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1 ACCOMPLISHMENTS:  

1.1 What are the major goals of the project?  
The project goal is to predict, given characteristic climate‐induced temperature change scenarios, the 
conditions under which gas will be expelled from existing accumulations of gas hydrate into the shallow 
ocean or directly to the atmosphere. When those conditions are met, the fraction of the gas 
accumulation that escapes and the rate of escape shall be quantified. The predictions shall be applicable 
in Arctic regions and in gas hydrate systems at the up dip limit of the stability zone on continental 
margins.  The behavior shall be explored in response to two warming scenarios: longer term change due 
to sea level rise (e.g. 20 thousand years) and shorter term due to atmospheric warming by 
anthropogenic forcing (decadal time scale).   
 

Milestone Description 
Planned 
Completion 

Actual 
Completion 

Verification 
Method 

Comments (progress toward 
achieving milestone, 
explanation of deviation from 
plan, etc.) 

1.A 1-D simulation of gas hydrate 
dissociation in natural systems. 

9/30/2013   Report 
 

We have simulated hydrate 
dissociation due to 
temperature change with a 
fully coupled model and we are 
currently further exploring this 
behavior.  

1.B  1-D Simulation of gas hydrate 
dissociation in laboratory 
controlled conditions. 

3/31/2014  Report 
 

We have performed numerical 
simulations to guide and design 
our experimental work to be 
performed in July and August, 
2013.   

1.C  Model-based determination 
of conditions required for gas not 
to reach seafloor/atmosphere 
from dissociating hydrate 
accumulation. 

3/31/2014  Quarterly 
Report 

We have not yet begun to 
address this issue.  

1.D Determination of what 
hydrate reservoirs are at three-
phase equilibrium. 

12/30/2013   Report 
 

We have developed an 
approach to characterize the in 
situ stability of hydrate 
reservoirs. We are applying 
approach to known reservoirs. 
See comments below 

1.E Demonstrate ability to create 
and dissociate methane hydrate 
within sediment columns under 
conditions analogous to natural 
systems. 

9/30/2013  Report We have developed thermistor 
strings for use in experimental 
device. We have developed an 
experimental plan for our 
experiments in summer 2013. 
The experimental design has 
been modified slightly from 
that originally proposed. This is 
because it was decided to first 
demonstrate the ability to 
create and dissociate hydrate  
three phase stability without 
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adding the additional 
complexity of cooling from 
above or below.  

2.A 1-D simulation of gas 
expulsion into hydrate stability 
zone. 

9/29/2014 
 

 Report Preliminary simulations 
produced 

2.B  Determination of conditions 
for which gas expulsion into 
hydrate-stability zone is self-
limiting.  

12/29/2014 
 

 Report   

2.C Demonstration of reaction 
transport experiment where gas 
invades hydrate stability zone and 
creates three phase stability.  

9/30/2014 
 

 Quarterly 
Report 

Currently developing/refining 
remote sensing technologies. 
Refining experimental design 
based on numerical simulation 

2.D Demonstrate a  2D simulation 
of hydrate dissociation and gas 
expulsion.  

3/31/2015 
 

 Report  

1.2 What was accomplished under these goals?  

1.2.1 Task 1: Project Management and Planning:  
In the last quarter, we on-boarded one post-doctoral scientist and one additional graduate student. We 
now have 2 students and one post-doctoral scientist working full time on the project, in addition to PI’s 
Flemings and Bryant, Subcontractor Kneafsey, and lab scientists Peter Polito and Donnie Brooks. We 
have continued to have bi-monthly meetings with LBNL and between the Department of Geological 
Sciences and the Dept. of Petroleum and Geosystems Engineering. Our focus has been to design our 
experimental plans for pursuit in summer 2013.  
 

1.2.2 Task 2: Conceptual and Numerical Model Development -1D:  
Subtask 2.1 - Dissociation of 1D vertical hydrate accumulation 
Subtask 2.2 - Apply 1D model to laboratory experiment 
Subtask 2.3 - 1D models of natural examples 
Subtask 2.3.1 Hydrate accumulations below permafrost 
Subtask 2.3.2 - 1D model application to deposits near up-dip limit of stability zone on 
continental margins 

 
Our progress under Task 2 is described below. We have developed a fully coupled 1D hydrate model. 
Our specific results are two-fold. First, we have been working to modify our boundary condition at the 
seafloor to more effectively model the interaction between the sedimentary section and the seafloor. 
Second, we have performed simulations described in Subtask 2.1, 2.2, 2.3 and 2.3.2. These are described 
below and in the experimental section.  
  

1.2.2.1 Modification to the boundary condition at the seafloor (Subtask 2.3, 2.3.2) 
 
We have initially modeled the boundary condition at the seafloor for the multiphase fluid-flow system of 
equations governing methane hydrate formation in sediment as physically representing a stream of fluid 
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that is driven out of the sediment by pressure gradients. We then assume that this effluent enters into 
the ocean in a well-mixed reservoir of constant temperature and salinity.  
This is not truly the case. The effluent leaving our porous media impacts the outside reservoir and has 
the potential then to influence the resulting dynamics within our system. The questions to consider in 
applying a boundary condition at the seafloor are twofold, 1) Under what conditions will the effluent 
become quickly mixed into the exterior reservoir? and 2) If not well-mixed in less than our timestep, 
what is the fate of the effluent?  
 
We attribute the diffusion of salt in our system to molecular diffusion as described by Fick’s law. This is 
an appropriate description because the water masses do not quickly advect in any direction, and thus 
are allowed to slowly interact by this diffusive process. At the seafloor, horizontal currents, which have 
been approximated as 5–20 cm/s (Fer and Haugan, 2003), advect the mass of water directly above our 
theoretical vent making Fickian diffusion impossible. Instead, possible mixing occurs directly from the 
turbulence caused by these horizontal water currents. The currents induce a shear stress on the seafloor 
moving the effluent away from the seafloor horizontally and, simultaneously moving it vertically through 
the water column. If this is an efficient process, then the salinity and temperature directly above the 
vent can be approximated as homogeneous seawater.  
 
The controlling factor on this mixing is based on a competition between potential energy (i.e. gravity) 
and kinetic energy (i.e. velocity of water current). In the case we are concerned with, a convenient 
dimensionless parameter is often invoked, called the Richardson number, Ri. When Ri << 1 mixing is very 
efficient, and when Ri > 1/4 mixing is shut-down entirely and instead there is stable stratification. The 
generic Ri is described below as Equation 1.  
 

           (1) 
 
where u is the horizontal velocity and N is described by the equation below, and the velocity gradient is 
measured over the height, h, of the bottom boundary layer (BBL) where the shear acts.  
 

 
 
where g is the acceleration of gravity, ρ is the density of the ambient fluid in the reservoir.  
 
I base my analysis of the hot, saline fluid exiting our system after the analysis of Fer and Haugan (2003) 
and the prevailing literature concerning density stratification (see Turner (1973) also). In Fer and Haugan 
(2003), effluent escapes a deep sea reservoir and has the potential to mix with the ocean reservoir in 
much the same way as our hot, saline effluent. Thus, I adopt a few of their definitions. For instance, I 
define h = 50 m and du/dz = ( 0.1 m/s ) / ( 50 m ) = 2 × 10−3 s−1. I also use g = 9.8 m/s2 and the density = 
1035 kg/m3. 
 
 
This allows me to solve for the density gradient that would shut down mixing. I will assume that the 
gradient occurs over a small range of depth, like the grid size in our simulations, 5 − 10m. This leaves 
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only a very small density difference, less than 1%, that can be easily mixed. Density differences greater 
than 1% will surely not be well-mixed.  
 
Effluent that is highly dense will quickly lose some of its heat due to thermal diffusion, but will only 
become more dense by this process. Thus, the fate of this effluent depends on an entirely different 
physical process. The effluent is now dense enough to act as a mobile density current. Such density 
currents have been studied quite extensively and have even been used as proxies for turbidity currents. 
Many authors in the context of submarine seeps have discussed the movement of hot, saline density 
currents. Discussion of saline density currents can be found in Sangster (2002), Turner and Gustafson 
(1978), and McDougall (1984). These authors describe the velocities of a potential density current and 
the fate of an evolving brine pool with a constant flux of effluent. The main requirement for transport of 
the density current is residence on a slope exceeding 4%.  
 
It seems invalid to model the boundary condition at the seafloor as the equivalent of a well-mixed 
reservoir of standard seawater. Instead, when the effluent leaving the vent is on a relatively flat 
seafloor, there should be a steady accumulation of brine. The more complicated dynamics resulting 
from cooling of that brine and then further outflow of less dense effluent may produce interesting, 
nonlinear behavior. A completely valid solution to this boundary condition is to actually model a small 
portion of the ocean reservoir and maintain a constant mass flux of salt across the boundary.  
 

1.2.2.2 1-D Warming simulations (Subtask 2.1, 2.3, 2.3.2) 
A recent study published in Nature in 2012 (Phrampus and Hornbach, 2012) hypothesizes that the Gulf 
Stream has recently shifted closer to the North American Atlantic Coast and is currently destabilizing 
methane hydrate. This finding is evidenced by seismic data and coupled numerical simulations. The 
basic argument is that hydrate, as inferred from the presence of a bottom-simulating reflector (BSR) in 
seismic data, exists below warm Gulf Stream waters. Thermodynamic models suggest this hydrate below 
the Gulf Stream is not stable, and should be dissociating. However, those same models predict that the 
hydrate would still be stable if instead of Gulf Stream waters, the hydrate was below colder Atlantic 
Ocean waters. Phrampus and Hornbach (2012) then simulate the effect an instantaneous shift in the 
seafloor temperature has on a hydrate deposit. The simulation increases the temperature of the 
seafloor to match the observed Gulf Stream thermocline; this increase is 2-8 Celsius. The authors find 
that a temperature increase this substantial would still take on the order of 500 years to fully dissociate 
a hydrate deposit due to the slow diffusion of heat through the sediment column.  
 
We consider this problem with our 1-d multiphase, fluid flow model of methane hydrate 
formation/dissociation. Our working hypothesis is that the model of Phrampus and Hornbach (2012) is 
missing essential physics of the dissociation process and thus, may incorrectly approximate the time-
scale for dissociation of the methane hydrate deposit. We repeat the basic simulation of Phrampus and 
Hornbach (2012), but include effects from salinity changes, fluid flow, modification to thermal 
diffusivity, and the incorporation of latent heat, all of which are absent from the model of Phrampus and 
Hornbach (2012). 
 
We simulate a hydrate deposit by applying our model to a system with water depth of 800 m and a 
seafloor temperature of 5 Celsius. The base of the hydrate stability zone is 110 mbsf and we accumulate 
hydrate at this depth until hydrate saturation is 34%. The 34% is arbitrary, but matches the value used in 
Liu and Flemings, 2009 to simulate the hydrate dissociation in the Atlantic Ocean due to a worldwide sea 
level drop. The starting case for the 'warming simulation' is presented below as Figure 1.  
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Figure 1: Initial conditions for 1-D warming simulations. The plots from left to right are Depth vs. Water 
Pressure, vs. Temperature, vs. Salinity, vs. Gas&Hydrate Saturation, vs. Dissolved methane 
concentration.  
 
We then perturb this system by applying an instantaneous increase in the seafloor temperature of 5 
Celsius, so the seafloor is now 10 Celsius. This should dissociate all of the hydrate given sufficient time.  
 
We investigate five cases, where each case has a different set of included physics or initial conditions. 
The five cases are, 1) All physics are included and the salinity profile is exactly as shown in Figure 1; 2) All 
physics are included, but the salinity profile is everywhere set to seawater salinity (3.5%) at the start of 
the temperature perturbation; 3) The fluid flow physics are present, but thermodynamics do not include 
latent heat and the salinity does not evolve; 4) Same as 3, except the salinity profile is reset to be 
seawater salinity everywhere; 5) Same as 1, except the temperature perturbation is not instantaneous, 
but a linear increase over a 100 yr period. 
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Figure 2: Time for complete hydrate dissociation. We present five cases numbered as above.  
 
We plot the result of the five cases above as Figure 2. Our model with all relevant physics is most closely 
related to Case 1, while the results of Phamprus  and Hornbach are most closely related to Case 4. The 
different physics accounts for a 400 yr disparity on the timing of the complete hydrate dissociation. In 
this particular case, the dramatic disparity is a near-doubling. We might expect similarly strong 
disparities all over the region studied by Phrampus and Hornbach (2012). Further investigation is being 
performed to determine if the timing disparity is a function of the temperature perturbation.  
 

1.2.2.3 1-D Model of Gas Flooding in Core (Subtask 2.2) 
 
The preliminary step for experiments of core-scale hydrate production is to produce a gas-saturated 
sediment core. This gas-saturated core is produced by first water-saturating the sediment core and then 
injecting gas at a steady rate to produce a stable, continuous gas front that floods the core. We plan to 
perform this gas saturation in a circular core composed of F110 Sand with permeability 8.4x10-13 m2 and 
with cross-sectional area, 45 cm2. The flooding will be performed from the top of a vertically oriented 
core. We consider this gas flooding as an immiscible displacement of water by gas and make use of the 
Buckley-Leverett equations. Under the Buckley-Leverett equations, it is assumed that a steady shock 
front separating the two phases propagates through the core. This front is susceptible to viscous 
fingering at high injection rates. The injection rate can be reduced to prevent this viscous fingering and 
to provide a continuous stable front. The critical injection rate is set by the Buckley-Leverett analysis and 
describes the competition between the viscous mobility of the phases and the stabilizing effects of 
gravity. For the geometries and physical properties described, we can ensure stability with injection 
rates below ~1.45 mL/min. 
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where 
 

 
 
   

1.2.3 Task 3: Categorize stability of known hydrate reservoirs:    
The Recipient shall review and categorize the stability state of existing well-studied hydrate reservoirs to 
determine and catalogue their thermodynamic state (i.e. their location relative to the three-phase 
equilibrium boundary). Study sites include, but are not limited to, the Cascadia margin (e.g. Hydrate 
Ridge and Vancouver Island), offshore India (e.g. the Krishna-Godavari (K-G) Basin), offshore Korea (e.g. 
the Ulleung Basin), and the Mallik and Mt. Elbert deposits. Specifically, the Recipient shall study well-
documented examples where pore fluid salinity and hydrate saturation are independently measured 
(e.g. by pore water sampling and geophysical logs, respectively). The Recipient shall calculate the in-situ 
pore fluid salinity and shall determine whether, given the observed temperature, pressure, and salinity, 
the reservoir is at the three-phase equilibrium or within the brine-hydrate region (L+H). The Recipient 
shall develop a public and broad database of well understood examples where the thermodynamic state 
can be described. 
 
We have been focusing on sites with anticipated high hydrate saturation and have made great progress. 
We have full analyzed Sites 1249 (ODP Leg 204) and U1328 (IODP Exp. 311) at the Cascadia Margin as 
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well as Indian National Gas Hydrate Project (NGHP) Site 01-10 in the Krishna-Godavari Basin, and are in 
the process of analyzing the data from the Mallik 5L-38 gas hydrate production well in the Mackenzie 
Delta. We have compiled the data for the Mt. Elbert deposits and are awaiting the publication of the 
results from the 2nd Ulleung Basin Gas Hydrates (UBGH-2) Project. 
 
We have developed an approach for defining hydrate saturation and salinity from resistivity logs, using 
Archie's Law, and core measured salinity. A fundamental challenge to the approach is the challenge of 
using resistivity logs to predict hydrate saturation when fractures may be present (Cook, 2010). We are 
carefully comparing our approach to locations where in situ hydrate saturation and salinity can be 
directly measured (e.g. where Pressure Core Sampler data are available) to explore this challenge. We 
are also working to further improve the method of determining hydrate saturation by accounting for the 
effect of fine grained sediments on the output of Archie's Law (Simandoux, 1963) and the effect of 
hydrate on the site-specific Archie's parameters (Spangenberg, 2001). 
 

1.2.4 Task 4: Laboratory Evaluation of Hydrate Dissociation:  
Subtask 4.1 - Freezing to 3 phase stability conditions, followed by melting from above  
Subtask 4.2 - Freezing to L+H condition, warming from above  
Subtask 4.3 - Freezing to L+H condition, warming from below  

Our experimental work has been focused on four fronts: i) a literature review of previous work that is 
similar to the work we wish to pursue; ii) completion of development of a thermistor string at U.T.  to be 
used in the experimental work; iii) finalization of our experimental set-up for our first experiments to be 
run in the next quarter, and iv) model simulations to define the experimental analyses we wish to 
pursue. We report on each of these below.  
 

1.2.4.1 Literature review 
Laboratory studies on methane hydrates formation from brine with different salinities mainly focus on 
three topics: the salinity effect on phase equilibrium, the amount and distribution of the hydrates 
formed, and the gas production from methane hydrates. 
 
The occurrence of methane hydrates in the binary system of CH4-H2O has been studied extensively [de 
Roo et al., 1983]. The experimental works were summarized in Sun and Duan [2005].  The pioneer work 
to study the phase behavior of the ternary system CH4-H2O-NaCl is de Roo et al. [1983]. The 
experiments were carried out in Cailletet tubes under isobaric conditions. The temperatures at which 
hydrates disappear were measured for the pressure range of 2 to 11 MPa and salinity range of 0 to 
0.089 mol%.  An empirical equation was provided to describe the three phase (Liquid-Gas-Hydrate) 
equilibrium pressure as a function of temperature and salinity for a CH4-H2O-NaCl system. 
Subsequently, more experimental work was conducted to investigate the salinity effect on three phase 
equilibrium conditions of methane hydrates for larger pressure and salinity ranges in cells without 
porous media. Example works include Maekawa et al. [1995], Mei et al. [1996], Kang et al. [1998], 
Maekawa and Imai [2000], Jager and Sloan [2001], Kharrat and Dalmazzone [2003], Eichholz et al. 
[2004], Atik et al. [2006], Mohammadi et al. [2008], and Saw et al. [2012]. Besides electrolytes, the 
presence of various concentrations of organic hydrate inhibitors (methanol and ethylene glycol) or their 
mixtures with salts were also widely studied for their influence on the three phase equilibrium 
conditions of methane hydrates in cells [Bishnoi and Dholabhai, 1999; Dholabhai et al., 1997; Eichholz et 
al., 2004; Jager et al., 2002; Masoudi et al., 2005; Mohammadi and Richon, 2009; 2010; Najibi et al., 
2009; Ng and Robinson, 1985].   
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Few studies have been conducted in porous media to investigate the phase equilibrium of methane 
hydrates in the presence of salts.  Østergaard et al. [2002] recorded the pressure-temperature (P-T) 
histories in methane hydrate dissociation for 3.5 wt% methanol aqueous solutions in confined silica 
glass pores of narrow distribution (30.6, 15.8 and 9.2 nm mean diameters) to investigate the methane 
hydrate stability suppression by capillary effects. The initial ratios of liquid volumes to pore volumes are 
100% (termed saturated), 105% (termed supersaturated) and 115% (termed supersaturated), 
respectively. During the experiment, cell temperature was lowered until methane hydrates formation 
began. After hydrates formation, hydrate dissociation was initiated by raising the temperature step by 
step back to the initial conditions. At the end of their study, they correlated the inhibition of pore sizes 
to that of NaCl solutions with different mass fractions at the pressure of 10 MPa. Liu et al. [2013] 
investigated the effects of different types of salts with various concentrations on the P-T stability 
conditions of methane hydrates in both silica sands with different grain sizes and in marine sediments 
sampled from South China Sea. The same conclusions as previous studies conducted in cells were 
reached: the presence of salts shifts the P-T curves to the left (toward higher pressure and lower 
temperature), and the larger the concentration, the bigger the shift.  
 
Only a few studies experimentally examined the hydrates amount and distribution formed from brine 
solutions. Yousif and Sloan [1991] and Yousif et al. [1991] designed experimental procedures for 
methane hydrates formation from 1.5 wt% NaCl solution in three different Berea sandstone cores A, B 
and C with different dimensions and permeabilities (8.388×10-14, 9.869×10-14 and 3.947×10-13 m2, 
respectively). During hydrate formation, the bath temperature was maintained at 273.7 K at a pressure 
always higher than the equilibrium value for a period of 4 to 34 hours. Hydrate formation was assumed 
to have ceased when no change in the pressure and electric resistance was observed. After equilibrium 
conditions were reached, one or more cycles of annealing process were performed to eliminate the 
pressure drop during hydrate formation and to ensure more uniform hydrate distribution along the 
core. After hydrate formation, hydrate dissociation was initiated by decreasing the pressure at the inlets 
of the cores. Three runs were conducted in core A with initial water saturation of 51.5%, 53.7% and 
58.9%, respectively. Another three runs were conducted in core B with initial water saturation of 34.4%, 
36.3% and 55.0%, respectively. Only one run was conducted in core C with initial water saturation of 
34.5%. Yousif and Sloan [1991] focused on discussing the factors that influence the amount of hydrates 
formed and the distribution of the hydrates across the cores, including the process of annealing, the 
initial permeability of the cores and the initial water saturation.  However, the salinity effect was not 
investigated. Later, Husebø et al. [2009] conducted laboratory experiments to form methane hydrates in 
several sandstone cores with different geometries. The cores were all partially saturated with brine of 
different salinities with methane occupying the other phase. The temperature, pressure and the amount 
of methane injected were monitored throughout the entire experiments. They then analyzed the effect 
of salinity on the fill fraction, the amount of methane per available structural site in hydrates. They 
found that salinities lower than the regular sea water composition had negligible impact on the fill 
fraction of methane hydrates. However, when the salinity was higher than the sea water composition, 
the fill fraction significantly dropped. Chen et al. [2009] experimentally studied the salting out 
phenomenon of six kinds of ions after methane hydrates formation in porous media. They found that all 
kinds of ionic concentrations were increased, and Ca2+ concentration was most significantly increased 
after hydrate formation. 
 
In recent years, several laboratory experiments have been conducted to study the gas production 
behaviors by methane hydrates dissociation in saline water. Li et al. [2011] conducted laboratory 
experiments to generate methane hydrates from synthetic brine with 2.0 wt% NaCl in natural marine 
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sand in a closed system. After hydrates formation stopped, the dissociation was initiated by injecting hot 
brines. The decomposition rates of hydrates and the energy efficiencies were investigated by changing 
the temperature of the injected hot brine, the injection rates and time. Researchers in China University 
of Petroleum, Beijing and Chinese Academy of Science, Guangzhou have also conducted several 
laboratory experiments to investigate the methane hydrates formation in sand columns with different 
brine salinities, and hydrate dissociation by hot water injections, inhibitor injections and 
depressurization [Tang et al., 2005; Yang et al., 2010; Yang et al., 2012; Yuan et al., 2011; Yuan et al., 
2013].  

 

1.2.4.2 Thermistor string 
Construction of the thermistor string is complete. It has been delivered to Dr. Kneafsey at LBNL and 
awaits use in upcoming experiments. The only remaining task is adapting the thermistor string data 
acquisition system to the Keithley DAQ used in Dr. Kneafsey’s lab. This task does not pose any issues. 

 

1.2.4.3 Experimental set-up 
The initial hydrate stability experiments will take place in a 2.0” diameter by 5.0” long core holder. The 
experiment (Figure 3) consists of a temperature controlled sleeve encasing the pressure controlled cell. 
Within the pressure controlled cell is the confining fluid, a Viton sleeve (housing the sample), a 
thermistor attached to the outside of the Viton sleeve, end caps, the necessary plumbing components, 
and two electrodes mounted to a narrow piece of garolite. The electrode wires are passed through a 
1/16” OD stainless steel tube and swaged to an outer connector. In this configuration, the 1/16” tube 
housing the electrode wires lies within the pore fluid plumbing but remains sealed from the outside 
environment, this allowing for conductivity data acquisition without opening the system to atmospheric 
conditions.  
 
We will use US Silica F-110 sand  mixed with a 3.5% saline solution by combining to ultimately obtain a 
saturation of ~50%. We will increase the pore fluid (methane) pressure in 50-100 psi increments, while 
maintaining 50 psi effective pressure, up to 1050 psig to check for leaks. We will then cool the sample 
into the hydrate stability field (~3 degrees C) and form hydrate. We will allow gas to enter as hydrate 
forms.  
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Figure 3. Experimental hydrate stability system. The pertinent components of this system are the a) 
pore pressure inlet, b) pore pressure outlet, c) resistivity array, d) thermocouple, e) pore pressure 
sensor, f) Viton sleeve (encasing the sample), g) end caps, and h) cell pressure inlet/outlet. 
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1.2.4.4 Calculation for experimental design 
We have used a box model to predict the experimental response. We consider the case of sand partially 
saturated with water and flooded with methane. The sand is then pressurized to approximately 1000 psi 
with methane gas. The sand is then cooled to within the hydrate stability zone with gas pressure held 
constant. We consider two cases: in Case 1, the pore water is initially saline (seawater) and in Case 2, it 
is fresh water.  
 
Case 1: Saline water: 
 
Initially, the water pressure and temperature in the system is Pi and Ti, respectively. The core has an 
initial water saturation of Sw,i and gas saturation of Sg,i. The initial mass fraction of salt in brine solution 
is Xs

w,i. Hydrate formation starts when the temperature in the core is suddenly decreased to the final 
temperature Tf. During hydrate formation, methane gas is allowed to freely flow into the core. We use a 
box model to calculate the final water saturation Sw,f, gas saturation Sg,f and hydrate saturation Sh,f at 
three phase equilibrium condition, and the total volume of methane gas required to flow into the core 

m
igV ,∆  in order to keep a specific final water pressure Pf  (Figure 4). 

 

 Figure 4. Schematic diagram for the box model.  
 
 

Since there is no water flow into or out of the box during hydrate formation, the total mass of the salt 
initially in the box should equal that at final three phase equilibrium condition. 
Therefore, one has 

s
ewfwfwtot

s
iwiwiwtot XSVXSV ,,,,,, ρρ =  ,      (1) 

where  Vtot is the total volume of the box; iw,ρ and fw,ρ  are the initial and final brine density in  the box, 
which can be calculated from Pi and Ti,  Pf and Tf, respectively; Xs

w,e is the mass fraction of salt in brine 
solution at final three phase equilibrium condition, which can be calculated from Pf and Tf. 
 
Reorganize Eq. (1), one can obtain the final water saturation  

s
ewfw

s
iwiwiw

fw X
XS

S
,,

,,,
, ρ

ρ
= .        (2) 

 
The final hydrate saturation can be calculated from the mass conservation of the fresh water in the box. 
The initial mass of the fresh water in the brine should equal the final mass of the fresh water in the brine 
plus that in the hydrate, therefore, one has

( ) ( ) w
h

fhtots
ew

m
fwfwfwtot

s
iw

m
iwiwiwtot NM

V
SV

XXSVXXSV ,
,,,,,,,, 11 +−−=−− ρρ ,  (3) 



DOE Award No.: DE-FE0010406 
DUNS No.: 170230239  
Quarterly Research Performance Progress Report (Period ending 6/30/2012) 
CONTROLS ON METHANE EXPULSION DURING MELTING OF NATURAL GAS HYDRATE SYSTEMS: TOPIC AREA 2 
 

Page | 13  
 

where Xm
w,i and Xm

w,f are the initial and final mass fraction of methane in the brine, which can be 
calculated from Pi and Ti,  Pf and Tf, respectively; hV is the molar volume of hydrate, which is 1.31×10-4 
m3 mol-1; Mw is the molar weight of water, which is 1.8×10-2  kg mol-1 ; N is the stoichiometric hydration 
number, which is assumed to be constant and equal to 5.75. 
 
Reorganize Eq. (3), one can obtain the final hydrate saturation 
 

( ) ( )
h

w

s
ew

m
fwfwfw

s
iw

m
iwiwiw

fh V
NM

XXSXXS
S ,,,,,,,,

,

11 −−−−−
=

ρρ
.   (4) 

 
The final gas saturation can be written as 

fhfwfg SSS ,,, 1 −−= .        (5) 
 
The mass conservation of methane is used to calculate the volume of methane gas required to flow into 
the box in order to keep the constant final pressure Pf in the box. Initially, the methane is distributed in 
water and gas phase. At final three phase equilibrium condition, the methane can be distributed in 
water, gas and hydrate phase, therefore, one has 
 

( ) ig
m

ig
m

iw
m

fh
m

fg
m

fw
m

ig VnnnnnV ,,,,,,, −−++=∆ ,    (6) 
 
where m

fwn , , m
fgn , , m

fhn , are the molar amount of methane in the final water, gas and hydrate phase, 

respectively; m
iwn , and m

ign , are the molar amount of methane in the initial water and gas phase, 

respectively; igV , is the molar volume of the gas phase at the initial temperature Ti and pressure Pi 

condition, which can be calculated by 
ig

m
ig

MV
,

, ρ= ; Mm is the molar weight of methane, which is 

1.6×10-2  kg mol-1. 
 

m

m
fwfwfwtotm

fw M
XSV

n ,,,
,

ρ
= ,      (7) 

fg

fgtotm
fg V

SV
n

,

,
, = ,       (8) 

h

fhtotm
fh V

SV
n ,

, = ,       (9) 

m

m
iwiwiwtotm

iw M
XSV

n ,,,
,

ρ
= ,      (10) 

ig

igtotm
ig V

SV
n

,

,
, = ,       (11) 
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where fgV , is the molar volume of the gas phase at the final temperature Tf and pressure Pf condition, 

which can be calculated by 
fg

m
fg

MV
,

, ρ= . Substitute Eqs. (7)-(11) into Eq. (6), one can obtain the 

volume of methane gas required to flow into the box at the initial temperature Ti and pressure Pi 
condition.  
 
An example calculation is given in Figure 5, which presents the final water, gas and hydrate saturation, 
and the volume of methane gas required to flow into the box as a function of the initial water 
saturation.  Specific values for the results are given for the initial water saturation of 20%, 35%, 50% and 
60%. The initial pressure and temperature in Figure 5 is 7 MPa and 20 °C, respectively. The final 
equilibrium pressure and temperature is 7 MPa and 3 °C, respectively.  According to Figure 5, the final 
hydrate saturation increases linearly with the initial water saturation, because the hydrate formation in 
our experiment is water limited.  Point A in Figure 5 represents the maximum initial water saturation 
allowed in the core (approximately 83%) when there is no water flow out of the system during the 
hydrate formation process.  If the initial water saturation is higher than this value, the volume expansion 
during hydrate formation will drive the excess water to flow out of the core.  

 
Figure 5. Changes of the final water, gas and hydrate saturation, and the volume of methane gas 
required to flow into the core at the initial pressure and temperature condition (the dimension here 
is m3 per pore volume) as a function of the initial water saturation. Specific values of results are 
given for the initial water saturation of 20%, 35%, 50% and 60%.  
 

Case 2: Fresh water: 
 
If the experiment is conducted using fresh water, at the final equilibrium pressure and temperature 
condition for saline water Pf and Tf, the phase condition for fresh water should be in liquid and hydrate 
stability zone. However, since the methane gas is allowed to freely flow into the core, and water is 
limited for this case, theoretically, all the water initially in the core should be converted to hydrate. 
Therefore, one has 

0, =fwS .      (12) 
 
According to the mass conservation of water in the box, one has 
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( ) w
h

fhtotm
iwiwiwtot NM

V
SV

XSV ,
,,, 1 =−ρ .  (13) 

 
Reorganize Eq. (13), one obtains the final hydrate saturation for the case of using fresh water  

( )
h

w

m
iwiwiwtot

fh V
NM

XSV
S ,,,

,
1−

=
ρ

.   (14) 

 
The final gas saturation is calculated by Eq. (5). According to the mass conservation of methane, one can 
calculate the volume of gas required to flow into the box at the initial pressure Pi and temperature Ti 
condition as follows 

( ) ig
m

ig
m

iw
m

fh
m

fg
m

ig VnnnnV ,,,,,, −−+=∆ .  (15) 
m

fgn , , m
fhn , , m

iwn , and m
ign , can be calculated by Eqs. (8)-(11), respectively.  

 
Matlab programs have been developed to assist the above calculations for the case of saline water and 
fresh water, respectively.  
 
Predictions of experimental results: 
 
In our experiment, we set the initial pressure and temperature to be 1000 psi and 20 °C, respectively.  
The final pressure and temperature is set to 1000 psi and 3 °C, respectively. We first compare the 
predicted final gas, water and hydrate saturations, and the volume of methane gas required to flow into 
the core for saline water with an initial salinity of 3.5 wt% (solid lines) with those for fresh water (dashed 
lines) for a range of initial water saturations in Figure 5.  For fresh water, theoretically, all the water 
initially in the core is converted to hydrate since methane gas supply is unlimited. However, for saline 
water, hydrate formation ceases whenever the salinity reaches three phase equilibrium value, and a 
certain amount of water is always left in the core. Therefore, both the final hydrate saturation and the 
volume of methane gas required to flow into the core during hydrate formation are always higher for 
fresh water than those for saline water.  However, the final gas saturation for the experiment using 
fresh water is slightly lower than that for the saline water.  

 

 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1-0.5

-0.1
0.3
0.7
1.1
1.5
1.9
2.3
2.7

Sw,i

Sa
tu

ra
tio

n

Pi=1000 psi, Ti=20 0C, Pf=1000 psi, Tf=3.0 0C

 

 

Sh,f
Sg,f
Sw,f

∆Vm
g,i

Zero



DOE Award No.: DE-FE0010406 
DUNS No.: 170230239  
Quarterly Research Performance Progress Report (Period ending 6/30/2012) 
CONTROLS ON METHANE EXPULSION DURING MELTING OF NATURAL GAS HYDRATE SYSTEMS: TOPIC AREA 2 
 

Page | 16  
 

Figure 5 Comparison of the predicted final gas, water and hydrate saturations, and the volume of 
methane gas required to flow into the core for brine solution with an initial salinity of 3.5 wt% with 
those for fresh water. The solid lines are the results for brine solution while the dashed lines are the 
results for fresh water.  
 

The initial water saturation in the core is 0.5, with a salinity of 3.5 wt% in our experiment. We 
summarize the initial and final conditions and the predicted results for our experiment in Table 1 for 
saline water and in Table 2 for fresh water.  

 
Table 1: the initial and final conditions and the predicted results for saline water. 

Initial Conditions 
Pi (psi) Ti (°C) Xs

w,i (wt%) Sw,i Sg,i Sh,i 
1000 20 3.5 0.5 0.5 0.0 

Final Conditions 
Pf (psi) Tf (°C) Xs

w,e (wt%) Sw,f Sg,f Sh,f 
1000 3 12.4 0.131 0.402 0.468 

tot
m

ig VV ,∆  1.047 

 
 

Table 2: the initial and final conditions and the predicted results for fresh water. 

Initial Conditions 
Pi (psi) Ti (°C) Xs

w,i (wt%) Sw,i Sg,i Sh,i 
1000 20 0 0.5 0.5 0.0 

Final Conditions 
Pf (psi) Tf (°C) Xs

w,e (wt%) Sw,f Sg,f Sh,f 
1000 3 0 0 0.368 0.632 

tot
m

ig VV ,∆  1.396 

 
Nomenclature 
Mm molar weight of methane (kg mol-1) 
Mw molar weight of water (kg mol-1) 
N stoichiometric hydration number (dimensionless) 

m
fgn ,  molar amount of methane in the final gas phase (mol) 

m
fhn ,  molar amount of methane in the final hydrate phase (mol) 

m
fwn ,  molar amount of methane in the final liquid phase (mol) 

m
ign ,  molar amount of methane in the initial gas phase (mol) 

m
iwn ,  molar amount of methane in the initial liquid phase (mol) 

Pf final water pressure (Pa) 
Pi initial water pressure (Pa) 
Tf final temperature (K) 
Ti initial temperature (K) 
Sg,i initial gas saturation (dimensionless) 
Sg,f final gas saturation (dimensionless) 
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Sh,f final hydrate saturation (dimensionless) 
Sw,i initial water saturation (dimensionless) 
Sw,f final water saturation (dimensionless) 

fgV ,  molar volume of the gas phase at the final temperature and pressure condition (m3 mol-1) 

igV ,  molar volume of the gas phase at the initial temperature and pressure condition (m3 mol-1) 

hV  molar volume of the hydrate (m3 mol-1) 
Vtot total volume of the box (m3) 
Xm

w,f  final mass fraction of methane in brine solution (dimensionless) 
Xm

w,i initial mass fraction of methane in brine solution (dimensionless) 
Xs

w,e  equilibrium mass fraction of salt in brine solution (dimensionless) 
Xs

w,i initial mass fraction of salt in brine solution  (dimensionless) 

fw,ρ  initial brine density (kg m-3) 

iw,ρ  final brine density (kg m-3) 
m

igV ,∆  volume of gas required to flow into the core in order to keep a specific final water pressure Pf 
(m3) 

 

1.3 What opportunities for training and professional development has the project provided?  
There has been strong interaction between UT and LBNL over this past quarter.  Our graduate students 
and our post-doctoral scientist are now fully working with both institutions. There is continuous 
interaction between petroleum engineering and geosciences as we address this problem.  
 

1.4 How have the results been disseminated to communities of interest?  
An abstract titled, In situ gas hydrate saturation and salinity of hydrate-bearing sediments through well 
log analysis, was presented to the Society of Petrophysicists and Well Log Analysts (SPWLA) conference 
during June 2013. 

1.5 What do you plan to do during the next reporting period to accomplish the goals?  

1.5.1 Task 1: Project Management and Planning:  
We will continue with bi-monthly conference calls with Berkeley. We will continue to interact directly on 
experimental work. We will manage travel for visitations to Berkeley. We are completing reports for the 
contract.  

1.5.2 Task 2: Conceptual and Numerical Model Development -1D:  
Subtask 2.1 - Dissociation of 1D vertical hydrate accumulation 
Subtask 2.2 - Apply 1D model to laboratory experiment 
Subtask 2.3 - 1D models of natural examples 
Subtask 2.3.1 Hydrate accumulations below permafrost 
Subtask 2.3.2 - 1D model application to deposits near up-dip limit of stability zone on 
continental margins 

 
Continue model development.  
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We will continue addressing subtasks 2.1, 2.2, 2.3. We intend to complete all but Subtask 2.3.2 over the 
next 6 months.  
 

1.5.3 Task 3: Categorize stability of known hydrate reservoirs:  
Over the next three months we will complete analysis of the Mallik locations and the Mt. Elbert 
locations if the data are proficient. We will complete a report on these results in the next quarter. We 
will continue to improve the method used to process these sites and determine the thermodynamic 
state at each other them. Possible improvements include: Implementing the Simandoux Equation to 
take into account the volume of shale present in the formation, investigating the use of acoustic logs to 
determine hydrate saturations, and improving the estimations of Archie’s parameters. Any changes to 
the method will be applied to all past and future sites. Finally, related to the previous improvement, we 
will continue our research into the quantification of the saturation exponent through the use of other, 
natural cements as analogies.  
 

1.5.4 Task 4: Laboratory Evaluation of Hydrate Dissociation:  
Subtask 4.1 - Freezing to 3 phase stability conditions, followed by melting from above  
Subtask 4.2 - Freezing to L+H condition, warming from above  
Subtask 4.3 - Freezing to L+H condition, warming from below  

 
Over the next quarter we will complete our first laboratory experiments at Berkeley. We describe our 
experimental plan below. After experimental planning and theoretical modeling over the last quarter, 
we decided that the most important first step in the modeling would be to 1) demonstrate the ability to 
create three phase conditions in the laboratory and 2) show the effects of perturbation on this material. 
. After establishing this capability, we would then demonstrate the effects of thermal perturbation from 
above or below.  Our approach is described below. 
 

1.6 Experiment plan: 
 
Our experimental set up is described in detail under accomplishments of the previous quarter. We will 
use US Silica F-110 sand mixed with either a 3.5% saline solution, or distilled water, by combining to 
ultimately obtain a saturation of ~50%. We will increase the pore fluid (methane) pressure in 50-100 psi 
increments, while maintaining 50 psi effective pressure, up to 1050 psig to check for leaks. We will then 
cool the sample into the hydrate stability field (~3 degrees C) and form hydrate. We will allow gas to 
enter as hydrate forms. 
 
We have already modeled the predicted behavior and described this above. However, we summarize 
here the predicted results. As initial conditions, we will establish a system with 50% water saturation, 
with methane as the gas phase at a pressure of 1000 psi and a temperature of 20 °C.  We will then drop 
the temperature to 3 °C while maintaining pressure at 1000 psi. We will run this experiment with both 
an initial salinity of 3.5% and with distilled water. The freshwater and saline water cases are compared 
below.  
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Figure 6. Predicted hydrate saturation, gas saturation, salinity, and the amount of gas added for initial 
experiment. The initial water saturation is 50% and the remaining pore space is filled with methane. The 
pressure is held constant at 1000 psi, and the temperature is dropped from 20 to 3 degrees C. Two cases 
are considered: the ‘freshwater’ case no salinity, whereas the ‘saline’ case has an initial 3.5% salinity.  
 
For fresh water, theoretically, all the water initially in the core is converted to hydrate since methane 
gas supply is unlimited. However, for saline water, hydrate formation ceases whenever the salinity 
reaches three phase equilibrium value, and a certain amount of water is always left in the core. 
Therefore, both the final hydrate saturation and the volume of methane gas required to flow into the 
core during hydrate formation are always higher for fresh water than those for saline water.  However, 
the final gas saturation for the experiment using fresh water is slightly lower than that for the saline 
water.  
 

2 PRODUCTS:   

2.1 What has the project produced?  
We have now produced a one dimensional, coupled, hydrate formation code that simulates the thermo-
chemical response of a hydrate system to perturbation. 



DOE Award No.: DE-FE0010406 
DUNS No.: 170230239  
Quarterly Research Performance Progress Report (Period ending 6/30/2012) 
CONTROLS ON METHANE EXPULSION DURING MELTING OF NATURAL GAS HYDRATE SYSTEMS: TOPIC AREA 2 
 

Page | 20  
 

3 PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS:  

3.1 What individuals have worked on the project?   
Provide the following information for: (1) principal investigator(s)/project director(s) (PIs/PDs); and (2) 
each person who has worked at least one person month per year on the project during the reporting 
period, regardless of the source of compensation (a person month equals approximately 160 hours of 
effort).  
 
Name Peter Flemings Steve Bryant Tim Kneafsey Dylan Meyer Donnie Brooks 
Project Role Principal 

Investigator 
Co-Principal 
Investigator 

Co-Principal 
Investigator 

Graduate 
Student 

Laboratory 
Assistant 

Nearest person 
month worked 

.25 .25 .25 1 1 

Contribution Advised graduate 
student Meyer, 
managed project, 
and recruited 
students. Worked 
with technicians 
for thermistor 
development.  

Advised 
graduate 
student Meyer 
on analysis of 
models of pore 
space alteration 
due to hydrate 
growth and its 
effect on 
saturation 
exponent.  

Participated in 
conference 
calls on 
experimental 
design. Ran 
experimental 
tests. 

Performed 
analysis of 
thermodynamic 
state of 3 
locations.  

Built a prototype 
thermistor 
string. 

Funding Support The University of 
Texas 

The University of 
Texas 

Lawrence 
Berkeley 
National Lab 

UTIG Fellowship The University of 
Texas 

Collaborated 
with individual 
in foreign 
country 

No No No No No 

      
Name Peter Polito Kris Darnell Kehua You Tessa Green  
Project Role Laboratory 

Manager 
Graduate 
Student 

Post Doc Project 
Coordinator 

 

Nearest person 
month worked 

1 1 1 1  

Contribution Participated in 
conference calls 
on experimental 
design. Ran 
experimental 
tests. 

Performed 
literature review 
and theoretical 
calculation to 
prepare for 
laboratory 
experiments 

Performed 
literature 
review and 
theoretical 
calculation to 
prepare for 
laboratory 
experiments 

Coordinate 
meeting 
logistics, 
archive 
documents, and 
manage 
financials.  

 

Funding Support The University of 
Texas 

The University of 
Texas 

The University 
of Texas 

The University 
of Texas 

 

Collaborated 
with individual 
in foreign 
country 

No No No No  
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3.2 What other organizations have been involved as partners?  
 
Organization Name:  Lawrence Berkeley National Lab 
Location of Organization: Berkeley, CA  
Partner’s contribution to the project (identify one or more)  

• In-kind support (e.g., partner makes software, computers, equipment, etc., available to project 
staff);  

• Facilities (e.g., project staff use the partner’s facilities for project activities); 
• Collaborative research (e.g., partner’s staff work with project staff on the project); and 

3.3 Have other collaborators or contacts been involved?  
No 
 

4 IMPACT:  

4.1 What is the impact on the development of the principal discipline(s) of the project?  
Geological models of gas transport and hydrate melting and solidification have suggested that free gas 
cannot migrate through the hydrate stability zone during melting. In contrast, we suggest that free gas 
can migrate through the hydrate stability zone by altering the conditions of hydrate stability to a state of 
three-phase equilibrium through the elevation of salinity and possibly temperature. This results in 
fundamentally different macro-scale behavior during melting and may result in greater gas venting than 
has been previously demonstrated. If this hypothesis is correct, it may engender a new generation of 
field and laboratory investigations to document this behavior in both the field of geosciences and 
petroleum engineering.  Second, the project links theoretical development with laboratory modeling 
because the concepts can be applied at the laboratory scale as well as the field scale. The laboratory 
experiments to be conducted will enable validation of the mechanisms incorporated in the models. 
These laboratory experiments will play a key role in demonstrating the processes. 

4.2 What is the impact on other disciplines?  
A likely outcome of our work is a more quantitative prediction of the magnitude of methane flux from 
the earth to the atmosphere over human (decadal) timescales and geological timescales (10,000 years). 
These will serve as boundary conditions for atmospheric climate models. In turn, these results may 
guide policy decisions. 

4.3 What is the impact on the development of human resources?  
We are working at the interface of geosciences and engineering. We are coupling theory and laboratory 
experiments to address macro-scale geologic problems. This is training a new generation of geoscientists 
and engineers to think with a systems-based approach that links observation with theory.  
 
The results are being applied in the classroom and the support is training several graduate students.   



DOE Award No.: DE-FE0010406 
DUNS No.: 170230239  
Quarterly Research Performance Progress Report (Period ending 6/30/2012) 
CONTROLS ON METHANE EXPULSION DURING MELTING OF NATURAL GAS HYDRATE SYSTEMS: TOPIC AREA 2 
 

Page | 22  
 

4.4 What is the impact on physical, institutional, and information resources that form 
infrastructure?  

The project is strengthening the experimental efforts and capability at UT as it is our drop to develop 
sensor equipment. The project is strengthening development at LBNL where primary experimental work 
is occurring.  

4.5 What is the impact on technology transfer?  
We are presenting our research to approximately 100 industry members at our GeoFluids consortium 
and we will be presenting at a range of national and international meetings. 

4.6 What is the impact on society beyond science and technology?  
A likely outcome of our work is a more quantitative prediction of the magnitude of methane flux from 
the earth to the atmosphere over human (decadal) timescales and geological timescales (10,000 years). 
These will serve as boundary conditions for atmospheric climate models. In turn, these results may 
guide policy decisions. 

4.7 What dollar amount of the award’s budget is being spent in foreign country(ies)?  
Zero percent of the award’s budget is being spent in foreign countries. 
 

5 CHANGES/PROBLEMS:  

5.1 Changes in approach and reasons for change  
We have made some changes in our specific experimental approaches. The original experimental tasks 
were described as follows: 
Task 4: Laboratory Evaluation of Hydrate Dissociation:  
Subtask 4.1 - Freezing to 3 phase stability conditions, followed by melting from above  
Subtask 4.2 - Freezing to L+H condition, warming from above  
Subtask 4.3 - Freezing to L+H condition, warming from below  
 
However, after experimental planning and theoretical modeling over the last quarter, we decided that 
the most important first step in the modeling would be to 1) demonstrate the ability to create three 
phase conditions in the laboratory and 2) show the effects of perturbation on this material. . After 
establishing this capability, we would then demonstrate the effects of thermal perturbation from above 
or below.   
 
We will still be able to meet our Milestone 1.E, ‘ Demonstrate ability to create and dissociate methane hydrate 
within sediment columns under conditions analogous to natural systems.’  
 
There are no other changes in approach to report for this reporting period. 

5.2 Actual or anticipated problems or delays and actions or plans to resolve them  
No problems or delays to report for this reporting period. 

5.3 Changes that have a significant impact on expenditures  
No changes in approach to report for this reporting period. 
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5.4 Significant changes in use or care of human subjects, vertebrate animals, and/or 
Biohazards  

Nothing to report 

5.5 Change of primary performance site location from that originally proposed  
Nothing to report 
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6 BUDGETARY INFORMATION:  
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