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Abstract 

To study physical properties of methane gas hydrate-bearing sediments, it is necessary to synthesize laboratory 
samples due to the limited availability of cores from natural deposits. X-ray computed tomography (CT) and 
other observations have shown gas hydrate to occur in a number of morphologies over a variety of sediment 
types. To aid in understanding formation and growth patterns of hydrate in sediments, methane hydrate was 
repeatedly formed in laboratory-packed sand samples and in a natural sediment core from the Mount Elbert 
Stratigraphic Test Well. CT scanning was performed during hydrate formation and decomposition steps, and 
periodically while the hydrate samples remained under stable conditions for up to 60 days. The investigation 
revealed the impact of water saturation on location and morphology of hydrate in both laboratory and natural 
sediments during repeated hydrate formations. Significant redistribution of hydrate and water in the samples was 
observed over both the short- and long-term. 

1 Introduction 

Gas hydrates (herein called “hydrate” or “hydrates”) are non-stoichiometric inclusion compounds formed from a 
network of hydrogen bonded water molecules encapsulating small gas molecules [1]. Hydrates typically form at 
high pressures and low temperatures in the presence of water and the hydrate-forming compound (e.g., methane, 
ethane, propane or carbon dioxide). When formed naturally in sediments, hydrates strongly affect the sediment’s 
mechanical, geophysical, and hydrologic behavior [2]. Methane hydrate has been observed in nature in a wide 
variety of sediment types, in accumulations ranging from veins and massive nodules of hydrate [3-6] to 
dispersed and disseminated hydrate in the pore space of sediments [7-10]. There are numerous hypotheses as to 
the control of gas hydrate formation in sediments and whether they will form as a pore filling or cementing 
component of the sediment [5, 11, 12], or as a grain displacing component resulting in veins, nodules and layers 
[13]. Hydrate distributions in natural sediments are attributed to variations in chemistry, lithology, local tectonic 
activity and nature of the gas supply in a hydrate bearing region [1].  

Hydrate redistribution in porous media following initial hydrate formation has been observed at the grain scale 
in a number of visualization experiments [14-16] This reconfiguration of hydrate crystal shape was typically 
observed over relatively short timescales (up to several days), however, changes in hydrate distribution over 
several weeks have not been examined before. The observations from such tests as those conducted by Katsuki 
et al [15, 16] and Tohidi et al [14] are important because changes in hydrate distribution in a sample (e.g. by 
dissociating at one location and reforming at another) will result in changes in the physical properties of the 
sediment. Observations of long term hydrate redistribution under stable conditions are also important for 
understanding natural gas hydrate deposits, and how they may change over time. 

Repeated hydrate formation has often been reported to yield a “memory effect”. This is a phenomenon whereby 
water molecules retain a “memory” of their previous clathrate structure after dissociation at moderate 
temperatures. This retention of structure means that hydrate crystals can nucleate more easily from the same 
water body than when it was originally formed  [1]. There have been numerous investigations into the memory 
effect of gas hydrates [17-23], most of which focus on the changes in the induction time for hydrate reformation 
after a dissociation event. Evidence from such experiments shows that the induction time for hydrate nucleation 
reduces significantly if the components have been used to make hydrate previously. There are however, 
limitations on the persistence of the memory effect, related to the decomposition state of the previous hydrate 
and how long the components have been out of the stability zone. The general consensus is that the memory 
effect can be removed from a system by keeping the system out of the stability zone for longer than 24 hours or 
by heating the system to a temperature sufficiently above the stability zone for a given pressure [1]. To date, the 



hydrate memory effect has not been observed directly in sediment-hosted gas hydrate systems, nor investigated 
with regard to its control on the location of hydrate nucleation in a porous media during reformation events.   

To understand the formation and growth patterns of methane hydrate in natural sediments, a number of 
experiments have been performed using a core sample from the Mount Elbert Stratigraphic Test Well located in 
the Alaskan permafrost. In addition, hydrates were also formed in packed sand samples to allow comparison of 
hydrate formation in natural and reformed sediments. The aim of the experiments on the two sediment samples 
was to observe repeated hydrate formation and dissociation using X-ray computed tomography (CT) scanning, 
investigating the evolving distribution patterns of methane hydrate and also the behavior of hydrate during 
prolonged time inside the hydrate stability zone. The tests also provided a unique opportunity to investigate 
whether the memory effect can control the location of hydrate within sediments. 

2 Experimental Methods 

2.1 Mount Elbert Core  

2.1.1 Sample Origin 

The natural sediment used in the test sequence was recovered from the BPXA-DOE-USGS Mount Elbert Gas 
Hydrate Stratigraphic Test Well. The Mount Elbert well is located in the Milne Point oil field, on the north slope 
of the Brooks Range in Northern Alaska. The core used in this series of tests came from 660m below surface 
level; part of Unit “C” of the reservoirs sands prevalent in the Milne Point region (Sample HYPV3 in Kneafsey 
et al. [24]).Descriptions of the geology and hydrate in this permafrost region can be found in Boswell et al. [25], 
Collett et al. [26] and Rose et al. [27]. 

2.1.2 Sample preparation and CT scanning 

After collection, the hydrate-bearing sample was placed in a pressure vessel and pressurized with methane to 
maintain hydrate stability. The vessel was stored under pressure outdoors in the arctic winter, and later moved to 
a freezer. Prior to shipment, the pressure vessel was rapidly vented, and the sample was removed and placed in 
liquid nitrogen (LN: normal boiling point -196°C). Once received at the laboratory, the core was removed from 
LN and the ends of the core were rapidly cut flat. A belt sander was used to remove the outer layer of the sample 
in many steps, with sequential cooling by submersion in LN to keep the sample cold. Similarly, holes were 
drilled in the ends of the sample to accommodate thermocouples.  

The core sample was encased in a custom-manufactured nitrile butadiene rubber sleeve. Poly-vinyl chloride 
caps were placed on the ends of the sample inside the sleeve and secured with wire to ensure a snug fit. 
Thermocouples were inserted into the sample from each end through the end caps to obtain temperature 
readings from locations inside the sample. A thermocouple was attached to the outside of the rubber sleeve to 
monitor confining fluid temperature. The core was then placed inside the pressure vessel and confining pressure 
was applied.  

The pressure vessel used was an X-ray transparent 8.9 cm outside diameter aluminum tube with threaded 
stainless steel end caps (Figure 1). The inlet port to the pressure vessel was connected to a high-pressure syringe 
pump (Teledyne Isco, Lincoln, Nebraska) and a fixed-volume methane bottle. The outlet of the sample was 
connected to another high-pressure syringe pump and could also be vented to the atmosphere. Pore pressure in 
the core was measured at both the inlet and outlet ports. In addition to the thermocouples inside the sample and 
in the confining fluid, temperature measurements were also made at the methane bottle. Temperature in the 
system was controlled by flowing temperature-controlled water/propylene glycol through a fluid jacket over the 
outside of the pressure vessel. Once the pressure cell/fluid jacket assembly was fully connected, it was placed on 
the CT scanner bed and insulated.  

CT scanning was performed using a modified Siemens Somatom HiQ medical X-ray CT scanner. The X-ray CT 
scanning produced axial (x-y) cross sections through the cylindrical vessel that could then be assembled to give 
a three-dimensional volume. Slice thickness was 3mm, and 54 slices were needed to cover the length of the 



sample (Figure 2). Resolution of each scan resulted in voxel dimensions of 195µm x 195µm x 3000µm (x-y-
z).The CT scanner was calibrated with known standards (air, water, Lucite, glass, nylon, and aluminum) in order 
to convert X-ray attenuation data into density.  

Prior to the tests described here, the original natural hydrate in the sample had been dissociated by 
depressurization (the results of this dissociation are described in Kneafsey and Moridis [28]). Following the 
depressurization, the sample was CT scanned to obtain a baseline for later comparison. The initial scan showed 
the core to have two distinct regions with different densities (Figure 2). The left 70 mm of the core in Figure 2 
(Part A) has a lower average density than the remaining 92 mm (Part B). Initial water saturations of each section 
of the core were also slightly different: Part A had an initial water saturation of 0.59, whereas Part B had an 
initial saturation of 0.75. Water saturations were calculated from calibrated CT scans of the core by comparing 
density values from the core in a fully water saturated state, and a fully dry state. The calculated porosities of 
Parts A and B based on CT images are: 0.29 and 0.28, respectively. Grain-size analysis (Figure 3) shows Part A 
to have a larger average grain size than Part B. This analysis also showed that the average grain size was larger 
than 10µm for all sediment particles, indicating the equilibrium conditions for methane hydrate would not be 
significantly shifted due to pore size inhibition [29].  In addition, XRD analysis shows the mineral content of 
each part of the core to be similar, with the largest difference being a slightly larger amount of kaolinite in Part 
A than Part B.  

2.1.3 Test Sequence 

The test sequence consisted of two phases, each with two tests. In the first phase, the aim was to examine 
changes in the distribution of methane hydrate in the Mount Elbert core during repeated formation of the hydrate 
after only a couple of days in the stability zone. Prior to this first test, the Mount Elbert core had been out of the 
hydrate stability zone for over 24 hrs. The first hydrate formation (Test ME1.1) was initiated by increasing the 
pore pressure to 4.4 MPa (confining pressure to 5.4 MPa). Hydrate formation began after 13 minutes in the 
stability zone, marked by an increase in temperature inside the sample. Temperature returned to the set value 
after ~15 hours, and hydrate formation was assumed to be complete. The sample was kept in the hydrate 
stability zone for 2 days before dissociation by increasing the temperature to 10°C. The sample was then held 
out of the stability field for another 24 hours before hydrate was reformed by decreasing the temperature to 4°C 
(Test ME1.2). Once inside the stability zone, hydrate formation did not occur for 80 minutes, with temperature 
and pressure stabilizing after 11 hours. The sample was held in the stability zone for 3 days before dissociation 
by allowing temperatures and pressures to be equilibrated to ambient conditions. 

The second phase of the Mount Elbert core test sequence aimed to maintain hydrate in the core under stable 
conditions for extended periods of time. Hydrate was first made via pressurization at a cool temperature. 
Initially, the temperature of the core was lowered from laboratory ambient temperature to 4°C, with the pore 
pressure of the system at 2.9 MPa (confining fluid pressure at 4 MPa). These initial conditions were outside the 
methane hydrate stability zone. Hydrate formation was initiated by increasing the pore pressure to 4.8 MPa 
(confining pressure 5.5 MPa). Hydrate formation began after only 9 minutes inside the stability zone, indicated 
by an increase in internal temperature of more than 1°C. After 10 hours, the temperature inside the core returned 
to the applied temperature (~4°C), and hydrate formation was considered complete. The core sample remained 
in the hydrate stability zone for 60 days, during which pressure and temperature were monitored and X-ray CT 
scans were conducted at intervals of 3 to 10 days (Test ME2.1).  

 After ~60 days, the hydrate was dissociated. The pressure inside the vessel remained at ~4.8 MPa, since the 
produced methane vented to a large, pressurized bottle. These conditions are outside of the stability zone for 
methane hydrate. After several days, the temperature of the system returned to 4°C, thereby reforming methane 
gas hydrate in the core via cooling. X-ray CT scanning revealed hydrate had formed inside the core, and the 
sample was allowed to remain under hydrate stable conditions for 41 days for continued observation (Test 
ME2.2). Table 1 gives a summary of the tests in both phases of the testing sequence. 

2.1.4 Determination of Hydrate Saturation 

During each test the system remained isolated, so that the amount of methane consumed by hydrate formation 
could be calculated from the pressure drop inside the sample and methane bottle. Knowing the temperature of 



the bottle and sample, the measured pressure drop could be converted to moles of methane consumed by hydrate 
formation, assuming a constant water to methane molecular ratio of 6 and the methane hydrate density to be 
0.917gcm-3 [1] This measurement gave a bulk hydrate volume for the whole core (Table 1). The porosity was 
computed using CT scans from the water saturated and dry conditions obtained after the hydrate formation tests.   
The amount of water in the samples was determined by comparing the CT scans prior to a test to the CT scans 
of the samples when water saturated and dry (obtained after the test). Comparing the predicted number of moles 
of methane to be consumed by the all of the water present with the measured methane consumption yielded a 
70% conversion of water to methane hydrate.  

The spatial distribution of hydrate saturation was calculated through analysis of the CT data combined with the 
mass balance [30]. Part B had a higher average hydrate saturation by ~10% over Part A, corresponding to the 
varying initial water saturations, and irregular hydrate distribution (described in more detail in the results 
section).  

Table 1. Summary of tests conducted on the Mount Elbert core 

Sample
Phase 
No. 

Test 
No. 

Formation 
method 

Pressure 
start   
(MPa) 

Pressure 
end   
(MPa) 

Temp    
(°C) 

Time in 
Hydrate 
stability zone 

Time to 
hydrate 
formation 

Hydrate 
saturation 

1 ME1.1 Pressurization 4.36        
*(5) 

4.14  
*(4.6) 

3.34 2 days 13 minutes 60.3% 

ME1.2 Cooling 4.41     
*(5.2) 

4.16  
*(4.6) 

3.50 3 days 95 minutes 59.3% 

2 ME2.1 Pressurization 4.83     
*(6.1) 

4.58  
*(5.6) 

3.99 60 days 9 minutes 59.5% 

ME2.2 Cooling *a *a ~4 >42 days *a 60%*b 

* Equilibrium temperature for methane hydrate at given pressure (°C) 
*a. A power failure temporarily stopped data logger 
*b. Estimated from CT scans 

2.2 Packed Sand Sample 

A predetermined volume of water and fine silica sand (F-110: 99.8%  silica, rounded to sub-angular grains, 120 
µm average grain size, used as received [31]) was mixed thoroughly in a sealed container. The volume of water 
added was calculated to produce the desired water saturation (26 and 37%) once the sample was packed. The 
sand and water mixture was kept at room conditions for 12 hours to allow water distribution equilibration before 
being remixed and packed into a 19.8 cm long rubber sleeve having an outside diameter of 5.1 cm. The packed 
rubber sleeve was then placed in a pressure vessel, allowing the application of tri-axial confining pressure. 
Thermocouples at both ends were inserted into the sand pack to monitor temperature. The pressure vessel was 
enclosed with a water jacket that provided constant temperature conditions over the course of the experiments. 
Methane hydrate was formed in the sand by raising pore methane gas pressure to 8.3 MPa (confining pressure to 
10.3 MPa), while the system was maintained at 8°C. The sand sample was continuously monitored for hydrate 
formation as in the Mount Elbert core tests, using pressure and temperature data and X-ray CT scans. Initiation 
of hydrate formation was detected by declining pressure and rising temperature inside the sand core.  

Experiments were performed to observe hydrate distribution during formation and dissociation within two sand 
packs (SP1 and SP2). The first tests examined the impact of differing time periods between the end of 
dissociation for pre-existing hydrate and the start of new hydrate formation (Tests SP1). The time periods were 
varied from 19 hours to 48 hours. The second tests with SP2 were performed to check the repeatability of 
hydrate distribution patterns (Tests SP2). The time gap between the first dissociation and the second formation 
was 15.3 hrs. SP1 and SP2 had similar initial water saturations (37% and 26%, respectively) and porosity 
(34%), which was uniform throughout the cores (Table 2). Hydrate formation and dissociation were induced by 
controlling pore pressure with a syringe pump. During repetitive formation and dissociation tests (Tests SP1), 
the gas within the sample was kept in the syringe pump to maintain a constant total volume of methane gas and 



water. During the second tests on SP2, the core was monitored more often while hydrate formation was 
occurring, to capture evolution of hydrate distribution during formation.  

Table 2. Measured properties of packed sand cores 

Parameter SP1 SP2 

Cylinder dimensions:  

Diameter, d (mm)   

Length,  L (mm) 

Pressure (MPa) 

Temperature ( C) 

Porosity,  

Initial water saturation, Sw  

*Hydrate saturation, SH,  

 

51 

188 

8.3 

8 

0.34 

0.37 

0.38 

 

51  

188  

8.3  

8 

0.34 

0.26 

0.28 

*100% water-to-hydrate conversion is assumed 

3 Results  

3.1 Short-Term Test Results 

As described in Section 2.1.3, methane hydrate was formed twice in the Mount Elbert core sample to observe 
whether the hydrate formation was repeatable and to examine the distribution of the hydrate across the natural 
sediment (Tests ME1.1 and ME1.2). Similar tests were conducted in a sand pack with four consecutive hydrate 
formations in the sample SP1, and with two more tests on a second sand pack, SP2.  Hydrate formation was 
documented in each experiment by taking periodic CT scans at specific locations in the cores at frequent 
intervals. Scanning was started once the onset of hydrate formation was detected in the pressure-temperature 
data for all the tests. Hydrate formation was indicated in the CT scans by an increase in density, which in this 
case refers to the mass per voxel volume in gcm-3. Because the voxel size in these scans (~195 µm x 195 µm x  
3000 µm) was larger than the grain size of the core sediment (less than 45 µm for the Mount Elbert sample 
(Figure 3) and 120 µm for the sand packs), each voxel contained sand, gas, hydrate (under proper conditions) 
and water. The increase in mass caused by the inclusion of methane molecules to the hydrate structure resulted 
in an increase in density of a voxel in a CT scan, since the voxel size was large enough to encompass the volume 
change of water when it formed hydrate.  

Hydrate began to form 13 minutes after pressurizing the core in Test ME1.1 (Table 1), but did not start for 80 
minutes after the sample was cooled into the stability zone in Test ME1.2. Figure 4 compares CT scan data at a 
single location in the Mount Elbert core (111 mm from the end) over the duration of both tests. Figure 4a shows 
hydrate developing as several concentrated masses within the sediment early in Test ME1.1. These masses 
spread outwards as hydrate formation continues to 170 minutes after initial onset. Figure 4b shows hydrate 
formation during Test ME1.2. Even though hydrate formation has started elsewhere in the core (seen by an 
increase in temperature and drop in pressure), hydrate formation does not occur at location 111 mm until 80 
minutes after initial onset. In contrast to Test ME1.1, it can be seen in Figure 4b that hydrate starts forming at 
the edge of the core, spreading towards the center as formation continues.  

In the packed sand sample SP1, hydrate started forming within 60 minutes after application of pressure and 
temperature (8.3 MPa and 8 °C) in each of the formation events. It was found, however, that hydrate formation 
initiated faster after hydrate had once been formed in the core. Subsequent hydrate formation began almost 
instantaneously as the pressure inside the core reached stability conditions, regardless of the time period left 
between consecutive dissociation and reformation events. Because of this, no relationship could be determined 
between induction time and the time period between hydrate dissociation and reformation in the same core. 



Figure 5 shows the four hydrate distribution patterns in SP1, imaged following completion of hydrate formation. 
This figure shows that the hydrate distributions among consecutive formation events do not show a repetitive 
hydrate formation pattern.  

Two additional hydrate formation events were conducted in SP2. Figure 6 shows the two hydrate formation 
events. As with the tests on the Mount Elbert core, observation time began when the pressure and temperature 
conditions inside the pack pass into the phase equilibrium boundary for methane hydrate. The first hydrate 
formation (Figure 6a) shows hydrate forming quickly in highly concentrated localities, but then growing 
outward over time. In Figure 6b, hydrate formation occurs immediately through the entire core, but without 
further redistribution over the time observed (about 24 hours). In Figure 6a, hydrate formation began at a 
number of locations near the gas injection point (32 and 50 mm) as seen in the 44 minutes column. At 99 
minutes, hydrate forms throughout the sample while further hydrate accumulation occurs at the 32 and 50 mm 
locations. During the test, as shown in Figure 6a, the initial hydrate formation occurs soon after the application 
of pressure to the sand pack, indicated by the rise in temperature inside the sample and the continuous drop in 
pressure. At ~140 minutes, the temperature inside the sand pack increased by 0.5°C, suggesting further hydrate 
formation in the sample. 

Figure 6b shows a contrasting hydrate distribution pattern to that in Figure 6a. Hydrate formation appears to 
start in many locations throughout the entire core, forming numerous separated spherical masses. Unlike the 
hydrate in Figure 6a, no redistribution is detected after the initial formation pattern (47 minutes in Figure 6b). 
The pressure and temperature data also suggest that no further hydrate formation occurred after 47 minutes since 
no fluctuations were observed. 

3.2 Long Term Test Results 

The first phase of this test sequence (Test ME2.1) showed hydrate formation initiating after only 9 minutes in 
the stability zone. A scan was taken 2.5 hours after the onset of hydrate formation, and showed hydrate forming 
in localized regions throughout the core. Another scan performed after 24 hours in the stability zone, showed 
that hydrate formation had evened out across the core. These first scans showed that when hydrate formed at 
specific locations, other areas were depleted of water, lowering the density locally in those areas. After 24 hours, 
hydrate formation had spread throughout the core. Figure 7 shows the density change throughout 57 days of the 
~60 day time span of the test, by plotting the average density of each x-y cross section along the core length 
with the density obtained from the pre-hydrate scan subtracted. The plot for 2.5 hours shows an increase in 
density in the center of the core, in Part A, and an adjacent decrease in Part B, suggesting early hydrate 
formation depleting Part B of water. Between 2.5 hours and 1 day, hydrate continues to form and moisture 
redistributes itself resulting in density increase in both parts of the core, but the density in Part A close to the 
boundary with Part B remains higher. From 1 day to 57 days, density increases at this boundary (50 mm to 70 
mm in Figure 7), even though density change is minimal in the locations adjacent to this region. Note also that a 
decrease in density occurs in Part B of the core between 130mm and 140mm. It is likely that moisture from this 
part of the core is redistributing over this period to the center of the core.   

Over the course of Test ME2.1, temperature fluctuations ~0.5°C consistently occurred due to the daily ambient 
temperature changes in the laboratory. These fluctuations were well within the hydrate stability zone, and were 
not accompanied by unexpected increases or decreases in pressure, which would indicate hydrate dissociation or 
formation, respectively. To investigate this further, the temperature in the control bath was dropped by 0.9°C, 
corresponding to a drop in pore pressure of 0.07 MPa on day 33 of the test sequence. The temperature was 
maintained at this lower value for the remainder of the test, placing the hydrate under more stable conditions. 
The scans from before and after this change (days 30 and 41 in Figure 7) show that the higher density region 
between 60-70 mm in the 30 day scan thickens so that a band of higher density can be seen from 50-70 mm in 
the 41 day scan. This change is not greatly different from the progressive redistribution seen throughout the test 
and so may not be caused by the applied temperature drop.  

The first CT scan in Test ME2.2 was taken ~9 days after the core returned to hydrate-stable conditions. After 9 
days, methane hydrate was clearly present in distinct patches across the core. In this test, hydrate appeared to 
form in a more heterogeneous manner in Part A of the core than in Part B, as well as forming concentrated 



hydrate masses, in contrast to the relatively dispersed nature in Test ME2.1. Over the 41 day duration of Test 
ME2.2, systematic CT scans were taken to monitor any changes in distribution. Over the first 28 days, several 
hydrate masses appeared to increase in density into distinct “ring” structures, (Figure 8a). Between the scan at 
28 days and 35 days, the sharp density variations disappear, with the rings becoming less evident. Figure 8b 
highlights this change by showing a plot of density change across one of the patches. From 9 to 28 days, density 
differences become more pronounced with a peak and trough evident between 10 and 16 mm. The final trace at 
36 days, shows the peak and trough to have disappeared, and the average density across the length of the plot to 
have increased slightly. At 33 days, an increase in temperature and decrease in pressure, consistent with hydrate 
formation, was detected inside the core. Pore pressure inside the sample (and attached bottle) dropped by 0.07 
MPa, and the internal temperature of the core increased by 0.9°C before returning to ambient temperatures after 
3 hours. The changes seen in the pressure-temperature conditions suggest further hydrate formation during the 
redistribution evident in the CT scans. After the scan at 36 days, the ring structures again began to become more 
distinct. The test sequence was ended after 42 days. 

4 Discussion  

4.1 Repeated Hydrate Formation 

The first phase of testing was conducted to investigate repeated hydrate formation in a natural core sample and 
in a sand pack. Figure 4 compares the hydrate formation at a single location in Mount Elbert Tests ME1.1 and 
ME1.2. The hydrate does not display the same formation morphology between the two tests. Hydrate formed in 
numerous discrete, highly localized masses in Test ME1.1, but formed in much larger clusters in Test ME1.2. 
These results compare favorably with the results from the packed sand sample (Figures 5 and 6), where repeated 
hydrate formation also yielded poor repeatability in hydrate morphology. The results from both the Mount 
Elbert tests and the packed sand tests would suggest that the mechanisms for repeated hydrate formation in 
sediments are complex, and may include a number of factors. 

One factor possibly controlling the varying hydrate morphology in the repeated tests could be the water 
distribution following hydrate dissociation. To examine this effect, water saturation in the cores was analyzed 
before and after hydrate formation. In both the natural sediment core and the hand-packed sample, water was 
more concentrated in certain areas after hydrate dissociation. When this water saturation variation was compared 
to subsequent hydrate formation in each sample, no correlation was observed in the Mount Elbert core from the 
end of test ME1.1 to the hydrate formation in ME1.2. However, the comparison in SP2 showed that hydrate 
formed more predominantly in areas where there was lower water saturation following hydrate dissociation. 
Figure 9 highlights this correlation by showing slices from two parts of the sample before and after hydrate 
formation. Figure 9a shows the sample with hydrate already formed (second formation in SP2), with black dots 
indicating locations of higher hydrate saturation in the sample. Figure 9b shows the same location for the sample 
prior to hydrate formation (after first hydrate dissociation in SP2), with the same black dots for hydrate 
formation superimposed. It can be seen from this figure that hydrate preferentially occurred in areas of lower 
water saturation (< ~20%) in this case. 

Hydrate nucleation is thought to be a process with a significant random component [1, 32], with the probability 
for nucleation increasing as the driving force of the reaction is higher, i.e., the further into the hydrate stability 
zone the sample is placed prior to formation. All the tests described here have a relatively low driving force, 
defined as where the sample temperature and pressure conditions are approximately 1 MPa above the three-
phase equilibrium for methane hydrate [22]. At this low driving force, the probability of hydrate nucleation has 
a substantial random element. Factors such as salinity, grain size distribution, and grain composition will alter 
the likelihood of nucleation in one region or another [1]. Sample SP2 was formed from uniform sand with 
distilled water in the pore space. The hydrate formation would therefore not be affected by salinity or grain size 
disparities across the sample. The differences in water saturation compounded by the random nucleation are 
therefore likely to be the main controlling factors in distribution within sample SP2. Figure 9 shows hydrate 
preferentially growing in areas of lower initial water saturation, adjacent to areas where the water saturation is 
higher. This would suggest that small accumulations of water at grain contacts promote hydrate formation over 



large accumulations, which could be due to the influence of the surface of the sand grains on the structure of the 
water.  

When water is in contact with a hydrophilic surface such as silica, water molecules will orientate in response to 
the charge on the surface of the mineral [33]. This “ordering” of the water molecules, called a hydration shell, is 
transmitted into the bulk of the water, becoming less ordered with increasing distance away from the mineral 
surface [34]. Hydration shells may provide an order to the water molecules that increases the probability of 
hydrate nucleation in porous media when water saturation is low. Although the hydration shells around the sand 
grains in SP2 would be considered relatively large at the nanometer scale, the variation in grain roughness might 
provide thinner films at the “peaks” of protrusions on rough grains, which could supply ordered nucleation sites 
for hydrate. Once water saturations become higher, the distance from the mineral surface to the gas/water 
interface is increased, and the effect of ordering from the hydration shells may not contribute as much to 
nucleation probability. Stevens et al. [35] and Bagherzadeh et al [36] also observed that hydrate formation in 
low water saturation sandstone cores was faster than in high water saturation samples. 

Although the hand-packed sand samples appear to show a correlation between water saturation and the location 
of reformed hydrate, the natural sediment samples did not show the same relationship. Distribution of water 
before and after each hydrate formation event was analyzed, with no correspondence seen throughout the core. 
Other factors affecting the nucleation probability in the Mount Elbert core must therefore be considered, such as 
salinity variations, grain distribution, and thermal history. 

The original salinity of the pore water in the Mount Elbert core was ~4ppt [37]. Nevertheless, the inclusion of 
salts into water alters the stability conditions of methane hydrate, requiring higher pressures and lower 
temperatures for stability, and making it slightly harder for hydrate to nucleate in certain regions. Variable 
salinity across the core, caused by dissociation of hydrate yielding fresh water in certain areas, but leaving 
others with a higher salinity may have predestined some areas of the core to subsequent hydrate formation. This 
would imply that hydrate would tend to reform in the same locations it previously occupied. Once again 
however, analysis of the scans does not suggest any control from potential salinity variations.   

It is also possible that thermal history may play a role in influencing the nucleation of hydrate across a sediment 
core, in addition to salinity variability and saturation variations. Tests ME1.1 and ME1.2 do not share the same 
thermal history with regard to applied conditions for methane hydrate stability. Test ME1.1 began by cooling 
the sediment to 4°C at a pressure outside the stability zone, and once temperature had stabilized, increasing the 
pressure to within the stability zone (4.4 MPa). Alternatively, Test ME1.2 started with the core at 4.4 MPa 
pressure but at 10°C, before instigating hydrate formation by cooling the core to 4°C. The induction times for 
these two tests may indicate the difference in thermal history experienced in the core. Hydrate began forming 13 
minutes after application of stability conditions in Test ME1.1, but took 80 minutes to begin forming in Test 
ME1.2. In addition, in Test ME1.2, the outer regions of the core would have been in the hydrate stability zone 
longer than the inner regions because of heat transfer. 

When considering whether the thermal gradient inside the core could be a factor, examination of the temperature 
data from the outside and inside the core show that it takes ~14 minutes for temperatures on the outside of the 
core to be transmitted to the center. Temperature data from Test ME1.2 also shows that internal temperatures 
had equilibrated with the outer edge of the core prior to hydrate formation, so it would seem that temperature 
gradients do not directly affect formation of hydrate here. However, they may contribute to the water 
distribution. Analysis of the CT scans gives no indication of thermal history control on distribution, with hydrate 
forming both at the edges and inside of the core in equal measure. 

One observation that can be made from the repeated tests on the Mount Elbert core is the significance of the 
random aspect of hydrate nucleation. Sloan and Koh [1],Parent and Bishnoi [32], and Servio and Englezios [22] 
all stress that at low driving forces, hydrate nucleation is a random process influenced by grain characteristics, 
salinity, and thermal history of the pore water [1]. It can be determined from these tests that in a system with no 
salinity and a consistent thermal history, water saturation has the most influence on hydrate nucleation 
probability. However, in a natural system where there are several aspects in conflict, no one factor seems to 
control hydrate nucleation, and the probabilities are not altered to favor specific locations.  



4.2 Memory Effect 

The memory effect can have a strong influence on the induction time of hydrate nucleation [17-23]. The 
memory effect was observed to influence hydrate formation in the hand-packed sand samples SP1 and SP2, as 
subsequent hydrate formation occurred almost instantaneously after hydrate had been formed and decomposed 
inside the sand once.  In the Mount Elbert core, the memory effect did not appear to occur between ME1.1 and 
ME1.2 (recall test ME1.2 formed hydrate by cooling, and the sample remained at 10°C for 24 hours prior to 
hydrate formation) since the induction time increased between the two tests instead of decreasing. The changing 
induction times seen in tests ME1.1 and ME1.2 may result from the varying thermal history between the cores. 
Test ME1.1 on the Mount Elbert core sample formed hydrate through pressurization, but the core was 
maintained at 4°C for at least 12 hours prior to hydrate formation. These differences in thermal history could be 
responsible for the differences in induction time seen between the tests, as Ohmura et al. [19] have shown that 
induction times for methane hydrate formation increase as the temperature at which the system was held after 
dissociation increases. 

The memory effect has been linked to the timing of hydrate formation, but not to its location. The memory 
effect does not affect the location of hydrate formation in repeated tests. Water distribution is shown to have the 
most control over hydrate location in the packed sand samples. In the Mount Elbert core, no correlation can be 
seen between old and new hydrate formation in the cores, indicating that prior hydrate formation has no effect 
on location of hydrate nucleation.  

 

4.3 Density Redistribution 

Because the sand in our samples was held in place by a combination of cementation and effective stress, density 
changes were caused by (1) incorporation of methane into water, resulting in hydrate increasing the mass in a 
voxel of fixed volume, or (2) the change in location of water or hydrate within the pore space. Density 
redistribution was seen to occur over two timescales: (1) short-term, over the hours it takes for hydrate to fully 
form (Tests ME1.1, 1.2, 2.1 and SP2), and (2) long-term over several weeks (Tests ME2.1 and ME2.2). 

4.3.1 Short-term density redistribution  

In Test ME2.1 (pressurization), hydrate formation during the initial 2.5 hours produced patchy and localized 
regions of elevated hydrate saturation in the sediment, which became more homogeneous over 24 hours and 
with full hydrate formation. Early and more localized density redistribution was also seen in the hydrate formed 
in Tests ME1.1, ME1.2 and in the packed sand sample SP2. Two processes need to be considered with regard to 
the density redistribution observed across these tests; capillarity and recrystallization. 

Capillarity will cause water to be drawn towards the hydrate formation front. The physical presence of water-
wetting hydrate in the pore space (1) reduces pore sizes thus strengthening capillary suction, and (2) changes 
surface energy, increasing the capillary suction locally [38-40]. This change in capillary pressure results in water 
being drawn towards the forming hydrate, and therefore in an increase in local density due to water 
accumulation (in addition to hydrate formation) seen in the CT scans. This also creates areas of lower density 
nearby  where water is depleted, such as in the plot for 2.5 hours over the region 70 to 90 mm in Figure 7 from 
Test ME2.1. Rapid placement of samples into the hydrate stability zone caused fast nucleation (as described in 
earlier sections). Visual inspection of fast hydrate growth [14, 15, 22] has shown that hydrate forms in dendritic 
crystals with high surface areas. Over time, these dendritic crystals recrystalize into more energy-efficient 
configurations [14, 15, 22]. The presence of these more compact, energy-efficient configurations in the porous 
medium results in a lower capillary suction than when the dendritic hydrate previously occupied the pore space.  

Figure 10 shows the change in density during the first hydrate formation in SP2 over time for a single slice of 
the sample. Initial hydrate formation caused a high-density region (highly hydrate- and water-saturated) in the 
center of the sample (See also Figure 6). The initial rapid nucleation of hydrate in the sample would have likely 
created dendritic hydrate crystals with high surface areas and unstable surface energies. As time progresses (t  > 
157 minutes), the density in the center decreases, while the density outside the center increases and an outer 
circular band forms. This change in distribution is consistent with the dendritic hydrate crystals reconfiguring 



into more energy-efficient shapes [40], and the resulting water movement. The dendritic hydrate holds the water 
that was initially present and draws water towards itself due to capillarity. As the hydrate recrystalizes into more 
compact forms, the heightened capillary suction around the reformed crystals is reduced, and water redistributes 
away from the early hydrate growth area. The same effect is seen in the hydrate growth patterns in Figure 4. As 
hydrate reconfigures and continues to form across the core, a density increase can be seen everywhere (plot for 1 
day in Figure 7).  

The observations of Servio and Englezos [22] regarding hydrate crystal reconfiguration may help explain why 
this dispersive nature is not seen in the second hydrate formation in SP2. In Figure 6b, hydrate forms in 
concentrated masses that do not disperse as formation matures. Servio and Englezos [22] show that when 
repeating hydrate formation in droplets of water, dendritic crystals do not form during the second hydrate 
nucleation phase if the time between decomposition and reformation is short (<24 hrs). It is possible that the 
time period between hydrate formations in SP2 was short enough in this case (< 16 hrs) to allow the water to 
retain a memory of the hydrate formation.  

4.3.2 Long term density redistribution 

The long-term tests conducted with the Mount Elbert Core sample, ME2.1 and ME2.2, show density 
redistribution over several weeks. In Test ME2.1, density was redistributed over the scale of several centimeters, 
with a large increase in density occurring near the interface between the two regions in the sample, primarily on 
the higher porosity and larger grain-size side. This redistribution is particularly apparent with the changing peak 
in density between 50 mm and 70 mm in Figure 7. In Test ME2.2, rings of adjacent high and low density can be 
seen to form in areas of hydrate formation over a period of 28 days (Figure 8a). These changes can be attributed 
to two processes: (1) hydrate dissociation in one location and reformation in another, (2) water migration due to 
capillary-pressure gradients caused by the hydrate formation and configuration changes. 

Hydrate dissociation and reformation in equal amounts could occur if either water or gas were available in a 
limiting quantity. Since gas was present in excess (macroscopically), water can be considered as the limiting 
reagent. Under equilibrium conditions, some hydrate is dissociating while forming in equal amounts in other 
areas. Over long time scales, more hydrate would dissociate in less energetically favorable locations, and more 
would form in more favorable locations (much like ice in a non-frost-free freezer sublimates from the ice cube 
tray and precipitates on the freezer wall). 

The second process, water migration caused by hydrate formation and configuration changes, could also be 
responsible for the density changes observed. Calculations of initial water content and gas uptake during hydrate 
formation indicate only a 70% conversion of total water to hydrate in Tests ME2.1 and ME2.2. The remaining 
water could be considered to be bound to grain surfaces and unavailable for hydrate formation due to its low 
chemical potential [40, 41], or some water may be completely occluded from the methane gas by hydrate. Water 
bound to surfaces is still mobile and can move in response to capillary pressure changes in the sediment as long 
as the phases are interconnected at grain contacts [42]. Because the sample was heterogeneous on many scales, 
capillary pressure would result in different water saturations throughout the core under pre-hydrate equilibrium 
conditions. Hydrate formation changed these equilibrium conditions and resulted in water migration. Because of 
the randomness of the resulting hydrate configuration, the hydrate is not likely to be in its lowest energy 
equilibrium configuration and will continue to reduce its surface area to minimize energy. These changes in the 
hydrate configuration impact the capillary suction of the sediment, resulting in further water migration.  

Over the first 57 days in Test ME2.1 and 9-28 days in Test ME2.2, the pressure and temperature measurements 
inside the sample showed no anomalous decreases or spikes respectively, indicating that neither of the processes 
described above caused additional hydrate formation in the core. Note that slight thermal gradients occurred in 
the sample from daily temperature changes in the laboratory impacting the temperature-controlled bath, tubing, 
and jacket. In addition, slight pressure fluctuations occurred from room temperature changes affecting the 
external gas bottle, causing the pressure to increase when the room temperature increased. In spite of these 
oscillations in pressure and temperature, however, the sample was maintained well within the stability zone for 
the test duration. 



Density redistribution from the above processes can be seen in Test ME2.1 (Figure 7). The peak in hydrate 
content localized between 50 and 70 mm after 1 day in Test ME2.1 (Figure 7) would have caused a capillary 
pressure gradient to have developed between Parts A and B. Water slowly moved toward that location in 
response to this gradient resulting in density increases in the region between 50-70 mm. The overall density in 
Part A increased whereas the overall density of Part B decreased. Part A therefore had a larger hydrate content 
than Part B following initial hydrate formation (1 day in Figure 7). This higher hydrate content caused Part A to 
have a larger capillary suction than that of Part B after 1 day, and water was drawn to Part A over the next 57 
days as a result. 

Density changes seen in the first 28 days of Test ME2.2 could also be caused by the movement of free water due 
to capillary pressure gradients. A number of hydrate patches formed predominantly in Part A of the core during 
Test ME2.2. Within these masses, slight variations in hydrate content would draw water towards certain areas, 
increasing the density locally. In adjacent areas, the density would decrease where water was depleted. These 
regions can be seen as ring structures in Figure 8a.  

4.3.3  Additional hydrate formation in ME2.2 

A hydrate formation event occurred on the 33rd day of Test ME2.2, resulting in a drop in pressure (0.07 MPa) 
and spike in temperature (0.9°C). The temperature spike was observed in Part A of the core 10 minutes before 
the Part B side, indicating that the location of hydrate formation was closer to the A side thermocouple. CT 
scans show that density increased in both parts, with the largest increase occurring between 80 and 110 mm 
(Part B, see Figure 11). The CT data also shows the disappearance of the rings of density variation (Figure 8b). 
The density equilibration over the region between 10 and 16 mm along line I-I’ indicates that the redistribution 
in this region was most likely from moisture movement. If hydrate had reconfigured in this ring, the density 
would not have decreased (for a hydrate formation event) at Point X in Figure 8b.  

The most likely explanation for additional hydrate forming in Test ME2.2 after 33 days in the stability zone is 
that water that had been isolated from the methane gas in the pore space during initial hydrate formation became 
exposed. Instances of exposure of isolated water have been indicated in previous hydrate formation tests [39, 
43], where initial hydrate formation isolates gas and water from each other, ceasing hydrate formation until 
there is a “punch-through” and water and methane components come into contact once more. Kneafsey et al. 
[39] observed punch-through over 24 hours during the early stages of hydrate formation, and Linga et al. [43] 
saw several temperature spikes over a period of 75 hours during hydrate formation in a sand pack, indicating a 
new hydrate formation event. This punch-through phenomena has not been observed over longer time periods. 

A punch-through occurrence during Test ME2.2 would be a localized event. However, the disappearance of the 
ring structures and redistribution of density across the core occurs sample-wide. There are a number of 
possibilities for this global redistribution of density. We assume that the change in density seen in Figure 11 is 
due to water movement, in addition to new hydrate formation. With this in mind, three hypotheses can be made 
with regard to the cause of the water movement during this time: (1) expansion of trapped gas due to pressure 
decrease, (2) gas coming out of solution due to temperature changes during hydrate formation, (3) local 
redistribution of moisture due to capillary pressure changes because of the presence of new hydrate formation.  

First, water could have been redistributed by the expansion of trapped gas inside hydrate masses. This would 
account for a reduction in density in the rings (as seen in Figure 8) in addition to the increase in density caused 
by hydrate formation. This hypothesis assumes however, that there was trapped gas in each of the ring regions. 

The second hypothesis accounts for the global change in density observed across the core by considering the 
change in temperature that resulted from the new hydrate formation. If liquid water were accumulating in 
regions of higher hydrate saturation due to capillary pressure gradients, the rings would have higher unconverted 
water saturations than the adjacent areas. The 0.9°C increase in temperature caused by hydrate formation 

(temperature in the sample was 0.9°C above bath temperature for 60 minutes) may have caused more methane to 
dissolve into solution in the residual water in the rings, as methane solubility increases with temperature when in 
the presence of hydrate [44-46]. Once hydrate formation was over and the temperature returned to the previous 
conditions (3 hours after initial temperature increase), the dissolved methane exsolved from solution forming 
bubbles and pushing water out of the higher density regions, causing a drop in density in those regions. This 



density change is consistent with the disappearance of the peak at Point X in Figure 8b. Formation of bubbles in 
such small pore spaces under these conditions may not be possible however. 

The third hypothesis assumes the new hydrate formation that occurred on day 33 of the test altered the capillary 
pressures in the core, and caused moisture redistribution as a result. New hydrate formation in certain pores 
would increase capillary suction by reducing pore size locally. The increased capillary suction inthese areas 
would draw residual water away from previous accumulations (rings) and redistribute density in the core. 
Interpretation of the results discussed in previous sections agrees with this hypothesis, however it would occur 
locally to where hydrate formed, and density redistribution was seen globally in each ring structure not just in 
isolated regions.  

It is possible that a combination of processes is responsible for the density changes seen throughout the core 
between days 28 and 35 of test ME2.2. The global nature of the redistribution indicates a response to the 
temperature and/or pressure changes during new hydrate formation may be responsible, however, the results 
from tests ME1.1, 1.2 and 2.1 suggest the capillary pressure alterations caused by additional hydrate presence 
should not be discounted.  

Between 35 and 41 days in Test ME2.2, the ring structures began to appear once again in the hydrate masses. 
The higher local capillary suction that caused the rings to occur between days 9 and 28 would not have changed 
significantly during the hydrate formation event at 33 days. Even if new hydrate formed elsewhere, the larger 
accumulations of hydrate in the masses in Part A would still impart capillary pressure gradients that would draw 
the water into ring-like structures again. In addition, more hydrate could form around the new gas bubbles, 
increasing capillary suction further and drawing water into those regions once again. 

This study has a number of implications regarding forming hydrate in the laboratory, as well as our 
understanding of natural hydrate deposits. Previous assumptions that methane hydrate is an immobile mass in 
porous media must be reconsidered. Short term redistribution of methane hydrate as it grows in a sediment must 
be accounted for by those making physical measurements because the changing morphology will impact 
physical characteristics until complete hydrate formation has been achieved. In addition, long-term observation 
of hydrate-bearing sediments has shown that the capillary suction differences imposed in a sediment due to 
hydrate formation can cause moisture and/or hydrate to redistribute weeks after initial hydrate formation has 
been completed.  

5 Conclusions 

Methane hydrate was repeatedly formed and dissociated in a natural sediment core from the Mount Elbert 
Stratigraphic Test Well, as well as in laboratory sand packs, to investigate hydrate redistribution in sediments 
over time and the growth patterns of hydrate when made repeatedly in the same material. CT scanning was 
employed in both sets of experiments to directly observe hydrate structure within the cores. 

Results from repeated hydrate formation experiments showed that hydrate formed randomly across the cores 
indicating that numerous factors affect hydrate formation. Hydrate nucleation is a random process, with salinity, 
saturation of the pore water, grain-size distribution, and mineralogy each altering the probability of nucleation 
under the low driving force formation conditions. In the samples with no pore-water salinity and uniform grain-
size, water saturation variation was the dominant control on the location of reformed hydrate, with hydrate 
forming preferentially in areas of lower water saturation adjacent to regions of higher water saturation. In the 
natural sample with varying pore water salinity and grain size distribution, no correlation between previous 
hydrate formation and water saturation, salinity or mineralogy changes could be found to affect the location of 
hydrate formation in the core. The random nature of hydrate formation dominates nucleation location in this 
case. The memory effect did not control the location of nucleation events in reforming hydrate in these samples, 
in spite of reducing the time needed for hydrate to begin forming. 

Density redistribution was observed in both short- and long-term tests. Over the time period of hydrate 
formation (hours), density variations occurred whereby hydrate masses went from being concentrated to 
disperse. This change is attributed to early rapid hydrate formation in dendritic, high surface energy 



morphologies, then recrystallizing as hydrate formation progressed into more energy-efficient crystal 
configurations. Over the long-term tests, density redistributions were observed over periods of up to 60 days, 
which we attribute to mobile free water in the samples being drawn to areas of high capillary suction causing 
areas of higher density. We believe this moisture redistribution also caused renewed hydrate formation in one 
test by exposing previously trapped water, so that it became available for more hydrate formation. 

The results from the tests described in this paper suggest that in natural hydrate-bearing deposits, hydrate and 
residual moisture may not be stagnant phases, and are likely to redistribute in response to stimuli.  These stimuli 
include the thermal gradient changes that could occur from wells or pipelines carrying fluid at a different 
temperature than that of the ambient conditions.  
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Figures 

 

Figure 1. Schematic of the pressure vessel used in the Mount Elbert core tests 

 

 

 

 

Figure 2. CT scanning image presentation for Mount Elbert core section. 54 x-y slices are obtained from 
the scanning process which are 3mm deep in the z direction (left). It takes 2.7 seconds to scan each slice, 
with an additional 10 seconds processing time per slice. The 54 slices are reconstructed to produce a y-z 
slice showing the length of the core (right) and calibrated to give density values. Scan shown here is of the 
Mount Elbert core after original hydrate has been dissociated, but before laboratory hydrate formation. 
Parts A and B of the core are indicated.  

 

 



 

Figure 3. Grain size and XRD analysis for Parts A and B of the Mount Elbert core. 

 

 

 

 

Figure 4. Methane hydrate formation at location 111mm in the Mount Elbert core. (a) Test ME1.1 - 
pressurization. (b) Test ME1.2 -  cooling. Slices in both figures were taken at 10 minute intervals after the 
initial onset of hydrate formation was observed in the pressure/temperature data for each test.  

 

 



 

Figure 5. Hydrate formation distribution patterns on four consecutive formation events in packed sand 

sample SP1 at 8.3 MPa and 8C. The time periods between dissociation and consecutive formation were 
varied: 26hrs between 1 and 2; 19hrs between 2 and 3; 48hrs between 3 and 4. 

 

 

 

Figure 6.  Methane hydrate formation in sample SP2. (a) First hydrate formation in SP2. (b) Second 
hydrate formation in SP2 after previous hydrate dissociation from (a). 

 



 

Figure 7. Profile of the average change in density of each slice at various times, from Slices 5 to 48.  



 

 

Figure 8. (a) X-Y cross sections at location 63mm in the Mount Elbert core showing the development of 
“rings” inside a hydrate mass. (b) Density profile along the line I-I’ in (a) for 4 times during Test ME2.2. 
X-axis represents millimeters along line I-I’. 

 



 

Figure 9. A comparison of hydrate nucleation locations with water saturation; (a) hydrate saturation 
distribution after the second hydrate formation in SP2 with black dots for the center of high hydrate 
saturation area indicating hydrate nucleation locations, and (b) water distribution before the second 
hydrate formation with the black dots of hydrate nucleation superimposed. 

 

 

Figure 10. Cross-sectional profiles of density in the core (I to I’ at 32 mm from the injection point) 
showing the evolution of density distribution patterns.  

 



 

Figure 11. Density change along the length of the core between day 28 and day 35 in Test ME2.2. New 
hydrate formation was indicated by a temperature spike on day 33 of the test. 

 



DISCLAIMER  
 
This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor The Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or The Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or The Regents of 
the University of California. 
 
Ernest Orlando Lawrence Berkeley National Laboratory is an equal opportunity 
employer. 
 


