1 ,   (6) 

 

where re is the effective pore radius governing methane solubility of the next pore in which 

hydrate can precipitate. This effective pore radius is then used in the Gibbs-Thomson equation to 

describe the evolution of the three-phase equilibrium pressure with changing hydrate saturation 

in the sand layer. We apply this process only to sands in the simulation; we ignore pore size 

distribution effects in the clay layers because gas hydrate is not typically observed in a pore-

filling habit in clay sediments in the Terrebonne basin. Rather, hydrate tends to fill clays in 

fracture or vein networks, and over a regional scale, gas hydrate saturations as a percentage of 

clay pore space tend to be small (<5%). 

 

Results 

In all simulations reported in this study, a binary system of sand and clay lithologies is 

considered: sands are characterized in 1D and 2D simulations by pore size distributions and in 

3D by a single pore radius, rsand, defining aqueous methane solubility. In all simulations, the 

clays are described by a single pore radius (rc,max in 1D and 2D, and rclay in 3D), and microbial 

methanogenesis is only active in the clay lithology.  

 

We simulate a Walker Ridge-like system, in which a thick, ~2 km water column and a low 

geothermal gradient contribute to a thick GHSZ. In 1D and 2D, the reaction rate of 

methanogenesis, λ, and the organic carbon content at the SMT, αSMT, are approximated following 

Malinverno (2010); the depth of the SMT, zSMT, is estimated based off of data at Keathley 

Canyon (Kastner et al., 2008) and Alaminos Canyon (Smith et al., 2014). The sand layers are 

buried to a maximum depth of 900 mbsf and are therefore completely contained within the 

GHSZ throughout the duration of the simulations. Physical properties used in all simulations are 

shown in Table 1. 

 

 

 



One-dimensional Lagrangian simulations 

One-dimensional simulations were performed in this study to resolve the hydrate distribution 

patterns within thin sands buried through the GHSZ. The distribution of gas hydrate within and 

immediately surrounding the thin sand is tracked in a moving reference frame with time-varying 

boundary conditions. At the bottom of the domain, a compaction-driven flux boundary condition 

diminishes with burial as the change in porosity of the system with burial approaches zero. The 

top of the domain is kept at a constant pressure corresponding to hydrostatic pressure at the depth 

of the boundary. While this pressure may not be exactly hydrostatic (if fluid is moving upward 

above the domain), the magnitude of any overpressure in this system due to compaction flux has 

a negligible impact on methane solubility throughout the system. Boundary temperatures are 

fixed along a geothermal gradient, and methane concentration across the top and bottom 

boundaries is held constant. The simulation boundaries are placed sufficiently far from the sand 

such that hydrate growth in the sand is separated from hydrate in clays by hydrate-free zones. 

 

Pore Size Distribution Effects on Gas Hydrate Growth in Sands 

Within a single horizontal sand layer of finite thickness, aqueous methane solubility increases 

from the top of the sand to the bottom, as the temperature in the sand is higher at its base. In thin 

sands, the gradient in solubility is smaller than in thick sands because the temperature difference 

is smaller, and the solubility-depth trend is nonlinear and locally convex. When a gradient in 

aqueous methane solubility between a sand and surrounding clays drives diffusive methane 

transport toward the sand layer, gas hydrate accumulates in high saturations at the edges of the 

sand. If the concentration gradient within a sand layer is insignificant in comparison to the sand-

clay methane solubility gradient, hydrate will only accumulate in significant saturations at the 

edges of the sand with minimal diffusive transport toward the sand’s center.  

 

One way to enhance the solubility gradient within a sand layer as a function of hydrate saturation 

is to incorporate pore size distribution effects relevant to pore-filling hydrate accumulations 

(Figure 3). Since hydrate growth in clays tends to fracture-fill, we interpret simulated hydrate 

saturations in the bounding clays as fracture filling and therefore do not apply pore size 

distribution effects to the clay lithology. If solubility is lowest in the largest pores, and if no 

pores can fill with interstitial hydrate, then fracture-filled hydrate growth should be governed by 

the methane solubility of the largest clay pore. Thus, we define a maximum pore size governing 

hydrate growth in the clay intervals, rcmax.  

 



  
Figure 3. The gas hydrate distribution impact within a thin sand under four pore size distribution 

scenarios: a) low median pore size and low standard deviation in pore size; b) low median pore 

size and high pore size standard deviation; c) high median pore size and low standard deviation; 

d) high median pore size and high standard deviation. 

 



As is depicted in Figure 3, the distribution of gas hydrate within a thin sand depends heavily on 

the sand’s pore size distribution. If the sand exhibits a low standard deviation in pore size (Figure 

3a, 3c), gas hydrate is unable to accumulate in massive quantities at the center of the sand 

because the aqueous methane solubility gradient within the sand is minimal; hydrate growth in a 

sand characterized by larger pores (Figure 3d) fills with greater amounts of hydrate (nearly 100% 

of the pore space) at the sand’s edges. Contrastingly, in a sand layer characterized by a broad 

pore size distribution and a relatively low median pore size closer to that of a silty lithology 

(Figure 3b), hydrate growth toward the center of the sand can reach upward of 20% of the 

average saturation at the layer’s edges. This is not possible, however, in a sand containing 

entirely large pores (Figure 3d).  

 

These results suggest that although a strong sand-clay solubility contrast is required to drive 

significant diffusive flux of methane from clays to sands, gas hydrate cannot evenly distribute 

throughout the sand layer unless there exists a significant gradient in aqueous methane solubility 

within the sand layer itself. Within a thin layer at high resolution, resolving lithologic 

heterogeneities within the layer should therefore have a significant impact on methane hydrate 

distributions within the layer. 

 

Gas Hydrate Distribution Patterns in a Sand Buried through the GHSZ 

We track the evolution of a gas hydrate bearing sand layer in a Walker Ridge-like gas hydrate 

system by defining rcmax following Bihani et al., 2015 in the bounding clay material. Because the 

rate of change in hydrate saturation within a sand grid block depends on the dissolved methane 

concentration gradient and inversely on grid discretization (Rempel, 2011), we impose a 

lognormal pore size distribution whose median pore size is determined experimentally (Bihani et 

al., 2015) but whose pore size at 99.7% hydrate saturation is equivalent to rc,max. This ensures 

that as hydrate saturation increases in the sand layer, the gradient in methane concentration 

between the sand and surrounding clay tends toward zero, imposing a limit on the rate at which 

hydrate saturations can increase via diffusive methane transport. Figure 4 depicts a schematic of 

a 1D simulation in which one thin sand layer (3.6 m thick) is buried through a microbially active 

GHSZ at a constant sedimentation velocity (vsed).  

 

 

 



 

 
Figure 4. One-dimensional time-series evolution of hydrate saturation profiles within a single 

thin sand layer (3.6 m thick) in a Lagrangian reference frame as it is buried through the hydrate 

stability zone, incorporating capillary effects on diffusive aqueous methane concentration 

gradients. 

 

As shown in Figure 4, in a microbially active gas hydrate system with only compaction-driven 

upward fluid flow, a thin sand layer tends to diffusively soak up methane from surrounding clay 

material as it is buried. The sand-clay solubility contrast promotes diffusive methane transport to 

the sand layer; the presence of this gradient requires that hydrate-free zones separate a hydrate-

bearing sand from hydrate-bearing clay above and below it. Hydrate saturations in the sand layer 

tend to increase over time while the supply of methane via microbial methanogenesis in the clays 

outpaces hydrate dissolution due to increasing solubility with burial. Once the input of methane 

from microbial activity diminishes such that there is net hydrate dissolution in the bounding 



clays, hydrate growth is still possible in sands until all the hydrate in the surrounding clay 

material has dissociated.  

 

Figure 5 highlights three observable trends in the gas hydrate growth pattern within a sand layer 

(6 m thick) as it is buried through the GHSZ. At early time (Figure 5a), hydrate is present in 

clays above and below the sand layer. The gradient in aqueous methane concentration is fixed by 

the solubility of methane in pore water above and below the hydrate-free zones, and diffusive 

methane transport is directed entirely toward the sand layer. Hydrate accumulates at a faster rate 

at the base of the sand than at the top. This is due to a steeper sand-clay solubility gradient at the 

bottom of the sand (as evidenced by the aqueous methane concentration gradients through the 

hydrate-free zones) as well as upward advective compaction flux. As hydrate saturations increase 

at the edges of the sand, the effective sand pore radius decreases and a diffusive gradient within 

the sand allows for methane transport toward the sand’s center. 

 

 

  
Figure 5. Patterns of gas hydrate distribution (red), dissolved methane concentration (blue), and 

effective pore radius (orange) governing methane solubility within a 6 m-thick sand layer as it is 

buried through the GHSZ. A dashed green line indicates bulk aqueous methane solubility, and a 

dashed magenta line indicates the effective aqueous methane solubility in clay pores.  The sand 

layer is highlighted in yellow, and the bounding clay is highlighted in brown. 



 

Once the influx of microbial methane is insufficient to cause further hydrate growth in the clay 

layer, hydrate contained within the clay beneath the sand layer first begins to dissociate. Because 

hydrate is still present in the clay, however, an aqueous methane concentration gradient between 

the bounding clay and the sand layer still exists, so gas hydrate dissolving in the clay layer feeds 

hydrate that is present in the sand, preserving hydrate in the sand from dissociation with burial. 

Once all of the hydrate in the clay beneath the sand layer has dissociated (Figure 5b), hydrate 

begins to dissociate from the bottom of the sand layer. Although a methane concentration 

gradient drives diffusive flux out of the base of the sand, a concentration gradient also drives 

diffusive methane transport from the base of the sand to its center. Net methane migration from 

above is still directed toward the center of the sand. Hydrate growth can therefore still occur at 

the top of the sand layer if hydrate still exists in the bounding clay above the sand (or as long as 

the methane concentration in this region exceeds the solubility of methane in the pore water of 

the sand). Once the hydrate within the clay above the sand and at the base of the sand fully 

dissociates (Figure 5c), hydrate on the upper sand boundary proceeds to dissolve. In this case, the 

methane concentration gradient drives diffusive methane transport out of the sand from above 

and below. 

 

Intriguingly, these simulations illustrate the potential for gas hydrate dissociating within clay 

over time to feed and preserve the hydrate existing within sand layers against dissociation while 

burial increases aqueous methane solubility. This suggests that if hydrate deposits are observed 

to occur in any quantity within clays at depth in close proximity to thin sands, hydrate grown in 

the sands could have been preserved with burial as the sands soaked up dissolved methane from 

dissociating hydrate in clays. In the fracture-hosted clay hydrate deposits typically observed in 

the Gulf of Mexico, this means that deep hydrate fractures in clays could be preserving large 

accumulations of hydrate in nearby sands. 

 

The Effect of Layer Thickness on Gas Hydrate Distributions within a Sand 

 



 

 
Figure 6. A comparison of minimum to maximum hydrate saturation within a sand for varying 

thicknesses of sand layers bounded by clays. The sand layer is highlighted in yellow, and the 

clays are highlighted in brown. 

 

For a given pore size distribution within a sand layer and a constant total methane mass flux 

from the bounding clay intervals to the sand layer, the distribution of gas hydrate within a 

coarse-grained sand layer depends on the sand layer thickness. Figure 6 compares the 

accumulation of gas hydrate within a sand layer at a particular depth for different sand 

thicknesses, holding constant the grid discretization and the amount of methane generated 

through microbial methanogenesis in the bounding clays. 

 

For small sand thicknesses (the 3.6 m sand in Figure 6), the aqueous methane concentration 

difference between a sand’s edge and its center is enhanced due to significant hydrate growth 

decreasing the effective pore radius at the sand’s edge, which drives diffusive methane flux 

toward the sand’s center. The relatively short distance (in comparison to a thicker sand, as in the 

9 m sand of Figure 6) from the sand’s edges to its center creates a strong concentration gradient 

that generates significant hydrate accumulations in the center of the sand. Contrastingly, as the 

distance from the edge of a sand to its center increases, the methane concentration gradient from 

the edge to the center decreases, which in turn decreases the amount of methane that can be 

transported from the edge of a sand to its center. The ratio of the minimum to maximum hydrate 

saturation within a sand (Figure 6) therefore decreases with increasing thickness and eventually 

reaches 0 at a finite sand thickness. 



 

Simulation Comparisons to Observations at WR313 

In the Terrebonne Basin, the JIP Leg 2 drilled two wells, Hole WR313-G and Hole WR313-H, 

targeting two reservoir sand units near the base of the gas hydrate stability zone, the Blue sand 

and the Orange sand (Boswell et al., 2012; Frye et al., 2012).  

 

In Hole WR313-G, logging-while-drilling (LWD) measurements revealed that the Blue sand unit 

contains sandy layers interbedded with clays.  Sediment with higher concentration of clay tends 

to contain larger amounts of radioactive elements, and thus, have higher API values on the 

gamma ray log (Figure 7a).  Sand sediments generally contain less radioactive elements and 

exhibit lower API values.   The Blue sand unit occurs from 825-873 msbf, with ~25 m of hydrate 

bearing sand (Figure 7).  Gas hydrate saturations within the sand layers in the Blue sand unit are 

highly variable, and appear to range from as low as 10% in some thin sand laminations, to over 

80% in the thicker laminations; gas hydrate saturation calculations follow the technique as 

outlined in Cook and Waite (2016).  

  



 
Figure 7. Measured and calculated logs from Hole WR313-G Blue sand unit (a-d) and Hole 

WR313-H Orange sand unit (e-h) in meters below seafloor (mbsf).   Interpreted hydrate-bearing 

sands are highlighted in green. Tracks a and e show the measured gamma ray log, which 

indicates sandier layers to the left (lower API) and clay rich layers to the right (higher API).  

Tracks b and f show the density porosity, which is corrected for the hydrate saturation.  The 

measured Ring resistivity is shown in tracks c and g and the calculated hydrate saturation is 

presented in tracks d and h. Calculated hydrate saturation and density porosity follow the process 

outlined in Cook and Waite (2016, in review). 



 

Our total hydrate bearing thickness for the Blue sand is significantly larger than interpreted by 

Boswell et al., (2012) and Frye et al., (2012), whom reported a total thickness of only 9 m and 11 

m of hydrate bearing sand, respectively.  We disagree with the conservative estimates of Boswell 

et al., (2012) and Frye et al., (2012), who did not count intervals with resistivity 1 to 3 ohm-m 

above background resistivity (Ro) as hydrate-bearing.  These low resistivity increase correspond 

to low to moderate gas hydrate saturation hydrate (~10-40%).  These low resistivity layers are 

most likely hydrate, however, as these intervals have no associated increase in density (Figure 7) 

and most correspond to an increase in compressional velocity.  

 

The Orange sand in Hole WR313-H is contained exclusively in two lobes, a 4 m lobe starting 

just above 806 mbsf and a 6.5 m lobe beginning at 812 mbsf, for a total of 10.5 m of gas hydrate 

bearing sand (Figure 7).  In this sand, the lowest calculated gas hydrate saturation is 20%, and 

the highest is nearly 90%.  Again, our interpreted Orange sand is thicker than the value reported 

by Frye et al., (2012) though only by 2.5 meters.   Our Orange sand thickness of 10.5 m aligns 

with the thickness interpreted by Cook et al., (2012).  Resistivity modeling by Cook et al., 

(2012), demonstrates that the thin clay interbeds in Hole WR313-H interpreted by Boswell et al 

(2012) as water saturated are likely not water saturated clays, but are more likely to be thin, 

lower saturation, hydrate-bearing beds. 

 

A number of thin sand layers (≥ 3m) were also identified throughout Holes WR313-G and 

WR313-H, some sand layers contain gas hydrate and other sand layers are water-saturated.  One 

2.5 m sand that generated a lot of interest, called Unit A by Boswell et al. (2012) and Cook and 

Malinverno (2013), appears near 290 mbsf within a 150 m thick clay rich unit containing gas 

hydrate filled fractures.  To continue with the tradition of sands being named a color in the 

Terrebonne Basin, we have renamed this 2.5 m sand the Red sand. The Red sand has a 

combination of interesting characteristics, for example, the hydrate in the sand is concentrated 

near the top and bottom of the sand, leaving the center water-saturated.  Surrounding the sand, a 

hydrate-free zone persists within the bounding clays for several meters before hydrate is again 

observed in fractures. These features lead Cook and Malinverno (2013) to propose that the Red 

sand could be filled with hydrate as the result of diffusive methane migration from the 

surrounding clay, termed short migration. 

 

We compare this observational data to 1D numerical modeling by plotting the average hydrate 

saturation contained within a modeled sand interval as a function of sand thickness for varying 

depths of burial (Figure 8). Simulations indicate that for given environmental conditions (water 

depth, geothermal gradient, pore size distributions, microbial methanogenesis parameters, etc), 

the average hydrates saturation within a coarse-grained sand layer buried through the GHSZ is 

inversely proportional to the sand’s thickness. 

 



 

 
Figure 8. Average hydrate saturation as a function of sand thickness for various burial depths.  

 

Considering the WR313H well, dashed gray lines indicate the approximate depths and 

thicknesses of the Red, Blue, and Orange sands. One-dimensional modeling results indicated for 

a 2.5 m-thick Red sand buried to 295 mbsf, the average hydrate saturation in the sand should 

approach about 60% (Figure 8), if all hydrate were produced as the result of a diffusive 

migration mechanism. This is consistent with what is observed by Cook and Malinverno (2013). 

On the other hand, for a 25 m-thick Blue sand and a 10.5 m-thick Orange sand, simulation results 

indicate that diffusion alone can produce about 10% and 20% average hydrate saturations in each 

interval, respectively. This is significantly less hydrate than is actually observed in these 

intervals (an average of about 60% in the Blue sand and 65% in the Orange sand). 

 

The results of these models indicate that (1) diffusion is likely not the only methane migration 

mechanism at play in the thick, deeply buried sands of the Terrebonne Basin; (2) heterogeneities 

within sand layers could be enhancing diffusive methane flux to coarse-grained intervals; and/or 

(3) microbial methanogenesis cannot be represented as simplistically as in this study. In the Blue 

sand, which is characterized by significant fine-grained interbedding between hydrate 

accumulations in coarse-grained intervals, methane solubility gradients between thin laminations 

could enhance methane transport within the sand unit and thus bolster hydrate growth in the 

unit’s coarser-grained sections. Such fine-scale heterogeneities are not currently captured but are 

the subject of future work. The Orange sand, however, occurs deeper and is made up of much 



less interbedding than the Blue sand. It is likely that advective transport due to long-range gas 

transport and/or overpressuring is enhancing hydrate accumulations in this unit. 

 

Two-dimensional Lagrangian simulations of a dipping sand layer 

Two-dimensional simulations performed in this study bury a thin, dipping tabular sand body 

through the hydrate stability zone in a reference frame with time-varying boundary conditions. 

Boundary conditions are formulated in the same way as described for 1D simulations. The sand 

is maintained as a flat dipping surface by rotating the gravity vector with respect to the 

simulation domain. This is important in a discrete sense on a small scale because in a rectangular 

grid system oriented orthogonally to gravity, the edge of a dipping sand must be described by a 

discrete step function, across which diffusion can act laterally and vertically. When the scale of 

grid discretization is on a similar order of magnitude to the thickness of the sand itself, a jagged 

sand edge created by discretizing limitations could yield unwanted methane diffusion parallel to 

the sand surface.  

 

Depicted in Figure 9, we use 2D simulations to explore how sand-clay concentration gradients 

along a portion of a dipping sand affect gas hydrate accumulations in and around the sand layer. 

As in 1D simulations, methane is generated microbially in clays as an exponentially decaying 

function of depth. If enough methane is generated in the clays to exceed the solubility of the 

sand, a clay-sand concentration gradient drives diffusive methane flux into the sand. During 

earlier stages of burial (Figure 9a), when methane input due to microbial methanogenesis 

outpaces the increase in methane solubility of the system with burial, gas hydrate growth 

proceeds in both the sand layer and the bounding clay, but a hydrate free zone separates hydrate 

accumulations in both sections.  

 

 



 

 
Figure 9. Simulated hydrate saturations, separated by hydrate free zones (HFZ), and dissolved 

methane concentrations in a dipping, 3.6 m-thick sand layer as it is buried through the hydrate 

stability zone at different stages of burial. 

 

Everywhere in the system, dissolved methane concentrations increase downdip (Figure 9). 

However, perpendicular to the sand the direction of the concentration gradient changes. Beneath 

the sand, dissolved methane concentrations decrease as they approach the sand (as a result of 

sand-clay variations in solubility), resulting in net methane transport up toward the sand. 

Immediately above the sand, net methane transport is down toward the sand when hydrate exists 
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in the bounding clay because dissolved methane concentrations decrease toward the sand. The 

direction of methane transport changes again, however, at the upper end of the hydrate free zone 

because methane solubility in the hydrate-bearing clay decreases with decreasing depth.  

 

As the system is buried, the sand-clay solubility difference at the downdip end of the sand 

increases at a faster rate than updip because the depth-wise rate of change in solubility increases 

with increasing depth (Xu and Ruppel, 1999). In combination with a decreasing methane input 

due to methanogenesis, this effect causes hydrate to dissociate in the clay downdip and beneath 

the sand faster than updip and above the sand. Dissociation occurs in the clay both above and 

below the sand layer, but the sand layer is shielded from dissociation while hydrate exists in the 

nearby clay because the gradient in methane concentration within the hydrate free zones always 

directs methane transport toward the sand (Figure 9b). As is illustrated in Figure 9c, hydrate 

dissociates fully first downdip and beneath the sand. A region of high methane concentration still 

exists updip where the clay layer contains very low hydrate saturations. Since hydrate is absent 

in the clay downdip beneath the sand, hydrate within the sand begins to dissociate downdip.  

At all stages of the 2D simulations, hydrate saturations are significantly lower than those 

predicted in 1D simulations. In 2D, a 3.6 m-thick sand layer buried to 295 mbsf accumulates an 

average hydrate saturation of 24%. One-dimensional modeling suggests (Figure 8) that the 

average hydrate saturation in this sand should equal 1.42/3.6, or about 39% hydrate saturation.  

 

The discrepancy between 1D and 2D models is likely due primarily to the fact that 2D 

simulations can capture the aqueous methane concentration gradient in two directions as opposed 

to one. In 1D models, the aqueous methane concentration gradient is required to be oriented 

perpendicular to the sand. In 2D, however, there can be a concentration gradient not only 

perpendicular to the sand but also updip within the clay and the sand layers, as is illustrated in 

Figure 9. This ultimately leads to less diffusive methane transport to dipping sand grid blocks in 

2D as compared to 1D.  

 

Although these 2D simulations are helpful for better understanding the multidimensional nature 

of aqueous methane concentration gradients in diffusion-dominated systems, the sand modeled 

here spans only about 10 m in depth. This model therefore does not adequately demonstrate 

differences in hydrate saturation along the dip of a sand body spanning greater depths; for this 

we instead look to 3D simulations. 

 

Basin-scale three-dimensional simulations 

We employed 3D basin-scale modeling to better understand how, on a regional scale, gas hydrate 

distribution in a diffusion-dominated system could be influenced by basin geometry. The top 

boundary is set at seafloor hydrostatic pressure, the bottom boundary condition is that of constant 

advective compaction flux, and constant temperature boundary conditions are defined by the 

geothermal gradient. By directly incorporating the results of 3D seismic interpretation, hydrate 



growth is tracked in four distinct sand layers as they are buried and rotated through the hydrate 

stability zone in a fixed reference frame. Sand layers imported in these simulations extend about 

30 km2 down through the hydrate stability zone and exhibit dip as well as curvature. Three-

dimensional modeling is therefore able to demonstrate spatial variation of gas hydrate saturations 

in sand layers in a way that is not possible in 1D and 2D. Additionally, a further benefit of 

modeling in 3D is that it can capture the interaction potential between multiple dipping sands 

whose orientation to one another changes in space and time. 

 

The results of 3D seismic interpretation from the Terrebonne Basin to distinguish sand layers is 

incorporated into 3D simulations to produce synthetic hydrate saturation profiles using realistic 

stratigraphic relationships between sands. Horizons interpreted from seismic data, which 

delineate the top and bottom surface of sand layers, are imported directly into the simulator and 

mapped from WGS 84, UTM 15N (EPSG: 32615) coordinate system to grid blocks in the 

simulation environment (Figure 10). 

  

 
Figure 10. Three-dimensional perspective of interpreted sand horizons, which are imported into 

the simulator. 

 

Seismic Data Simulation



As depicted in Figure 11b, full-scale 3D modeling yields similar hydrate growth patterns to those 

seen in 1D and 2D models: hydrate saturations in deeply buried sands increase with depth, but at 

a certain depth of burial, hydrate begins to dissociate. In 3D simulations, hydrate also 

accumulates in higher saturations downdip because the sand-clay solubility contrast is larger at 

depth. Although the sand layers comprising methane hydrate reservoirs of interest to this study 

are nearly planar, they do exhibit some curvature, tend to converge toward each other, and thin 

out in the updip direction. There is a noticeable absence of significant hydrate accumulation in 

the topmost sand layer near where it is closest to the sand layer beneath it. The close proximity 

of the two sand layers could create competition for diffusion of methane from the clay between 

them; if the clay layer between the two sands were not thick enough, neither of the sand layers 

would be able to soak up methane to their maximum potential. This finding suggests that while 

planar geometries may yield close approximations of hydrate distributions on a regional scale, 

using 2D cross sections to model multilayered hydrate systems could overestimate hydrate 

saturations if sand layers converge out of plane. 

  

 
Figure 11. Three-dimensional simulated gas hydrate saturations in 4 sand layers (18.3 m-thick), 

accompanied by a 1D transect. In the 1D transect, sand layers are highlighted in yellow, and 

clays are highlighted in brown. 

 

Comparing regional trends to a 1D transect (Figure 11a), it is easier to see how, deep in the 

sediment column, an increase in methane solubility with burial begins to dissociate gas hydrate 

present in sand layers (as was seen in prior 1D and 2D simulations). During burial, while hydrate 



still exists in clays surrounding the sands, the sand layers still appear to experience net hydrate 

growth. When hydrate in the clay layers completely dissociates due to increasing methane 

solubility with burial, hydrate saturations in the sands then begins to diminish. This confirms the 

effect seen in 1D and 2D simulations on a regional scale and further implies that hydrate-filled 

clay intervals could be associated with preserved hydrate accumulations in nearby hydraulically 

connected sands. Preservation of high hydrate saturations at depth may require an additional 

advective component of methane supply in the absence of hydrate-bearing clay nearby. 

 

Table 1. 

Variable name 1D and 2D Lagrangian 3D Eulerian 

Seafloor Depth [m] 1917 1917 

Seafloor Temperature [oC] 4.85 4.85 

Geothermal Gradient [oC/km] 19 19 

BHSZ [m] 900 900 

Ds [m2/s] 1x10-10 1x10-10 

Dip angle (2D only) [degrees] 10 n/a 

Gravitational acceleration [m/s2] 9.8 9.8 

𝑇𝑓 [K] 273.15 273.15 

vf  [mm/yr] variable 1 

𝑘𝛼 [kg/m3] 2241 2241 

𝜆 [s-1] 1x10-13 1x10-12 

𝛼𝑆𝑀𝑇 [dry wt%] 0.5% 0.5% 

𝜔 [mm/yr] 1.0 1.0 

𝑧𝑆𝑀𝑇 [m] 10 10 

𝑇𝑚𝑏 [K] 273.15 273.15 

𝜎ℎ𝑙 [N/m] 0.027 0.027 

𝜃 [degrees] 0o 0o 



𝐻𝑓 [kJ/kg] 439 439 

𝜌ℎ [kg/m3] 925 925 

rsand [microns] n/a 1 

rcmax [microns] 0.2 n/a  

rclay [microns] n/a 0.01 

 𝜎𝑟 [microns] 20 n/a 

 rm [microns] 20 n/a 

 

Li Wei and Ann Cook have been working on her 1D model, and trying different approaches to 

model the 2.5 m sand interval within the fracture layer at Walker Ridge. She submitted an 

abstract along with Cook, Daigle, Malinverno, Nole and others to the 2017 ICGH conference on 

her model. Li presented her work at the GIMS conference in Norway and won best student 

poster for her session! 

 

In the third quarter of 2016, A. Malinverno applied a time-dependent reaction-transport model to 

compute predicted gas hydrate contents in fine-grained sediments. In these sediments, hydrates 

in veins and fractures have been observed within discrete depth intervals that are not connected 

to deep methane sources and therefore are likely sourced from in situ microbial methane. 

Methane sources and hydrate formation in these fine-grained sediments is important to 

understand the accumulation of hydrates in adjacent coarse-grained layers. The modeling shows 

that transient high organic carbon deposition at the seafloor can result in more intense methane 

generation during burial and enhanced hydrate formation in isolated depth intervals. 

 

Specific objectives 

 

Milestones 2.A, 2.B, and 2.C were scheduled to be completed this quarter. The milestones were 

met; details are given in the quarterly report dated July 28th 2016. 

 

 

Significant results and key outcomes 

 

We have shown that diffusion of microbial methane into sand layers can result in high hydrate 

saturations, but that the organic inputs necessary to achieve these hydrate saturations may not be 

sustainable over geologic time. 

 



We have shown that updip advection may be able to produce the observed hydrate saturations, 

but results in a heterogeneous accumulation of hydrate with the highest hydrate saturations at the 

downdip limits of sands. 

 

We have shown that a combination of advection and microbial methanogenesis can result in a 

more uniform hydrate distribution in sands, with high hydrate saturation. 

 

We have shown that at depth, high hydrate saturations in sands can be preserved if bounding 

clays contain hydrate or at least contain methane in concentrations above the solubility of the 

sand layer. If these conditions are not met, it is likely that high hydrate saturations in sand 

intervals are the result of advection being the dominant methane transport mechanism. 

 

Two-dimensional simulations demonstrate that in a dipping sand layer in a diffusion-dominant 

environment, hydrate tends to accumulate along the sand’s dip and is separated from hydrate-

filled clays by hydrate free zones above and below. Over time, methane solubility downdip 

increases faster than updip, so hydrate in the clay intervals tends to dissociate faster downdip and 

below the sand. Concentration gradients exist parallel and perpendicular to the sand, so less 

methane is transported to the sands overall in 2D and 3D simulations as compared to 1D. In 3D, 

simulations clearly illustrate that on a regional scale, hydrate saturations tend to focus downdip 

because of a stronger sand-clay solubility contrast at depth. While 3D simulations confirm the 

observation in 1D that hydrate in clays can preserve high hydrate saturations in sand through 

burial, they also demonstrate that convergence of sand layers in multilayered systems can lead to 

anomalous reductions in hydrate saturation due to competitive diffusion. 

 

Other potentially important drivers of hydrate growth in thin sand layers buried within a 

diffusion-dominant gas hydrate system include gradients in lithology between clays and sands, 

time-varying rates of microbial methanogenesis, and changes in the pore water methane 

diffusion coefficient with variable hydrate saturation. Our simulations indicate that sand with 

small median pore sizes and broad pore size distributions can push hydrate growth toward the 

center of a sand layer. In future work we will incorporate a gradient in lithology between clay 

and sand instead of describing our system as containing either sand or clay lithology; we should 

similarly see enhanced methane transport from the edges of sands toward their center. 

Furthermore, incorporating a time-dependent rate of microbial methanogenesis may more 

accurately represent different depositional environments with different concentrations of organic 

carbon and methanogens of varying metabolism. Finally, because increased pore-filling hydrate 

saturations make pore space more tortuous, the diffusion coefficient of methane in water 

decreases with increasing hydrate saturation. Incorporating this effect into simulations would 

slow the process of diffusion with increasing hydrate saturation, thus potentially diminishing the 

total amount of gas hydrate that can accumulate at the edges of a sand layer. 

 



What opportunities for training and professional development has the project provided? 

 

PI Daigle and co-PI Mohanty have been working with PhD student Michael Nole on various 

aspects of pore-scale modeling of methane hydrate systems. This work has involved weekly 

meetings and independent work. 

 

Co-PIs Cook and Malinverno have been working with PhD student Li Wei on modeling 

microbial methanogenesis. This work has involved weekly meetings and independent work. 

 

How have the results been disseminated to communities of interest? 

 

Three presentations were made at the Gas in Marine Sediments Conference in Tromsø, Norway. 

One manuscript was published in Geophysical Research Letters. 

 

Plans during next reporting period to accomplish goals 

 

Work will commence on Tasks 5.1, 5.2, and 5.3. 
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