Copyright
by
Michael Anthony Nole
2015

The Report Committee for Michael Anthony Nole
Certifies that this is the approved version of the following report:

Characterizing the Petrophysical Properties of Shallow Marine
Environments and Their Potential as Methane Hydrate Reservoirs

APPROVED BY
SUPERVISING COMMITTEE:

Supervisor:
Hugh Daigle
Kishore Mohanty

Characterizing the Petrophysical Properties of Shallow Marine
Environments and Their Potential as Methane Hydrate Reservoirs

by
Michael Anthony Nole, B.S.

Report
Presented to the Faculty of the Graduate School of
The University of Texas at Austin
in Partial Fulfillment
of the Requirements
for the Degree of

Master of Science in Engineering

The University of Texas at Austin
May 2015

Dedication

To my father, whose perseverance inspires me, and to my mother, whose encouragement
keeps me going.

Acknowledgements

I would like to wholeheartedly thank my research advisor, Dr. Hugh Daigle, for
his support over the last two years. He always has complete confidence in my abilities to
achieve the lofty goals I set for myself, and he is always encouraging me to dig deeper
and take my work further. He has sent me around the world from Houston to San
Francisco to Beijing in order to broaden my perspectives and share my work, and for
these invaluable experiences I am incredibly grateful. I would like to acknowledge Dr.
Kishore Mohanty for allowing me to adapt his methane hydrate reservoir simulator code
as well as for his advice and input throughout the process of modifying the simulator. I
finally want to thank Dr. Maša Prodanović for her image analysis insight, which helped
me develop my microporosity estimation technique, and Dr. Kitty Milliken for the SEM
imagery used to develop the technique.
This material is based upon work supported by the Department of Energy under
Award Number DE-FE0013919. This report was prepared as an account of work
sponsored by an agency of the United States Government. Neither the United States
Government nor any agency thereof, nor any of their employees, makes any warranty,
express or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process disclosed,
or represents that its use would not infringe on privately owned rights. Reference herein
to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof.

v

The views and opinions of authors expressed herein to not necessarily state or reflect
those of the United States Government or any agency thereof.

vi

Abstract

Characterizing the Petrophysical Properties of Shallow Marine
Environments and Their Potential as Methane Hydrate Reservoirs

Michael Anthony Nole, M.S.E.
The University of Texas at Austin, 2015

Supervisor: Hugh Daigle

In shallow marine sedimentary environments, characterization of sediment
petrophysical and thermodynamic properties is imperative for understanding the
subsurface transport of fluids and their chemical constituents. This work first presents an
objective method of scanning electron microscope image analysis that directly quantifies
microporosity in clay-rich, fine-grained sediments typical of the shallow marine
subsurface. The method is powerful because it is fast, easy, and provides a direct
microporosity estimation technique to augment or replace experimental data. When used
appropriately, the method can be implemented on microporous sediments and
sedimentary rock in general. With an understanding of how microporosity manifests in
shallow marine sediments, the impact of small pore sizes on methane hydrate solubility is
then examined for core samples taken from 3 sites in the Nankai Trough offshore Japan,
an area that has been heavily surveyed in recent years for its potential to host
economically recoverable deposits of methane hydrate for use as a natural gas resource.
Small pores in fine-grained shaley intervals are shown to significantly increase the
vii

aqueous solubility of methane in pore water relative to surrounding coarser-grained
sediment strata, which can have broad implications for methane hydrate formation,
including lack of formation in the clayey intervals and strong diffusive fluxes of methane
into coarser sediment layers. Finally, an existing methane hydrate reservoir simulator is
modified to model methane hydrate accumulations in marine environments with
heterogeneous layered sediments. The impact of pore size on solubility is included in the
model along with steady state microbial methanogenesis and diffusion of salt in the pore
water. The simulator is then used to successfully model methane hydrate accumulations
in 1D and 2D at Walker Ridge Site 313 in the Gulf of Mexico, where well logs and
seismic surveys throughout the region abound. This work is an important step in building
a general 3D methane hydrate reservoir simulator for shallow marine environments
around the globe.
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Characterizing Microporosity and Thermodynamic
Properties of Pore Fluids in Shallow Marine Sediments
Chapter 1
A Method for Estimating Microporosity of Shallow Marine
Sediments Using SEM Microscopy
Introduction
Quantitative characterization of microporosity is imperative for understanding the
petrophysical properties of rocks, which in turn influence mass and energy transport
through the subsurface. Laboratory analysis of core samples is the best way to directly
assess local sediment petrophysical properties, and scanning electron microscope (SEM)
imagery is routinely performed on samples because it is a powerful technique for directly
visualizing the sediment microstructure.
In sediments and sedimentary rocks with significant microporosity, the smallest pores
retain capillary fluids, which are typically not considered as part of the effective porosity
through which fluid can flow (Ellis and Singer, 2007). However, because these pores still
contain fluid, they can still be included in total porosity estimates and are an important
part of the total fluid budget (e.g., Henry and Bourlange, 2004). Therefore, from a
1

subsurface hydraulic transport perspective it is important to understand how much
microporosity exists in a particular rock facies of interest. In the oil-rich Belridge
Formation of western San Joaquin Valley in California, for example, diatomite reservoirs
have been shown to have high porosities (>50%) but very low permeability (<10 md)
(Schwartz, 1988), because of the small sizes of the pores and pore throats (Ross and
Kovscek, 2002). While these rocks have the potential to contain vast amounts of oil, a
poor understanding of their microporosity can lead to vast overestimations of the
recoverability of the oil in place in these reservoirs. In smectite-rich sediments such as
those in the Nankai accretionary wedge, capillary water is retained in the microporous
interlayer space between clay grains. The release of this pore fluid during the smectiteillite diagenetic transition has been hypothesized to play a significant role in slip along
faults in this region; understanding microporosity can therefore complement proven
techniques like the use of cation exchange capacity to estimate fluid budget in these
sediments (Henry and Bourlange, 2003).

The fluids contained in micropore space are still subject to the temperature and pressure
conditions of the rest of the sediment, and therefore the same chemical reactions take
place in the micropore space as in the larger pores. Capillary effects can change the
equilibrium behavior (Perez, 2004) as well as the reaction kinetics (Dentz et al., 2010) of
pore water chemical constituents. Therefore, from a thermodynamic perspective the
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overall transfer of energy and the reactions between various species in pore water depend
strongly on the nature of sediment microporosity.

Microporosity forms in sediments predominantly as the result of various diagenetic
processes. Organic matter has been shown to add significant microporosity to sediment
structure (Sondergeld et al., 2010a), and the type of organic matter present (pelagic,
hemipelagic, or terrigenous kerogen) can potentially influence micropore size
distribution. Burial and heating of pumice in volcaniclastic sediments can precipitate
microporous silica from altered volcanic glass around sediment grains and as detached
amorphous silica (White et al., 2011), which has been shown to strengthen sediment and
anomalously preserve porosity through burial (Hüpers et al., 2015). Itself microporous in
the interlayer space between grains, clastic smectite undergoing diagenesis has been
shown to precipicate microporous illite in intergranular pore space (Bjorkum and Nadeau,
1998), a framework-altering process that has been implicated in overpressure generation
in the Gulf of Mexico (Lahann and Swarbrick, 2011). In the Junggar basin of
northwestern China, diagenetic precipication of microporous zeolite mineral cements has
been suggested as responsible for reducing reservoir porosity and permeability,
significantly decreasing oil reservoir quality in some areas (Zhu et al., 2011).

3

SEM image analysis may be used to illuminate the small-scale mineralogic
heterogeneities in fine-grained rocks that result from various depositional and diagenetic
processes. X-ray diffraction can complement SEM analysis in qualitatively characterizing
mineral compositions, which host different types of microporosity in shales and alter
hydraulic transport properties (Tankersley and Balantyne, 2009; Zong et. al, 2015), but
quantification of microporosity through image analysis still remains challenging because
most methods are tedious and time-intensive. Manual pore interpretation methods like
pore counting are typically preferred over automated ones when characterizing mudstone
porosity because image defects like scratches from sample ion milling and conductive
grain edge effects exhibit gray level values that overlap with those of the pore space
(Milliken et al., 2013). Thus, an important motivation for this study was the question of
whether an automatable method for mudstone microporosity quantification could be
developed to circumvent the time limitations of manual methods in a way that
sufficiently preserves their proven accuracy (Van der Plas and Tobi, 1965). The answer
to this question depends on the degree of accuracy required, the pore size range of
interest, and the sediment mineralogy.

When using SEM imagery to characterize microporous materials, it is important to
understand the limitations of scanning electron microscopy with respect to resolving the
smallest pores in a sample. For instance, an increase in the amount of total organic carbon
(TOC) contained in a rock has been shown to correlate with increasing total porosity at
4

small TOC concentrations (which could be important to quantify), but an increasing
abundance of TOC also correlates with decreasing visible porosity in SEM imagery
(Milliken et al., 2013). While SEM can be used to quantify microporosity over a clear
range of pore sizes, the applicability of SEM analysis can be severely limited if much of
the porosity is below the resolution of the instrument.

In the shallow marine, convergent continental margin forming the Nankai Trough
offshore Japan, microporosity results from a combination of depositional and diagenetic
processes, including deposition of clays (Daigle, 2014) and diagenetic alteration of
volcanic pumice (White et al., 2011). This region has been extensively cored and logged
during various expeditions of the Integrated Ocean Drilling Program (IODP). Slip along
the plate boundary fault and shallow, high-angle megasplay fault formed by the
subduction of the Philippine Sea Plate beneath the Eurasian Plate has been studied for its
influence on regional seismicity (eg. Shelly et al., 2006; Screaton and Ge, 2012,). Known
for their potential to host hydrocarbon accumulations in the form of methane hydrate, the
significant impact of small pore sizes on pore water methane solubility in this region has
also been quantified (Nole and Daigle, 2014). Both regional seismicity and distributions
of methane hydrate are indirectly influenced by the permeabilities of the region’s shallow
accretionary wedge sediments (Sibson, 2014), which in turn are dependent on the
distribution of sediment pore sizes.

5

Previous work has employed experimental techniques to characterize the size
distributions of micropores in cored sediments from the accretionary wedge seaward of
the Kumano Basin (Site C0018) as well as on the incoming plate (Sites C0011 and
C0012) by performing low-pressure nitrogen adsorption measurements (Daigle, 2014).
Core samples examined in this study came from Site C0002 drilled during IODP
Expeditions 315 and 338 in the Nankai Trough. Site C0002 penetrates the forearc
sediments of the Kumano Basin, the accretionary wedge, and the megasplay fault. A
better characterization of sediment physical properties at this site therefore appears
crucial to understanding large-scale phenomena throughout the region. To accomplish
this, it is important to first quantify the distributions of pore sizes within the sediment,
much of which is microporous.

CORE SAMPLES AND PREVIOUS CHARACTERIZATION
The pore space of interest for this study was that which corresponds to pore diameters
less than 100 nanometers, because this is the approximate threshold at which Mercury
Injection Capillary Pressure (MICP) experiments appeared to compress the pore space of
clays in other shallow marine mudstones from the Nankai Trough (Daigle, 2014). A
quick, automated method was developed for estimating the microporosity fraction of total
6

sediment porosity via analysis of scanning electron microscope (SEM) images, which
were already taken as part of a holistic compositional analysis of the core samples.

Scanning electron microscopy has long proven instrumental in characterizing porosity of
rocks (Kieke, 1974), especially those with irregular pore geometries. Techniques for
quantifying microporosity, have, however, in the past been limited in their effectiveness,
typically because methods like point counting are time consuming and therefore are not
frequently applied to very large data sets. An automatable method of SEM microporosity
analysis has the potential to provide a rapid and direct means by which to calculate
microporosity of a porous medium, and can be used to augment other porosimetry
measurements.

MICP measurements are a standard method for experimental characterization of pore size
distributions from core samples of coarse-grained rocks. In fine-grained samples, MICP
is useful for characterizing the large pore space, but the 60,000psi pressure limit of
mercury injection restricts the minimum pore size intruded by mercury; additionally, high
intrusion pressures may compress pores in soft, unconsolidated samples. These effects
can restrict the resolution of MICP experiments. The high clay content of these sediments
(40-50 wt% of the solid matrix) (Guo and Underwood, 2012) and previous experimental
investigations on samples from the region suggest that a significant portion of the
7

porosity would remain uncharacterized by using MICP alone. Therefore, an alternate
method is necessary to be able to characterize the small pore distribution.

As nitrogen adsorption isotherms can be used to characterize the distribution of pore
widths between 0.5 and 200nm (Groen et al., 2003), results from N2 adsorption
experiments were used to characterize the smaller pore space of the samples in this study.
Nitrogen adsorption-desorption isotherms were measured by dosing and withdrawal of
nitrogen in prescribed volume increments (Sing et al., 1985); pore size distributions were
inferred via application of a modified Kelvin equation to relate injection pressure to pore
volume and account for sorbed layer thickness (Cohan, 1938; Barrett et al., 1951). Sorbed
layer thickness was determined using the Harkins-Jura method (Harkins and Jura, 1944).
For additional details on nitrogen adsorption/desorption procedures see Daigle (2014).
This method of pore size analysis assumes that pores are cylindrical. However, in natural
sediments, and especially the clay-rich sediments of the Nankai Trough, pores are far
from simply shaped, and complex pore geometry can make it difficult to directly
correlate a condensation pressure with a particular pore size.

Pore geometry is captured in SEM imagery and it therefore does not necessarily cause the
same interpretation problems as injection porosimetry. Further, because thin slides for
SEM analysis are already made as part of standard lithologic characterization, running
8

slide images through automated microporosity analysis requires minimal additional time
but can replace nitrogen porosimetry experiments, or at least complement them. Pore
geometry statistics from SEM imagery provide additional data that can be used to assess
the validity of typical assumptions used in petrophysical analyses.

SEM ANALYSIS METHODS
SEM images were taken on core samples retrieved at Site C0002 during IODP
Expeditions 315 and 338. Summarized in Table 1.1, the imaged samples were taken at
depths ranging from 200m to 1100m below seafloor (mbsf). Figure 1.1 illustrates the
IODP transects in the Nankai Trough off the southeast coast of Japan (Tobin et al., 2009).
Site C0002 is one of the most landward sites and penetrates sediments of the Kumano
forearc basin and the underlying accretionary prism (Tobin et al., 2009).

9

Figure 1.1: IODP Exploratory Sites in the Nankai Trough. (Tobin et al., 2009)
SEM Imagery
Twenty-six SEM images from 5 different sections of cores drilled during IODP
Expeditions 315 (Holes C0002B and C0002D) and 338 (Holes C0002H and C0002L)
were used in this study. Slides of the core samples from Site C0002 were prepared Ar-ion
cross section polishing with a Leica TIC 020 triple gun with cross sectional stage,
operated at 8keV and 2.8MA for 10 hours. The samples were coated in 6nm iridium in a
Leica EM ACE600 to minimize surface charging effects, and images were produced by
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secondary electron detection under an FEI NovaNanoSEM 430 scanning electron
microscope.

The secondary electron detector attracts electrons emitted from a specimen by applying a
voltage across the tip of the detection apparatus. The scintillator fluoresces as it is hit by
the secondary electrons of the specimen. To produce higher resolution imagery, a
through-lens detector was used, whereby the secondary electrons emitted by the specimen
are detected at higher resolution by making use of the magnetic field of the scintillator.

The spot size is a measure of the diameter of a circular region on the surface of the
sample from which electrons are detected. Larger spot size gives a lower resolution,
whereas finer resolutions can be obtained with smaller spot size. Too small a spot size
can result in gaps between detected areas and spot sizes that are too large can result in too
much overlap in the signal, so it is important to balance spot size with desired
magnification. Spot size is a relative measure specific to machine type, and on all of the
images used in this study a spot size of between 3.0 and 4.0 was used.

High magnification is achieved by scanning smaller areas. Of the samples examined in
this study, the magnification used to characterize the distribution of micropores was taken
11

at approximately 40,000x (40kx) magnification with a corresponding horizontal field
width of 7.5 microns. The working distance (the distance between the lens and the
sample) was between 4.8 and 5.1mm in all images. Images were taken at an electron
voltage of 10keV.

Microporosity Quantification
In order to characterize the smallest pores of size less than 100 nanometers, all pore space
and solid space larger than 100 nanometers was first filtered out of each image. The
number of pixels corresponding to 100 nanometers depends on the resolution of the
image. Images used for this study were produced at either 274 or 137 pixels per micron,
so the size of the smallest resolved pores in the lower resolution images was twice the
size of those in the higher resolution images. Visible pore diameter ranges are listed in
Table 1.1.

About half of the images examined in this study were taken at resolutions of 137 pixels
per micron, and the rest were taken at 274 pixels per micron resolution. As an example,
in the 274 pixels per micron images, 100 nanometers corresponds to 27.4 pixels, so
features smaller than 3.6nm (corresponding to 1 pixel) were not resolved at all. At a
higher magnification, even smaller pores can potentially be resolved, but the upper
threshold may also need to be restricted so as to ensure a representative image of the pore
12

space of interest. While one pixel corresponded to about 3.6nm, features depicted by just
one pixel were indistinguishable from noise; further, the statistics calculated on processed
images (discussed later) were inaccurate for clusters of very few pixels. Therefore, the
widest pore size interval analyzed included pores between 15 and 100nm in diameter
(clusters of 16 or more pixels, with radii of 2 pixel lengths). Similarly, in the 137 pixels
per micron resolution images, the visible pore size range was between 30 and 100nm
(also clusters of 16 or more pixels).

To properly compare results between images, each grayscale image contrast was scaled
to span a range of pixel values between 0 and 255 in Fiji/ImageJ. Then, a median filter
with a pixel radius corresponding to a pore radius of 50nm (half the largest desired pore
diameter of 100nm) was used to replace all grayscale values in features smaller than this
size with the median value of surrounding pixels in the filter radius. In the 137 pixels per
micron images, this pixel radius was 7 pixels, and in the 274 pixels per micron images
this radius was 14 pixels. Applying this filter was assumed to take out predominantly
small pores, but noise, charging effects on some grain edges, and streaks due to ion
milling were also minimized during this process. After the filter was applied, the
resulting image was subtracted from the original version using the Image Calculator tool
in Fiji/ImageJ, and the pore space of interest remained. This altered image was then
thresholded such that the regions of interest appeared as pores amidst a solid background;
noise was minimized when using an iterative intermeans method (Ridler et. al, 1978), the
13

default thresholding process in Fiji/ImageJ. The connected particles that remained were
analyzed for their distributions of pixel areas and perimeters, which were statistically
interpreted to help distinguish between actual pores and background noise. This entire
process is illustrated by Figure 1.2.

After thresholding the median-filtered images, the microporosity of the samples remained
as black particles on a white background. Additionally, thin features that were not pore
space also made it through the filter. These features corresponded mostly to streaking of
the sample during the ion milling process and surface charging of clay particle edges.
These blemishes tended to manifest predictably as elongated particles in the thresholded
image and therefore exhibited anomalously low area-to-perimeter ratios.

The particle circularity (shape factor) can be defined as
!

𝑠! = 4𝜋 ∗ !!! ,

(1.1)

!

where Pp is the pore perimeter, Ap is measured pixel area, and sp is the pore circularity, a
dimensionless measurement of the extent to which pores deviate from exhibiting circular
cross sections. Perfectly circular pore cross sections have sp values of unity, while
irregular, elongated edge effects have low values of sp (Hernandez et al., 1997).
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Using the Particle Analyzer tool in Fiji/ImageJ, distributions of circularity and pore area
were extracted from each image. Circularity calculations in Fiji/ImageJ are inaccurate for
clusters of very few pixels, and this inaccuracy manifested in the circularity distributions
as a large spike in occurrences of circularities equal to unity. After filtering out clusters of
fewer than 16 pixels, this anomaly was removed from the circularity distributions, and
lognormal distributions of circularity remained as shown in Figure 1.3. Grain and pore
sizes in natural porous media often exhibit log-normal distributions (e.g., Li and Zhang,
2009); if certain grain configurations are associated with particular pore shapes, then it is
reasonable to conclude that pore circularities should also be log-normally distributed.
Therefore, the circularity distributions obtained from the thresholding stage appear to
reasonably represent the actual pore space of the sample, along with some amount of
blemishes.

To segment the thresholded image into a final image of only microporosity, a lower
threshold value to the circularity had to be assigned, below which the corresponding
particles are considered oblong blemishes and are discarded. This filters out the ion
milling and edge charging effects, but if there is significant overlap between the
circularity values of the pore space and those of the blemishes, the threshold must be
picked such that the area of the blemishes above the threshold equals that of the pore
15

space below the threshold. The circularity threshold is therefore not universal to all
images: samples with more blemishes carry a greater likelihood of those blemishes
exhibiting similar circularities as the microporosity space of interest.

Visually adjusting the circularity threshold, a balance therefore needed to be struck
between removing necessary blemishes and keeping microporosity. A histogram of shape
factors helped in this endeavor. The streak-like particles were few in comparison to the
microporosity (but took up a large proportion of area and were therefore necessary to
filter out), and the mean values of the distributions tended toward low circularities, so a
greater number of blemishes did not significantly affect the mean of the circularity
distribution. It did, however, affect the skewness of the data.
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A

B

C

D

Figure 1.2. A: Grayscale SEM image. B: Image after a median filter with a radius of 7 pixels is
applied. C: Thresholded image. D: Segmented image of microporosity after statistical particle
filtering.

Without any artificial blemishes, natural sediments exhibit log-normal pore size
distributions; the circularities should similarly be log-normally distributed. The average
circularity should be much less than 1, and in these samples all the histograms are
positively skewed. A higher proportion of streaks in an SEM image should add greater
17

frequency to smaller circularities, which works to more evenly distribute the weight of
the histogram about the mean and reduce the histogram skewness. Histogram skewness
can therefore be used as a proxy for proportion of blemishes in the image. Assuming that
a greater proportion of blemishes corresponds to a higher probability that their
circularities will coincide with the micropores, the circularity threshold should be
inversely proportional to histogram skewness. Figure 1.3 illustrates circularity
histograms with different skewness along with their corresponding circularity thresholds
and a lognormal fit of the data to guide the eye.
Circularity PDF: Skewness=1.04
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Figure 1.3. PDFs of two circularity data sets with different skewness. Larger skewness appears
to be associated with a lower circularity threshold.

Simply put, a region in the circularity histogram exists in which both blemishes and pore
space are represented. The circularity threshold should be selected such that the area of
the pore space below the threshold (deleted) equals the area of the blemishes above the
threshold (counted). This region is wider in images with less circularity skewness, and to
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eliminate the area added by blemishes, the circularity threshold must be raised
accordingly. The process of finding the correct circularity threshold is illustrated in
Figure 1.4. Picking a threshold that is too low will result in retention of the image
blemishes, while picking a threshold that is too high will filter out too much actual
microporosity.

Picking the circularity threshold can be achieved visually through trial and error: for
many images it is easy to see approximately when the blemishes in the images are filtered
out and microporosity remains. To investigate whether this threshold can be predicted, in
this study the circularity threshold was chosen such that the image microporosity matched
the experimental microporosity. Observing a relationship between optimal circularity
threshold and skewness of the images’ circularity histograms, a linear fit of this trend was
then used to predict circularity threshold from circularity skewness. The resulting
thresholds were then used to calculate SEM microporosity.
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A
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Figure 1.4. A: Original SEM image. B: Thresholded image at an appropriate circularity threshold
to preserve microporosity (sp=0.1). C: Thresholded image where circularity threshold is too low
(sp=0.02). D: Thresholded image where circularity threshold is too high (sp=0.2).

Fitting a least squares regression to the data comparing circularity histogram skewness to
the optimal circularity threshold (depicted in Figure 1.5), the fitted circularity threshold
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values were then used in the final segmentation step of the method. All particles with
circularity values below the threshold value produced by the data fit were deleted from
the image; the areas of the remaining particles were summed, divided by the total number
of pixels in the image, and then divided by the measured total porosity of each sample.
Total porosity data were taken from shipboard moisture-and-density (MAD)
measurements of the core sections (Kinoshita et al., 2008) (Table 1.1). The microporosity
fraction that this calculation produces was then compared to laboratory nitrogen
adsorption experiments.
Estimated Circularity Threshold vs. Circularity Skewness
0.3

y = -0.33x+0.46

Estimated Circularity Threshold
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Circularity Skewness

Figure 1.5. Circularity threshold vs. skew of the circularity histogram, accompanied by a least
squares linear fit to the data.
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RESULTS AND DISCUSSION
Using the circularity threshold values prescribed by a linear fit of the data in Figure 1.5
to segment the microporosity between blemishes and noise in the thresholded images,
calculating microporosity was simply a matter of adding the area of the remaining
particles, dividing by the total image area, and then dividing by the total MAD measured
porosity. In order to compare SEM microporosity results with those of nitrogen
porosimetry experiments, it was assumed that for each sample, the microporosity
represented in set of SEM images was equivalent to the microporosity measured by
nitrogen. The biggest possible pitfall of this assumption is the fact that SEM imagery
renders a 2D image that is made up of finite square pixels, whereas nitrogen measures a
3-dimensional pore space.

To claim that a set of cross-sectional areas of a sample’s pore space is equivalent to its
volume fraction, a set of 2D cross sections must be selected that span the same
representative sample volume as that of the injected nitrogen. Representativeness is a
function of the number of images studied and the resolution of the images at a particular
magnification. As number of images taken within a finite sample volume increases,
average porosity shown in the image set should converge to the volumetric porosity
within the sample volume.
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For this study, between 5 and 6 images were analyzed per sample. Each individual image
exhibits a moderate amount of variation in the SEM estimates, which is likely due to the
fact that the samples are heterogeneous over a wide range of length scales and contain
different area fractions of blemishes. Because the average microporosity for each sample
coincided well with the measured nitrogen microporosity at varying resolutions, 40kx
magnification and 5 to 6 images likely represents an elementary volume of pore space for
each of these samples, to first order estimation. Comparisons of average 2D SEM
microporosity measurements to those measured by nitrogen adsorption experiments are
summarized in Figure 1.6. The SEM determinations match the nitrogen measurements
very well.

23

Avg SEM Microporosity vs N2 Microporosity
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Figure 1.6. Average SEM microporosity vs. nitrogen microporosity

This method does not directly distinguish between grains and pores—it distinguishes
features in an image that are smaller than a particular pixel size and then separates out
particles with sufficiently low circularity. Therefore, the most critical assumption
underpinning this method is that all sediment grains are larger than the micropore space.
While this is mostly true for the pores smaller than 100 nm in the sample set of this study,
it does imply an upper limit to the pore size that can be accurately interpreted as distinct
from the grains. Therefore, care should be taken when utilizing this method to ensure that
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the pore space of interest is smaller than the smallest grains imaged. Otherwise,
additional techniques should be developed to better filter out grain space.

It is impossible to claim that the particular correlation between skewness and circularity
threshold found in this study is universal to all sediment lithologies, because all of the
analyzed samples came from one site in the Nankai Trough. However, for each sample,
all images exhibited distinctly clustered skewness values as compared to other image
sample sets. This implies a certain level of homogeneity within each sample set, and
heterogeneity between them. There is no relationship between image skewness and
microporosity (Figure 1.7). If lithology is assumed to be the same for each sample, this
potentially implies that some factor independent of lithology is controlling histogram
skewness. To investigate this observation, this process should be applied to image sets
from many different types of lithologies.
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SEM Microporosity vs. Circularity Skewness
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Figure 1.7. Plotting SEM microporosity vs circularity skewness shows no apparent correlation.

The main advantage of this method over other automated methods that segment images
based solely off of differences in grayscale values is that this method can adequately
distinguish and filter out blemishes in the image that manifest in grayscale values equal to
those of the pore space. However, blemishes do irreversibly alter the sample, and no
method can recreate lost data. Therefore, it is reasonable to conclude that a greater
presence of blemishes should reduce the accuracy of this method.
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The results of this investigation show that an accurate estimation of sediment
microporosity can be achieved from an objective method of SEM image analysis and that
the degree of estimation accuracy is dependent primarily on the circularity of the particles
that are filtered out between the thresholding and segmenting stages. While an empirical
correlation between circularity threshold and pore size statistics was obtained for these
samples, the correlation presumably is restricted to being applicable only to similar types
of sediments as those found in the Nankai Trough. Therefore, in the future the method
could be made more general if it is formulated to reflect a more physical basis for the
correlation between circularity threshold and circularity skewness.
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Table 1.1. Experimental measurements and SEM results for each image taken of each sample.
Sample

Depth

MAD

N2 Microporosity

SEM

Histogram

Circularity

Visible

Name

Below

Porosity

(% of total)

Microporosity

Skewness

Threshold

Pore

Estimate

Diameter

Seafloor
(mbsf)

Range
(nm)

2B-10R-3

601.1-

0.454

0.076

601.12

2B-40R-3

836.73-

0.413

0.167

836.76

2D-18H-4

202.26-

0.568

0.063

202.28

2H-1R-1

1101.14-

0.398

0.089

1101.19

2L-14X-1

402.54402.55

0.517

0.056

0.09

0.63

0.27

0.10

0.80

0.23

0.09

0.65

0.25

0.07

0.61

0.23

0.08

0.72

0.23

0.09

0.82

0.21

0.19

1.43

0.04

0.12

1.17

0.02

0.21

1.22

0.06

0.17

1.18

0.05

0.21

1.29

0.05

0.06

1.04

0.11

0.08

1.05

0.12

0.08

1.07

0.11

0.01

1.21

0.08

0.05

1.11

0.04

0.11

0.64

0.27

0.10

0.72

0.25

0.08

0.97

0.11

0.11

0.95

0.17

0.05

0.56

0.17

0.07

0.76

0.25

0.08

0.73

0.28

0.07

0.84

0.22

0.06

0.78

0.21

0.07

0.80

0.23
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30-100

30-100

15-100

15-100

30-100

CONCLUSIONS
Scanning electron microscopy is a powerful tool for characterizing sub-micron pore
space in highly heterogeneous sediments because it provides a direct snapshot of the
actual pore space instead of relying heavily on petrophysical assumptions. The difficulty
in quantitatively extracting properties like microporosity from SEM imagery, however,
has typically led researchers to favor methods like MICP and N2 porosimetry over SEM
image analysis. The method presented here offers a way to circumvent barriers to proper
quantification of the micropore space in clayey sediment samples, such as scraping
effects from ion milling, surface charging of particle edges, and time-intensiveness of
manual pore counting. The method is quick to apply, and if SEM images are being
produced for other purposes, it requires minimal additional work and can potentially
circumvent the need for injection porosimetry experiments. Average SEM microporosity
measurements correspond very well with N2 adsorption experiments, which suggests that
both methods sample the same space of micropores between 15 and 100nm in diameter.

With SEM images analysis corroborating nitrogen adsorption porosity experiments,
microporosity appears to account for between 5 and 15 percent of total porosity in the
sediments at Site C0002 in the Nankai Trough. This has important implications for
sediment permeability as well as the thermodynamic properties of the pore water
chemical constituents in these sediments. Very small pores can exhibit petrophysical
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properties that are very different than those of larger pores, so in fine-grained mudstones
with significant microporosity, the micropore space cannot be trivialized. This method
not only provides a means to understand the importance of microporosity in mudstones,
but it also yields micropore size distributions which can be directly incorporated into
petrophysical and thermodynamic calculations.
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Chapter 2
Characterizing Methane Hydrate Thermodynamic
Equilibrium Conditions in Nankai Trough Sediments
Introduction
Understanding methane availability and distribution is an important component of
prospect assessment and completion design in hydrate plays. In particular, constraining
methane hydrate phase equilibrium behavior in sediments is instrumental to
understanding and predicting subsurface hydrate distributions, particularly in fine-grained
sediments in which pores are small enough to have a significant effect on solubility and
thermodynamic stability conditions.

Preferential Hydrate Growth in Coarse-Grained Sediments
Recent work has explored mechanisms underlying the distribution of methane hydrates in
marine sediments, particularly in areas consisting of heterogeneous distributions of
coarse- and fine-grained sediments. In many locations worldwide, such as Walker Ridge
in the northern Gulf of Mexico (Cook and Malinverno, 2013), Hydrate Ridge offshore
Oregon (Weinberger and Brown, 2006), Blake Ridge offshore South Carolina (Kraemer
et al., 2000), the northern Cascadia margin offshore Vancouver Island, Canada
(Malinverno, 2010), and the eastern Nankai Trough offshore Japan (Tsuji et al., 2008),
hydrates have been found to preferentially nucleate in coarser-grained layers where larger
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pores provide more favorable thermodynamic conditions for nucleation (Clennell et al.,
1999).

At Blake Ridge, higher concentrations of hydrates were observed in two distinct intervals
with greater abundance of grains >5 microns in diameter, separated by a region of smaller
grain sizes (Ginsburg et al., 2000; Kraemer et al., 2000). In advective systems where
long migration is a primary means of methane transport, such hydrate partitioning could
be explained simply by easier fluid migration through more permeable sediment layers
(Weinberger and Brown, 2006). Additionally, when passing through a coarse-grained
interval, advecting fluid that is supersaturated with methane can more easily deposit
methane in the form of hydrate than when flowing through finer-grained intervals
(Kraemer et al, 2000).

In Hydrate Ridge off the northwestern coast of the U.S., hydrate was found to have
formed in fractured layers of fine-grained sediments as well as in coarse-grained sands
(Weinberger and Brown, 2006). Such distributions could result from an additional
mechanism involving hydraulic fracturing via generation of excess pore pressure during
hydrate generation elsewhere (Daigle and Dugan, 2010).
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The Gibbs-Thomson Effect and Aqueous Methane Solubility in FineGrained Sediments
In any sediment, methane hydrate formation occurs when the concentration of methane
dissolved in pore water exceeds its solubility at a specified pressure, temperature, and
pore water salinity, regardless of the methane source. Decreasing pore radius increases
the surface area to volume ratio of the pore space in sediments, and hydrate crystals that
grow in these pores must have correspondingly large surface area to volume ratios. In
fine-grained silty and clayey formations, this effect is significant enough that the
contribution of interfacial energy to the total Gibbs free energy of the pore-watermethane system cannot be neglected. This in turn leads to an increase in the solubility of
methane in the pore space, inhibiting hydrate growth (Clennell et al., 1999). An increase
in methane solubility thereby necessitates a decrease in the equilibrium triple point of
methane in the pore space with decreasing pore radius, known as the Gibbs-Thomson
effect. Thus, methane hydrate can be expected to require lower temperatures for
nucleation in smaller pores than in larger pores, all else remaining constant.

Determining Methane Hydrate Stability Conditions in Nankai Trough
Sediments
This study analyzed data from three sites in the Nankai Trough offshore Japan in order to
determine stability conditions for methane hydrates in the region. Although the three
sites modeled are not hydrate bearing due to lack of sufficient geochemical conditions,
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they are representative of the subsurface conditions in the strata approaching the
subduction front throughout the Nankai Trough and provide useful analogs to prospective
hydrate-bearing areas to the northeast (Expedition 333 Scientists, 2012). Figure 2.1
illustrates the locations of the boreholes offshore Japan’s Kii Peninsula.
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Figure 2.1. An (a.) aerial view of Sites C0011, C0012, and C0018 in the Nankai Trough
offshore Japan, as well as (b.) a column view.

The sites themselves vary slightly in sampling depth and the characteristics of the
sediments they penetrate. Adjacent Sites C0011 and C0012, depicted in Figure 2.2,
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sample regions of similar lithology, though Site C0011 seems to exhibit an expanded
lithologic distribution compared to a compressed Site C0012. Both Sites C0011 and
C0012 represent sediments unaffected by subduction (Expedition 333 Scientists, 2012).

Figure 2.2. Lithologic columns of sites C0011 and C0012.

Site C0018 is located within a slope basin above the accretionary wedge. It therefore
contains complex structural features related to wedge deformation associated with
convergence in the Nankai Trough. The site exhibits southeast-dipping beds, shear
zones, and chaotic bedding, all of which result in complicated hydrate stability
conditions. Figure 2.3 depicts the lithologic units sampled at Site C0018.
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Figure 2.3. Lithology of Site C0018.

All three sites analyzed are made up predominantly of fine-grained sediments (median
grain diameter <3 microns; Daigle and Dugan, in review), so it is expected that small
pore radii, via the Gibbs-Thomson effect, will significantly affect methane hydrate
stability conditions. Using measurements of grain size and pore size along with gamma
ray logs, this study determined the methane triple point temperature depressions and
subsequent methane solubility increases that characterize hydrate stability conditions in
fine-grained marine sediments within the Nankai Trough.

Logging-while-drilling (LWD) and laboratory sample data were used from three
Integrated Ocean Drilling Program (IODP) sites in the Nankai Trough to determine the
impact of pore throat sizes on methane solubility in the region. The LWD gamma ray log
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was used to determine shale volume, which was correlated with grain size measurements
to determine a relationship between shale volume and gran size. Shipboard helium
pycnometer porosity data was then used to determine the effective electrical pore size
from the grain size. Heat flow and porewater salinity measurements additionally were
used to determine hydrate stability conditions as well as the change in equilibrium
temperature and solubility caused by the Gibbs-Thomson effect.

Calculating Shale Volume Fraction from Well Logs
In order to determine the grain sizes within the methane hydrate stability zone (MHSZ),
grain size measurements were correlated with LWD gamma ray data. As gamma ray
measurements are useful for providing an estimate of the quantity of clay or shale in a
formation, the volume fraction of shale at each depth within the sample, Vshale, was first
calculated. Areas of low gamma ray response were deemed sandy regions (of larger
grain size), while regions of high gamma ray response were assumed to be shaly. Once
pure sand and shale endpoints were chosen for the gamma ray logs of each site, shale
percentage was estimated via a linear interpolation of the gamma ray data:
!"(!)!!!!"#$

𝑉!!!"# (𝑧) = !!

!"#$% !!!!"#$

,

(2.1)

where z is the depth coordinate and the gamma ray response is normalized by porosity.
Figure 2.4 depicts the gamma ray data for each borehole, while Figure 2.5 depicts their
corresponding shale volume fraction calculations.
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Figure 2.4. Gamma Ray data for boreholes 11A, 12H, and 18B.

Figure 2.5. Vshale for boreholes 11A, 12H, and 18B.
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Calculating the Electrical Pore Throat Radius
The relationship between clay content and grain size is, in general, non-linear (e.g.,
Dewhurst et al., 1999). However, the median grain sizes (D50) in the sediments we
analyzed in this study fell in a very narrow range, from about 1 to 3 microns. Therefore,
the relationship between grain size and shale content was approximated as linear.
Matching the depths corresponding to each grain size measurement with the interpolated
values of shale content at the same depths, a linear trend was fit to the grain radius data
(each of the measured D50 values divided by 2) using Reduced Major Axis Regression,
shown in Figure 2.6. Using this linear trend line, grain sizes were computed throughout
the depth of the MHSZ via matching shale content values to corresponding grain radii.

Figure 2.6. Vshale and grain radius data, with a linear trend line.
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Invoking the idea of an effective electrical pore throat radius, defined in the presence of a
thin conductive grain coating that differs in conductivity from pore fluid (Johnson et al,
1986), grain radius was then linked to pore radius in each sample. When the pore fluid
conductivity is much larger than the surface conductivity of the sediment grains, Revil
and Cathles (1999) showed that effective electrical pore radius could be calculated as
!

𝛬 = !∗ !!! ,

(2.2)

where 𝛬 is the effective electrical pore throat radius, R is the characteristic grain radius, m
is the cementation exponent, and F is the formation factor (Revil and Cathles, 1999). The
formation factor was calculated using Archie’s equation:
𝐹 = a ∗ ϕ!! ,

(2.3)

where a=1 and m=2.4, determined from previous work in the Nankai Trough area
(Kinoshita et al., 2008). During IODP Expedition 322, no LWD porosity measurements
were taken, so instead the porosity distribution with depth, Φ, was calculated using
shipboard moisture and density (MAD) values. This method is a simplification assuming
surface conductivities are small compared to pore fluid conductivity, and, following
Revil and Cathles, R values are used as characteristic grain radii, equal to one half of the
grain diameter measurements, D50.

Quantifying the Gibbs-Thomson Effect
Upon calculating pore throat radii throughout the MHSZs in each site, the depression in
the equilibrium triple point temperature of methane was then computed. It is important to
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note here that this should yield a near-maximum temperature depression (as well as
maximum solubility increase), as throat radius is used in these calculations, while pore
bodies are expected to be larger in radius than the throats. The triple point depression
due to constrained pore size, assuming cylindrical pores, was calculated via the GibbsThomson equation (Anderson et al., 2009):
𝛥𝑇! =

!!" ∗!∗!!" ∗!"# !
(!! ∗  !! ∗!∗!)

    ,

(2.4)

where Tmb is the bulk melting temperature of methane, 𝜎!! is the solid-liquid interfacial
energy between hydrate and liquid, 𝜙 is the hydrate wetting angle, Hf is the hydrate bulk
enthalpy of fusion, and 𝜌! is the density of methane hydrate.

The initial equilibrium triple point of methane immersed in saline pore water was
determined following the method of Bhatnagar et al. (2007), using the salinity effect
calculated by Duan et al. (1992) and assuming a constant geothermal gradient for each
sample. Figure 2.7 depicts the initial three-phase equilibrium temperature, the triple
point depression, and the geotherm for each site. The depressed triple point temperature
near the base of the MSHZ is lower than the in situ temperature, indicating that hydrate
may not form as a stable phase near the base of the MHSZ due to the effect of pore size.
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Figure 2.7. Equilibrium three-phase temperature curves for methane, equilibrium triple
point depressions, and geotherms for Sites 11A, 12H, and 18B.

By depressing its equilibrium triple point in saline pore water, reservoir methane will
necessarily see an increase in solubility at constant reservoir temperatures and pressures.
Using the method of Davie and Buffett (2001), the equilibrium concentration of methane
throughout the MHSZ was calculated as a function of both the initial triple point
temperature as well as the depressed triple point temperature using the following
equation:
𝑐!" 𝑇 = c!" T! ∗ exp  [

!!!!
!

]

(2.5)

where T3 is the three phase equilibrium temperature and τ is a constant, set to 15.3 (Davie
and Buffett, 2001). The solubility increase due to the Gibbs-Thomson effect was
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therefore calculated as a percent change between the equilibrium methane concentration
at the initial triple point and that at the depressed triple point. Figure 2.8 depicts the
percent increase in solubility predicted at depths throughout the MHSZ at all three sites.

Figure 2.8. Solubility impact due to the Gibbs-Thomson effect at Sites C0011,
C0012, and C0018.

Implications for Reservoir Storage Potential Estimates
Throughout Sites C0012 and C0018, solubility was observed to increase most near the
base of the MHSZ. This is due to a decrease in pore radius with depth throughout the
hydrate stability zone in these areas (Figure 2.9), which also correlated with a decrease in
porosity with depth. At Site C0011, the solubility increase was relatively consistent
throughout the MHSZ due to anomalously high porosity values near the base of the
stability zone (Expedition 333 Scientists, 2012). Relatively constant values of porosity
43

imply a fairly consistent distribution of pore throat sizes and greater homogeneity within
the sediment (Griffiths and Joshi, 1989), so it makes sense that the solubility increase is
somewhat constant throughout Site C0011.

Figure 2.9. Pore throat radius throughout MHSZ.

MICP measurements taken on samples from the same cores (Daigle and Dugan, in
review) yielded values very similar to the pore radius values calculated using effective
electrical pore radius theory, validating the approach of this study and its results (see
Figure 2.10). The magnitude of the median pore throat radii observed in the sediments
from each site should yield an increase in methane solubility relative to its free fluid
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solubility due to the Gibbs-Thomson effect, which in turn indicates that less hydrate can
be formed in these sediments. Further, the decrease in pore throat radii with depth at
Sites C0012 and C0018 will yield lower amounts of methane hydrate approaching the
base of the MHSZ.

Figure 2.10. Measured MICP throat radius vs. computed throat radius

Ignoring the effect of pore size on solubility, the equilibrium concentration of methane
(depicted in Fig. 11) throughout the MHSZ would range from 8x10-4 to 3x10-3 kg CH4 per
kg of pore water for Site C0011. With an average sediment porosity of 0.54, seawater
density of 1024 kg per m3, and MHSZ thickness of 241.16m, Site C0011 could contain
between about 1.06x108 and 4.0x108 kg CH4 per square kilometer within the stability
zone. With the Gibbs-Thomson effect accounted for, the actual solubility of methane is
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closer to 1.1 x10-3 to 3.3x10-3 kg CH4 per kg of pore water, yielding 1.47x108 to 4.4x108
kg CH4 per square kilometer and a constant increase in dissolved methane of
approximately 4.05x107 kg CH4 per km2.

Site C0012 contains sediment with an average porosity of 0.55, a hydrate stability zone
thickness of 145.35 m, and initial methane equilibrium concentrations ranging from
8.5x10-4 to 2.9x10-3 kg CH4 per kg of pore water (Fig. 11). In the absence of pore size
effects, this yields between 6.96 x107 and 2.37 x108 kg CH4 per km2. Including the
Gibbs-Thomson effect, the equilibrium concentration jumps to between 1x10-3 and 4x10-3
kg CH4 per kg of pore water, allowing for between 8.19 x107 and 3.27 x108 kg CH4 per
km2, for an average increase of 5.11x107 kg CH4 per km2.

The average porosity at Site C0018 is about 0.56, while the hydrate stability zone is the
thickest of all three sites, at 322.97m. Initial equilibrium methane concentrations range
from 8x10-4 to 2.75x10-3 kg CH4 per kg of pore water, and this range is increased to
between around 1x10-3 and 4.25x10-3 kg CH4 per kg of pore water (Figure 2.11).
Therefore, an average increase of 1.57x108 kg CH4 per km2 is expected at Site C0018 due
to the Gibbs-Thomson effect.
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Figure 2.11. Initial free water methane solubility and solubility due to the GibbsThomson effect.

Conclusions
At Site C0011, the equilibrium methane concentration was determined to increase by
4.05x107 kg CH4 per km2 when accounting for the Gibbs-Thomson effect. Similarly, Site
C0012 was determined to contain increased amounts of methane in dissolved water by
about 5.11x107 kg CH4 per km2, and Site C0018 should contain more dissolved methane
by nearly 1.57x108 kg CH4 per km2. An increase in dissolved methane decreases the
methane locked in hydrate form at a particular concentration above equilibrium, meaning
a lower potential hydrate yield during efforts to extract methane hydrates from sediments.
In the Nankai Trough, while there are significant reservoirs of methane hydrate beneath
the surface, the limitations on hydrate growth imposed by the Gibbs-Thomson effect are
non-negligible when estimating potential hydrate production quantities.
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At all of the sites, some of the equilibrium triple point values near the base of the MHSZ
depress to lower values than the corresponding reservoir temperature. While at Site
C0011 most of this seems to be attributable to scatter in the data, Sites C0012 and C0018
exhibit regions where this effect is pronounced. If the triple point temperature of methane
is lower than the reservoir temperature, hydrate is not able to form, and instead of solid
methane hydrate, these regions will contain solely methane gas and dissolved methane.
This illustrates the fact that the Gibbs-Thomson effect decreases the thickness of the
methane hydrate stability zone, which can have important implications to reservoir
quality and production designs.

This work is significant in that it allows for better assessment of the distribution of
methane hydrates in Nankai Trough sediments, which in turn could allow for more
effective and efficient methane production from hydrates in this area. Further, this work
provides a method of determining phase equilibrium behavior from log data, which
provides valuable information for hydrate exploration and production in the Nankai
Trough and other potential methane hydrate plays around the world. This method may be
used to predict methane hydrate stability conditions from wireline or LWD data. With
more data on grain size distributions at each site and with more sites to analyze, solubility
impact estimates using this method can be significantly improved.
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Table 2.1. Constants affecting the properties of the MHSZ at each sampled site
Site

Seafloor Depth (m)

Seafloor Temp (K)

Geothermal

Base of MHSZ

Gradient (K/m)

(mbsf)

C0011

4079

274.9

0.091

241.16

C0012

3550

276.0

0.135

145.35

C0018

3084

274.6

0.063

322.97
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Methane Hydrate Reservoir Modeling

Chapter 3
Modeling Methane Hydrate Accumulations at Walker Ridge in
the Gulf of Mexico
Introduction
Walker Ridge in the Gulf of Mexico has seen extensive acquisition of geophysical data in
recent years due to its abundance of naturally occurring methane hydrates. Data indicates
that lithologic heterogeneity in the region exerts control on the spatial distribution of
hydrate, promoting short (diffusive) migration of methane from fine-grained intervals
into hydrate-bearing sands. In order to better understand the mechanisms governing the
formation and distribution of methane hydrate in marine sediments such as these, I
employ a basin-scale reservoir model. I modified a methane hydrate reservoir simulator
to include the effects of pore water salinity, organic methanogenesis, and heterogeneity
from log data. The output of the model is compared to well-characterized methane
hydrate distributions at Walker Ridge in the Gulf of Mexico.

Many researchers have performed 1D simulations coupling fluid, energy, and mass
transport with thermodynamics to study methane hydrate accumulation in marine
sediments. The work of Bhatnagar et al. (2007) synthesized various hydrate systems
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modeling techniques into a 1D model that includes compaction effects, in-situ
methanogenesis, and upward fluid flux in a horizontally bedded reservoir. Chatterjee et
al. (2014) extended this formulation into 2D, adding impacts of lithologic heterogeneity
such as layered, dipping sand and shale sequences. Garg et al. (2008) formulated a 1D
model that couples energy and mass transfer, multiphase flow, and solves for the
thickness the sulfate reduction zone near the seafloor, which inhibits hydrate formation.
Geophysical surveys have clarified much of the subsurface stratigraphy in marine
hydrate-bearing environments. Haines et al. (2014) acquired multicomponent, highresolution 2D seismic data from Walker Ridge and Green Canyon, sites of sand-rich
hydrate-bearing reservoirs in the Gulf of Mexico, and produced extensive stratigraphic
characterization of these sites.

Modifying an Existing Methane Hydrate Reservoir Simulator
Reservoir simulations were performed using the methane hydrate reservoir simulator
developed by Sun (2005).

The simulator uses an implicit finite volume difference

scheme with primary variable switching to solve a coupled system of mass balance
equations for water and methane along with a system energy balance. The equilibrium
simulator is equipped to run in 3D; hydrate formation (and dissociation) is not explicitly
solved but is tracked by assuming local equilibrium corresponding to the thermodynamic
state of each grid block. If a grid block contains aqueous methane in concentrations
exceeding aqueous phase solubility at a given pressure and temperature, excess methane
is assumed to partition into the hydrate and/or gas phase.
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The simulator is powerful in that it is stable on large length scales and over geologic
timespans. However, it has a limited capability to adequately model marine methane
hydrate formations because the thermodynamic model used only applies to methane
hydrate growth in pure bulk water. The porewater in shallow marine sediments is saline,
and the addition of a salt component alters the equilibrium solubility conditions of
methane in pore water. Hydrate forms in the sediment pore space, which alters the Gibbs
free energy of the pore system in comparison to a bulk system, so the increase in methane
solubility due to the Gibbs-Thomson effect must also be included.

In marine

environments, methanogens beneath the seafloor work to convert buried organic matter to
methane and additionally constitute a major source of methane in methane hydratebearing sediments.

Furthermore, the simulated system is not static; sedimentation consistently pushes
sediment layers downward relative to the seafloor, thus exposing the pore fluid to everchanging temperature and pressure conditions, which in turn impact hydrate formation
and dissociation.

Once pushed beneath the zone of hydrate stability due to

sedimentation, methane contained within the hydrate phase in the pore space turns to gas.
Large accumulations of gas beneath the hydrate stability zone can cause overpressure and
potentially create or reinitiate fractures, recycling the methane back upward into the zone
of hydrate stability.

All of these processes are important components of a holistic
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understanding of marine hydrate-bearing environments, and incorporating all of them
into the reservoir simulator is the subject of ongoing work.

Code Optimization
The simulator was first developed to run in FORTRAN, but for the sake of accessibility
and ease of debugging I translated the code into MATLAB before making modifications.
As MATLAB is a higher-level, more interpreted computing language as compared to
FORTRAN, code typically runs slower in MATLAB, but matrix and vector operations
can be compactly written to make the code read more mathematically. Optimizing the
code to run best in MATLAB can mitigate this loss of speed, and this can be
accomplished by utilizing MATLAB’s affinity for working with matrix and vector
operations. Therefore, optimization was targeted at vectorizing the code while preserving
the solution search methodology for solving the coupled system of nonlinear equations.

The biggest gains in code efficiency came in vectorizing the function residuals used for
calculating the Jacobian during each Newton-Raphson search iteration.

Instead of

looping through every grid block and all of their respective neighbors, repetitive
calculations were manipulated so that they are now performed simultaneously for every
grid block to which they apply. Once the Jacobian is calculated, each Newton-Raphson
iteration solves for the changes in the independent variables by solving the following
system:
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𝐽 ∗ 𝑑𝑥 = 𝑓,

(3.1)

where 𝐽 is the Jacobian matrix, 𝑑𝑥 is the vector of the incremental changes to the
independent variables, and 𝑓 is the vector of function residuals. MATLAB is innately
designed to efficiently solve linear systems of equations, so instead of using the written
solver developed for the FORTRAN code I utilized MATLAB’s built-in functionality.
This allowed me to make use of the fact that the Jacobian is a sparse matrix for this grid
structure and system of equations, so sparse matrix notation in MATLAB also helped
speed up calculations. Vectorizing the calculation of the residuals and evaluation of the
increment 𝑑𝑥 resulted in a 7.5x increase in simulation speed. This gain is especially
useful when running simulations on a fine grid mesh. For a 2D simulation domain of
1500 grid blocks, Figure 3.1 illustrates the difference in simulation time between the
original code running in MATLAB and the vectorized version for a number of NewtonRaphson search loops. Future work will look to incorporate additional code optimization
techniques.
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Speed Gain through Vectorization of Residual Calculations
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Figure 3.1. Time saved by vectorizing the calculations of equation residuals in MATLAB.

Salt Mass Balance in Pore Water
The methane hydrate reservoir simulator makes use of an empirical equilibrium pressuretemperature correlation for SI methane hydrate in a bulk system of pure water proposed
by Moridis (2003). Using the temperature of a grid block, the simulator compares the
phase pressure to the equilibrium pressure on the P-T diagram to determine which phases
are possible given the availability of relevant constituents.
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The pressure-temperature correlation is important because it determines the criteria
necessary for hydrate formation. In marine hydrate-bearing environments, the pressuretemperature curve is affected by the presence of salt in pore fluid. For the purposes of
marine sediment simulations, the pressure-temperature curve can be translated by a
temperature increment 𝛥𝑇!!" via the method of Sloan (1998) if a non-zero mass fraction
of salt is present in the pore water, given by the following equation:
∆! !!"
!! !!

!∆! !!"

= 0.6652 ∗ !

∆! !"#
!∗

(3.2)

!! !∆! !"#

where 𝑇! is the freezing temperature of hydrate in a salt-free system, ∆𝑇!"# is the hydrate
freezing temperature depression at atmospheric pressure for a given salt mass fraction,
and 𝑇!   is the freezing temperature of water, set at 273.2K.

The hydrate freezing

temperature depression at atmospheric conditions is calculated from data given in the
CRC Handbook of Chemistry and Physics (2004/2005) as follows:
∆𝑇!"# = 𝑤!! (164.49𝑤!! + 49.462),

(3.3)

where 𝑤!! is the mass fraction of salt in the aqueous phase, in kg salt/kg fluid.

Additionally, when methane hydrate forms in pore space, pure water and methane are the
only two constituents of the hydrate phase. Salt in the pore water is therefore excluded
from the hydrate phase, and because less water is present in the pore upon formation of
hydrate, the pore water salt concentration increases. This leads to a situation whereby
hydrate formation locally increases pore water salt concentration, which in turn increases
methane solubility in the pore water, inhibiting the formation of methane hydrate until the
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excess salt diffuses out or seawater is advected in. In environments where the Peclet
number (the ratio of advective flux to diffusive flux) is close to unity, the ability of the
pore space to diffuse out high salt concentrations becomes important, and to model this I
implemented Fick’s Second law in a Crank-Nicolson finite volume difference scheme
after each simulation time step. In reality, the dissolved salt will also advect with the
fluid in which it is contained; this effect is not accounted for in the current design, but it
will be added in future work.

Steady-State Methanogenesis
In the shallow subsurface of marine methane hydrate-bearing environments, there
typically exists a region in which microbes, known as methanogens, convert organic
material that has been deposited on the seafloor into methane. Methanogens typically act
in organic-rich clayey strata and are inactive in sandy units. Because the average pore
size in clays is typically smaller than those of sandy strata, the solubility of methane in
clayey layers is higher than the solubility of methane in the sands. Furthermore, as the
organic matter in the clayey layers is consumed by methanogens, less organic matter
remains and therefore less methane can be produced.

A dynamic system therefore typically exists with respect to methanogenesis in marine
methane hydrate reservoirs. At steady state, methane production is highest near the top
of the sediment column beneath a sulfate reduction zone, decreasing exponentially with
depth as organic matter is used up. Methanogenesis only takes place in the presence of
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organic matter, which is often associated with fine-grained shaley sediment strata, and
since these strata can hold more aqueous methane in solution than the coarse-grained
sand layers, strong diffusive gradients typically exist between clayey and sandy layers.
This drives a diffusive flux between clayey and sandy layers, promoting hydrate growth
in the coarse-grained strata due to shot migration of methane.

Steady state methane flux due to organic methanogenesis was added to the simulator
following the formulation of Malinverno (2010) as follows:
!

𝑞 𝑧 = 𝑘! 𝜆𝛼!"#$ exp  [− ! 𝑧 − 𝑧!"#$ ],

(3.4)

where q(z) is a 1D depth-varying flux of methane into the pore space, kα is the conversion
factor from metabolizable organic carbon to methane, λ is the reaction rate of microbial
methanogenesis, αBSRZ is the metabolizable organic carbon at the base of the sulfate
reduction zone, ω is the sedimentation rate, and 𝑧!"#$ is the depth below seafloor of the
base of the sulfate reduction zone. Lithologic and pore fluid properties relevant to Walker
Ridge are summarized in Table 3.1.

The flux of methane was added as a source term to the methane mass balance in the
simulator formulation. The simulator discretizes the balance equations for heat and mass
as follows:
𝑀!!,!!! − 𝑀!!,! + ∆𝑡𝑅!!,!!! + ∆𝑡

!!
!,!!!
!!! 𝐴!" 𝐹!"
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+ ∆𝑡𝑄!!,!!! = 0,

(3.5)

where 𝑀!!,!!! − 𝑀!!,! is the accumulation of component i (mass or energy) in grid block
I over a period of ∆𝑡 between times N and N+1. The term 𝑅!!,!!! is a kinetic reaction rate
term, which in these equilibrium simulations is set to zero. The

!!
!,!!!
!!! 𝐴!" 𝐹!"

term

corresponds to the sum of fluxes across grid volume boundaries (convection, conduction,
diffusion), and 𝑄!!,!!! refers to various source inputs to the simulation domain.

This last term, 𝑄!!,!!! , originally contained inputs to the system on the domain
boundaries, but on this term I also added the 1D depth-variable methanogenesis function,
q(z). For 2D simulations, this 1D form was assumed applicable at every grid point
extending laterally, but once sedimentation is incorporated into the model and
simulations are performed in 3D, the steady-state methane flux should be allowed to vary
laterally.
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Table 3.1. Walker Ridge Site 313 in-situ characteristics. Water depth, BGHS, and geothermal
gradient from Hutchinson et al. (2008), and methanogenesis parameters from Malinverno (2010).

Water depth

1917 m

Base of gas hydrate stability (BGHS)

841 mbsf

Geothermal gradient

19 K/km

kα

4482 kg/m3

λ

10-13 s-1

αBSRZ

0.5%

ω

1 mm/yr

𝒛𝑩𝑺𝑹𝒁

4.5 mbsf

The Gibbs-Thomson Effect
Discussed in the previous section, methane solubility in the pore water between grains of
sediment is different than that of methane in a bulk water system. Described in detail in
Chapter 2 as the Gibbs-Thomson effect, this phenomenon is implemented in the
simulator as a translation of the phase diagram dependent on the radius of the pore space
within the grid block of interest. The change in methane hydrate freezing temperature is
calculated according to Eq. 2.4.

At smaller pore radii, a greater driving force is necessary to precipitate hydrate in the
pore space, so the freezing temperature of hydrate is lowered by a larger ΔTm. Therefore,
for a given in situ temperature within the pore space, the pressure value on the original
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phase diagram corresponding to the point at which hydrate would freeze is that given by
a temperature greater than the in situ temperature by a factor of ΔTm.

The block

temperature is thus adjusted as follows when calculating the freezing pressure:
𝑇 = 𝑇!"#$% ∗ [1 +

!∗!!" ∗!"# !
!! ∗  !! ∗!

].

(3.6)

The adjusted temperature is then used to calculate the increased equilibrium pressure due
to the Gibbs-Thomson Effect by plugging the new temperature value into the empirical
Moridis (2003) equation.

Incorporating Heterogeneity from Log Data
The simulator was initially designed to model systems with homogeneous initial
properties like porosity and permeability; otherwise, it can incorporate specifically userdefined heterogeneities. I added in an additional capability to the simulator whereby log
data is read in directly and incorporated into building the structure of the simulated
reservoir. Log data on depth-wise distributions of sediment porosity, median pore radius,
and formation factor can be fed into the simulator. It then uses this data when building
the structure of the grid to calculate sediment permeability, Gibbs-Thomson equilibrium
corrections, and methane and salt diffusivities, respectively. Values are interpolated at
depths between known points on a log; furthermore, if 2D simulations wish to use 1D log
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data, a dip angle can be specified and the simulator will offset the log data laterally to
keep sediment properties consistent along the dip.

One-Dimensional Results
Simulation Benchmarking
One-dimensional simulations were benchmarked against the results of Bhatnagar, et al.
(2007) using environmental parameters for Blake Ridge off the coast of the Carolinas,
which are summarized in Table 3.2. Considering a situation in which aqueous methane
flows upward into the GHSZ with no aqueous methane initially present in the GHSZ
sediments and no organic methanogenesis, aqueous concentration of methane was
tracked through a 1D control volume for varying Peclet numbers, where the Peclet
number corresponds to Pe2 in the formulation of Bhatnagar et al. (2007) as follows:
𝑃𝑒! =

!!!
!!

,

(3.7)

where U is the fluid flux (negative for an upward external flux), Lt is the depth of the base
of the gas hydrate stability zone, and Dm is the molecular diffusion coefficient of methane
dissolved in water. The variables Lt and Dm are fixed for a given environment, so the
Peclet number dictates the upward fluid flux through the system.

At steady state, a low enough Peclet number made it impossible to precipitate hydrate
within the GHSZ because fluid was not advecting upward fast enough for the
concentration of methane to reach solubility before diffusing out of the pore space. At
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progressively higher Peclet numbers, however, hydrate first precipitates in the shallow
part of the hydrate stability zone and proceeds to form at greater depths until reaching the
BHSZ.

These results are depicted in Figure 3.2 and matched those reported by

Bhatnagar et al. (2007).

Table 3.2. Blake Ridge in-situ characteristics, from Bhatnagar et al. (2007).

Water depth

2781 m

Base of gas hydrate stability (BGHS)

458 mbsf

Geothermal gradient

40 K/km

Dm

10-9 m2/s
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Figure 3.2. Aqueous methane concentration normalized to the solubility of methane at the base
of the hydrate stability zone. Depth is normalized by the depth to the hydrate stability zone
beneath the seafloor.
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Simulations were then performed in 1D and 2D using environmental conditions for
Walker Ridge Block 313 in the Gulf of Mexico, including seafloor temperature, seafloor
depth, geothermal gradient, and net fluid advection velocity combining effects of
sedimentation and compaction. Simulations were run first for homogeneous systems
with constant porosity and no Gibbs-Thomson pore size impact.

Homogeneous System
In the homogeneous system models, simulations were first run without a salt component
and then compared to results that factored in the presence of the salt component as well
as its ability to diffuse along salt concentration gradients. Snapshots were taken early on
in the evolution of methane hydrate in the 1D reservoir and show the relative influences
of methanogenesis and upward advection with methane-rich pore fluid. The base of the
hydrate stability zone is at around 850 mbsf, which roughly corresponds to the observed
BHSZ at Walker Ridge. Methane concentration in the advecting pore fluid is specified at
just below the solubility of methane at the base of the model domain so as to prevent
numerical inaccuracies associated with the simulation boundaries.

No methane is

initially present in the pore water of the simulated domain.

As shown in Figure 3.3, microbial methanogenesis acts most strongly in the upper
portion of the sediment column, precipitating hydrate in a manner that decays
exponentially with depth. Similarly, pore water methane concentration is highest closer
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to the bottom of the domain; therefore, hydrate precipitates out at the bottom of the
domain first and takes longer to form higher up in the column.

The second diagram is qualitatively similar to the first: methane hydrate forms in the
upper sediment column due to methanogenesis and hydrate saturation decays
exponentially, while a similar trend is exhibited from below due to upward fluid
advection. However, presence of a salt component increases methane solubility in pore
water; therefore, at the same point in time as the first simulation, hydrate growth is
inhibited in the second simulation and therefore lower saturations are observed.
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Figure 3.3. Early evolution of hydrate saturation with methanogenesis in (A) a salt-free system
and (B) with 35ppt seawater salinity imposed at simulation boundaries.

Heterogeneous System
Heterogeneities were included into the system directly from LWD data taken at Walker
Ridge Site 313. Permeability was inferred from gamma ray data in a method analogous
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to the one presented above to determine the effective electrical pore radius.

The

simulator is set up to calculate permeability as a function of pore space available for fluid
to flow, which initially corresponds to total sediment porosity but is reduced according to
the volume fractions of solids that develop, like methane hydrate or ice. I therefore took
density porosity information from the log data and fitted a power law relationship
between porosity and permeability. The best-fit relationship between permeability and
porosity for Walker Ridge was as follows:
𝑘 = 3 ∗ 𝜙 !.!" ,

(3.8)

where k is permeability in md and Φ is the sediment porosity. Depth-wise permeability
was then calculated as a function of depth-wise porosity available for fluid to flow. As
the pore space becomes restricted at a particular depth due to hydrate formation,
permeability is assumed to behave the same as sediment in a different part of the column
with initial porosity that is equivalent to the remaining porosity minus the hydrate phase
fraction.

Simulated saturation profiles are shown in Figure 3.4 at 3 separate points in time
throughout the simulation.

At an early stage, one can clearly see microbial

methanogenesis acting in the upper sediment column and upward advection bringing in
methane from beneath the zone of hydrate stability. Methane hydrate then proceeds to
form in very thin layers corresponding to coarse-grained sediment strata, in which
calculations from log data yield large pore sizes relative to adjacent clayey layers.
Comparing these results to the well log observations of Cook and Malinverno (2013),
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hydrate saturation estimates from this 1D simulation are strikingly similar to the proposed
hydrate saturations in some of the shallower sandy layers.
Simulated Hydrate Saturation Profiles
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Figure 3.4. One-dimensional hydrate saturation profiles for 3 points in time throughout a
simulation.

Two-Dimensional Results
Two-dimensional simulations were also performed using Walker Ridge environmental
parameters and well log data from Site 313. No flow boundary conditions were set along
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the vertical sides of the domain, a constant flow boundary was set along the base of the
domain, and a constant hydrostatic pressure boundary condition was specified along the
seafloor. Sediment strata at Walker Ridge are dipping at an angle of approximately 6
degrees, so in order to study methane migration through the simulation domain in a
dipping environment, log data was vertically offset at every lateral grid point by a vertical
distance corresponding to the degree of dip. Because the depths interpolated on the well
logs are not necessarily the same for each vertical grid point when moving laterally,
sediment properties differ slightly when moving along the dip. This all contributes to a
complex system of hydrate formation and dissociation, which is depicted in snapshots at
3 different times in Figure 3.5.

70

Hydrate Saturation After 4.566210e+05 Years

0.25

0.1
0.2
0.2

Normalized Depth

0.3
0.4

0.15

0.5
0.6

0.1

0.7
0.8

0.05

0.9
1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

Normalized Lateral Distance

(A)

Hydrate Saturation After 1.552511e+06 Years

0.8

0.1
0.7

0.2
0.6

Normalized Depth

0.3
0.4

0.5

0.5
0.4

0.6
0.3

0.7
0.2

0.8
0.9

0.1

1
0.1

(B)

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Normalized Lateral Distance

71

0.9

1

1.1

0

Hydrate Saturation After 2.739726e+06 Years

0.9

0.1
0.8

0.2
0.7

0.3

Normalized Depth

0.6

0.4
0.5

0.5
0.6

0.4

0.7

0.3

0.8

0.2

0.9

0.1

1
0.1

(C)

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

0

Normalized Lateral Distance

Figure 3.5. Two-dimensional methane hydrate saturation profiles at three points in time
throughout a simulation, using Walker Ridge Site 313 input parameters.

The depth-wise distribution of median pore throat size was estimated using the method
described in Chapter 2 for the log and laboratory data available.

Setting up the

simulation in 2D and including a 6-degree dip, the snapshot of the pore radius size
distribution throughout the domain illustrates a highly heterogeneous system (Figure
3.6). Pore sizes are relatively large in the upper sediment column and decrease with
depth. Two layers exist deep in the column with anomalously large pore sizes, which can
be identified as coarse-grained sediment strata. Layers of anomalously small pore size
also exist in the middle of the sediment column, which can be interpreted as clayey strata.
72

Median Pore Throat Radius (nm)
300

0.1
0.2

Normalized Depth

0.3
0.4
0.5
0.6
0.7

30

0.8
0.9
1
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

Normalized Lateral Distance

Figure 3.6. Two-dimensional distribution of median pore throat radius through the simulation
domain, based on Walker Ridge Site 313 log data.

Comparing the time series images of evolving hydrate saturations with initial
permeability (Figure 3.7a) and pore size distributions in the sediment column, it is clear
that hydrate forms preferentially in regions of the sediment with large pore size, or the
coarse-grained strata. As hydrate formation proceeds, sediment permeability reduces
(Figure 3.7b) as a function of porosity remaining to fluid flow (Fig. 3.8). Near the
seafloor, methane hydrate forms early on due to the input of methane via organic
methanogenesis. The methanogenesis source term is only a function of depth in the
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current simulation, so the methane input is the same laterally at a particular depth in the
sediment column. This leads to a fairly uniform accumulation of hydrate in the shallower
pores, which are large in comparison to the pores in the rest of the model domain. The
primary migration mechanism transporting organically-sourced methane is diffusion, so it
would make sense that methanogenesis would produce more connected distributions of
hydrate. As time progresses, methanogenesis-sourced hydrate deposits tend to follow the
imposed dip, precipitating above a finer-grained layer. When the fluid advected upward
enters the methanogenesis region, spots of high hydrate concentration become amplified
by increased advective methane supply.

74

Initial Permeability (md)
10

0.1
0.2

Normalized Depth

0.3
0.4
1

0.5
0.6
0.7
0.8
0.9

0.1

1
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

Normalized Lateral Distance

(A)

Sediment Permeability (md) After 9.132420e+04 Years
10

0.1

1

Normalized Depth

0.2

0.1

0.3

0.01

0.4

0.001

0.5

1E-4

0.6

1E-5

1E-6

0.7

1E-7

0.8

1E-8

0.9
1E-9

1
0.1

(B)

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

Normalized Lateral Distance

Figure 3.7. Sediment permeability at (A) the beginning of the simulation and (B) at the end.
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Figure 3.8. Sediment porosity at (A) the beginning of the simulation and (B) at the end.
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Near the bottom of the hydrate stability zone, hydrate accumulates in distinct regions
where the pores are largest and follows the dipping trend of the sediments. Hydrate then
proceeds to form higher up in the sediment column and expands outward along the dip,
but it still only forms within the coarser-grained sediment layers. As hydrate forms in
concentrated areas, it locally reduces permeability (Figure 3.7), which diverts fluid flow
(and in a more realistic simulation can lead to over-pressuring and fracturing due to the
constant flux lower boundary condition). This allows for hydrate precipitation outward
along a coarse layer to the next largest pore space.

Salt concentration remains very high in the pore fluid of the upper sediment column with
abundant, connected hydrate accumulations (Figure 3.9). In this region, methanogenesis
and upward advection are both bringing in methane, so hydrate formation is likely
occurring faster and with enough excess methane in solution to prevent the salt from
diffusing out. In other regions of the model, salt is able to diffuse more efficiently as
hydrate forms in the pore space.
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Figure 3.9. Salt mass fraction at the end of the simulation. Initially all pore water contained salt
at a mass fraction of 0.035kg NaCl/kg seawater.

Conclusions
This approach employs new methods for determining pore-scale properties. Rather than
using empirical formulas that approximate the permeability distribution with depth as a
function of compaction porosity, I constrain input permeability directly from analysis of
downhole logs. Pore size is determined using a similar method and is used to constrain
hydrate equilibrium conditions. Given the expected sand/clay pore size contrast at WR
313 (factor of roughly 3), the dissolved methane concentration gradient between sands
and clays caused by their pore size difference is relatively small. This manifests in slower
hydrate formation in sands at shallower intervals, with hydrate forming more rapidly
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deeper in the section due to the diffusive gradients being enhanced by greater spatial
solubility gradients. This work is an important step in furthering our ability to properly
predict subsurface methane hydrate distributions.

Future Work
The methane hydrate reservoir simulator is currently being developed further to
incorporate many of the more realistic modifications discussed above. Sedimentation
plays a major role in transporting solid hydrate through the methane hydrate stability
zone, and as of yet this is one of the most important geologic processes that still needs to
be incorporated into the model. Sedimentation can work to push methane locked up in
the hydrate phase into the gas phase when it reaches the base of the hydrate stability
zone, and over time this can lead to excess pore pressure buildup. If the pore pressure
exceeds the strength of the sediment, fractures can be initiated and methane can be
recycled back into the hydrate stability zone. This process can be implemented in the
model by building in fracture criteria. The methanogenesis function should be modified
so that it not only varies with depth but also with sediment type and a laterally varying
sedimentation rate. Salt in the pore water not only diffuses along concentration gradients
but it also advects with fluid moving through the pore space, so ideally a salt component
should be incorporated into the mass and energy balance equation formulations in the
simulator. Permeability is currently modeled as a scalar value; typically permeability is
much higher parallel to sediment bedding than perpendicular, and this can exert influence
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on how the pore water transports methane through the subsurface.

All of these

modifications become particularly important when building simulation functionality into
3D.

Ultimately, all of the processes added to the simulator will be expanded to work in 3D,
where basin-scale simulations can be run to study real volumetric accumulations of
methane hydrate at Walker Ridge and in other parts of the world. Once the 3D
simulations have full functionality, they will be designed to take structural data from
interpreted 3D seismic data recently acquired at Walker Ridge.
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