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ABSTRACT

My undergraduate thesis was mapping key subsurface boundaries to determine the maximum
possible thickness of methane hydrate within the hydrate stability zone contained in marine
sediment within the Blake Ridge region of offshore North Carolina, USA. Blake Ridge is
approximately 385 miles ESE of Savannah, Georgia in water depths ranging from 1935 meters to
2513 meters. Methane hydrates are an ice with a crystalline structure consisting of interlocking water
molecules surrounding a methane molecule forming in a delicate zone of low temperatures and high
pressures within the Arctic permafrost or ocean sediments. Using the software packages IHS
Kingdom Suite, ArcGIS, and Adobe Illustrator I analyzed three-dimensional seismic data in order to
map the two key subsurface boundaries for this study: the sea floor and the bottom simulating
reflector (BSR). I produced contoured structural maps and amplitude maps of each surface to
correlate how to identify the BSR and at what depth it should be appearing. Comparing my results
to a past study in this area, my seafloor bathymetry was similar and my BSR was also subparallel to
the seafloor, however the depth of my BSR was shallower by 500 meters to 600 meters. The reason
for this difference is not yet established. This general procedure has been applied in other hydrate
provinces and is also applied in current mainstream oil and gas industry. Given that methane
hydrates are potentially a global significant reservoir of natural gas, mapping is vital for quantifying

the potential energy resource that may be extractable in the future.
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INTRODUCTION

HYDRATES

Gas hydrates are an ice-like substance with a crystalline structure consisting of interlocking water
molecules surrounding a gas molecule that form when the pore space is saturated in a delicate zone
of low temperatures and high pressure within the Arctic permafrost or ocean sediments (Taylor et
al., 2000). According to Beaudoin et al. (2014b), gas hydrates may have the potential to be a new
global energy resource, expecting the amount of hydrate to be greater than all of our current
mainstream energy resources combined. There is still much research to be done to narrow the
mechanics, properties, and conditions in which these hydrates form, as some challenges include

developing the technology to safely extract the hydrate (King, 2015).

Methane hydrates are a gas hydrate in which the water molecules are surrounding a concentrated
methane molecule. Hydrates are considered to be a faitly clean burning fuel and methane is the most
common kind of gas hydrate, accounting for roughly a third of the world’s mobile organic carbon
(Beaudoin et al., 2014a). These methane hydrates form in low temperature and high pressure and
must stay within those conditions to remain stable, otherwise becoming unstable and transforming
back to gas and water (U.S. Department of Energy, 2015b). These hydrates are highly concentrated.
According to the U.S. Department of Energy (2015a), if you melt one cubic meter of methane
hydrate, it releases 164 cubic meters of methane gas. At room temperature and pressure, gas

bubbles can exsolve from gas hydrates, as shown by Paull and Matsumoto (1998) (Figure 1).

Scientists have been researching the mechanics and environments that harbor this potential energy
giant, along with conducting estimates to quantify this resource (Beaudoin et al., 2014a). With the
projected amount of methane hydrate that have been estimated worldwide, it is possible that it may
exceed the combined energy contents of all other fossil fuels (Beaudoin et al., 2014b). Although

methane hydrates could potentially exceed other combined energies, the amount of methane hydrate



is unconfirmed and has a wide range of distribution (Beaudoin et al., 2014b). More recent estimates
suggest that original estimates of global carbon inventory in methane hydrate may be only one

quarter of the early estimates (Hornbach et al., 2008).

Different ways to refine the estimates include using more advanced methods. These methods
include 3D seismic of the region and large scale drilling analysis where free-gas concentrations are
sampled and directly detected (Hornbach et al., 2008). By combining these two methods, we can
hope to better quantify the methane hydrate in the region (Hornbach et al., 2008). Currently, there
are several countries that have developed national gas hydrate research programs, with both industry
and academia helping to accelerate discoveries and our understanding of gas hydrates (Beaudoin et
al., 2014b). As of today, there is no large-scale commercial production, as it is still in the
research/experimental phase being conducted by the United States, Canada, Japan, and India (King,

2015).

SIGNIFICANCE OF HYDRATES IN ENERGY, CLIMATE AND GEOHAZARDS

Methane hydrates have been thought to be a potential link to past global warming events and to
increased carbon levels in the atmosphere (Gaskill, 2004). Potential geological and environmental issues
linked to methane hydrates are possible slumping events due to slope instability, underwater landslides,
or subsidence during attempts to extract the hydrate (King, 2015). This is a concern because methane is
a very potent greenhouse gas and releases of any large amount of methane into our atmosphere could
potentially elevate global temperatures (King, 2015). If such an episode were to occur, escaping
methane could dissolve into the water and be emitted into the atmosphere, where it will oxidize over
time. This can raise the temperatures and subsequently cause melting of more methane hydrates. More
melting of the subsurface hydrates would be likely to occur because the stability zone where the
hydrates form are based on a delicate balance between low temperature and high pressure, and with the

temperatures rising it will alter the depth at which these low temperatures keep the hydrate stable.



Although this issue has been presented as a potential catastrophe, USGS research has deduced that a
catastrophic melting episode sending large amounts of methane into the atmosphere is improbable
(King, 2015). Sedimentation and erosion can cause fluctuations in the temperature and pressure within
the stability zone. As sedimentation occurs, it increases the temperature and pressures; as erosion
occurs, temperatures cool and pressures decrease (Hornbach et al., 2008). Any kind of change in
temperature or pressure within the stability zone can cause the area to become unstable and result in the

structure failing and releasing methane in an unknown way and an unknown amount.

THE GEOLOGIC SETTING OF THE BLAKE RIDGE REGION

“Previous studies indicate that Blake Ridge, with its generally homogenous stratigraphy, simple geologic
structure, and limited geophysical variability represents an ideal natural laboratory to isolate and study
gas hydrate” (Hornbach et al., p.5, 2008). The data used for this thesis were collected on the research
vessel Maunrice Ewing operated by the Lamont-Doherty Earth Observatory of Columbia University
during the fall of 2000 (Hornbach et al., 2008). Figure 2 illustrates the location of the area in which
seismic data were collected in relation to the east coast of the United States. This area is known as Blake
Ridge. The study area of approximately 45 km in length and 7.5 km in width, covering roughly 370
square kilometers, is located 515 kilometers east of Savannah, Georgia. Blake Ridge is one of the largest
methane hydrate provinces in a passive margin on Earth and has been heavily studied for such reason
(Hornbach et al., 2008). Blake Ridge provides an ideal location because the dynamic system has a
relatively simple tectonic setting and uniform lithologies. As research is further conducted, the gas
hydrate system is noted to be much more dynamic than previously thought. Many aspects have been
emphasized through research, such as the distribution and concentration of gas hydrates and free gas
zones, the interaction between these hydrate reservoirs and the global carbon cycle, and the biological

and symbiotic relationships to the area (Holbrook et al., 2008).



The bathymetry of the Blake Ridge region forms from a western driven undercurrent, eroding seafloor
sediments from the eastern flank of the ridge and which are redeposited on the western half (Hornbach
et al., 2008). To the north, the ridge crest is superimposed with sediment waves that are asymmetrical,
southwest-oriented, and eroded perpendicular to the undercurrent. This is unlike to the south, where
the sediment waves take on an unusual shape most likely due to mixing of currents from the Gulf

Stream and the undercurrent (Hornbach et al., 2008).

3D SeEismic DATASETS AND WELL LoGS FROM ODP LEG 164

There are two main parts to reading the seismic data; the sea floor and the bottom-simulating reflector
(BSR). The BSR represents the methane hydrate/free gas phase boundary, typically running subparallel
to the seafloor. Above the phase boundary pressures can be too low and below this phase boundary the
temperatures and pressures are too high for hydrate to remain stable. Figure 3 is the BSR in seismic
data in the summary written by Paull and Matsumoto (1998), where they identified the BSR. The strong
lines defined as the BSR distinguish the base of the methane hydrate stability zone. Through seismic
studies, the BSR appears to be patchy or absent below the sediment wavefield and below the eastern
erosional flank where eroded sediment waves extend below the hydrate stability zone (Hornbach et al.,
2008). In contrast, seismic studies report a distinct BSR where there is an absence of sediment waves
below a majority of the crest of Blake Ridge (Hornbach et al., 2008). There are two hypotheses as to
why the western half has more hydrate underneath it than the eastern half with great belief of its
connectivity to sediment waves and erosion from scientists Dillon et al. (1998) and Holbrook et al.
(2002) as discussed by Hornbach et al. (2008). The discontinuous BSR on the eastern half occurs
“where eroded sediment waves extend below the hydrate stability zone” (Hornbach et al., p. 2, 2008),

result is also generally seen. So in other words, where erosion has occurred, less gas is present.

Dillon et al. (1998) and Holbrook et al. (2002) have different hypotheses for a lower gas presence
underneath the sediment waves in the seismic data. In discussing Dillon et al. (1998), Hornbach et al

said Dillon et al. (1998) propose “the sediment waves are normal faults, representing a seafloor collapse



triggered by catastrophic gas escape” (Hornbach et al., p.2, 2008). Holbrook et al. (2002) later suggest
that what others believed to be faults were actually eroded sediment waves, suggesting the area has a
substantial amount of escaping gas (Hornbach et al., 2008). The two different hypotheses propose that
there is evidence of substantial quantities of methane released in this region, which could cause the BSR
to be patchy on the eastern half (Hornbach et al., 2008). Neither Dillon et al. (1998) nor Holbrook’s et
al. (2002) hypotheses address direct evidence for ongoing or recent fluid flow below sediment waves
(Hornbach et al., 2008). As Holbrook et al. (2002) show through 3-D seismic data, the buried sediment
waves appear to be of sedimentary origin and not as normal faults proposed by Dillon et al. (1998). The
3-D seismic data show that the buried sediment waves on the eastern flank trend northwest to
southeast similar to the crest of the ridge (Hornbach et al., 2008). The buried sediment waves extend
farther beyond the seafloor bathymetric data suggested from Hornbach’s study, but they appear to have
smoothed out over 6 Ma due to seafloor erosion, masking the seafloor expression (Hornbach et al.,

2008).

Core was analyzed from three ODP Leg 164 well sites; Site 994, Site 995, and Site 997 (Paull and
Matsumoto, 1998). Figure 4 provides the locations of each of the ODP well sites in relation to the east
coast of the U.S. Coring results from these three well sites “reveal near-uniform fine-grained silt and
mudstones to depths of 700 mbsf (meters below seafloor) and both coring and seismic data indicate
that these sedimentary conditions exist across the study area” (Hornbach et al., p.2, 2008). How much
hydrate is within the pore space is vital to evaluate hydrate distribution which will help establish more
accurate maps of the subsurface within the area. With more hydrate within the pore space, the p-wave
velocity will increase, changing the subsurface appearance within the seismic data. Beaudoin et al.
(2014b) stated that although it is assumed that as the pore space is replaced with solids, the p-wave
velocity should increase; however, the extent of the increase in p-wave velocity is unknown because the

hydrate distribution within the pore space of the sediments are not yet established.



There are two different logs I used from ODP Site 994, Site 995, and Site 997: gamma ray logs and the
resistivity logs (which can also be referred to as the dual induction logs). The gamma ray logs tell what
kind of lithology exists with depth, while the resistivity logs tell the fluid type present from the level of
resistance or conductivity from electrical current. Gamma ray logs measure the radioactivity being
emitted from each sediment layer. In these environments, gamma ray logs are measuring how much is
being emitted in each formation with the spikes to the right (indicating more abundant natural gamma
ray) and the spikes to the left (indicating less abundance of natural gamma ray) in reference to the
vertical black line through the middle of the log. For example with sand, clay, and shale, the gamma ray
would spike to the left if it is sand-rich and to the right if it is clay-rich or shale. The resistivity logs
measure how resistant or conductive the fluid is within the pore space. So the resistivity log would
indicate whether the fluids are fresh water, salt water, oil, gas or hydrate, etc. For this thesis, I correlated
the gamma ray and resistivity logs to determine where the BSR may lie in each well when the gamma ray
gradually increases to the right and the resistivity spikes to the right. I determined the location of the
BSR at Site 994 at ~450 meters using the gamma ray log shifting to the right (Figure 11). Sites 995 and
997 (Figures 12 and 13) determined more by the resistivity logs, with both spiking to the right at 425-

450 metets.

METHODOLOGY

MAPPING HYDRATES

Because the seafloor should have a positive coefficient reflection and this dataset has reversed polarity,
the seafloor should be the uppermost horizon with a strong negative reflection coefficient. Mapping the
BSR by following the current concepts that are accepted in identifying the BSR in seismic data, the BSR
is indicated by the strongest positive reflection coefficient at depth below the seafloor running
subparallel to the seafloor. Layers that contain trapped free gas often generate strong reflections (i.e.
bright spots) because low velocities are generally associated with free gas (Taylor et al., 2000).
Reflection-strength anomalies correlate well with regions of active faulting visible in the data. Therefore,

it is likely that the sub-vertical faults contain gas and are acting as fluid conduits (Taylor et al., 2000). An



analysis of the BSR shows that the BSR has two different halves in this area. The western half has a
solid, continuous horizon with simple bedding and the eastern half with a discontinuous BSR horizon.
The complicated nature of the eastern half of the study area precluded a thorough analysis for this
thesis. There was also a time constraint involved, so for this thesis I mapped only the continuous half

on the western side.

In my dataset, I chose a grayscale color bar to illustrate the impedance contrast, with white representing
negative impedance contrast and black representing the positive impedance contrast. Plots of points
along a constant impedance reflection created a horizon, or a digital layer within the seismic data. When
pieced together, this created a three-dimensional map. After I mapped the seafloor and the BSR, I
looked for any geological issues or outliers in VuPAK. VuPAK is a 3-dimensional geological
interpretation module within IHS Kingdom suite. The seafloor horizon that I created in VuPAK
allowed me to view the seafloor in three dimensions using the x-coordinates (x-axis), y-coordinates (y-
axis), and two-way time (z-axis) (Figure 15). The BSR was mapped within the entire seismic area, but I

only proceeded with the western half of the BSR (Figure 10).

I created two cross sections (Figure 8 and Figure 9) trending southwest to northeast, running with the
length of the seismic array. These cross sections both extend about 45 kilometers, the same length as
the dataset. Each cross section is meant to display a series of geological features such as faulting,
folding, evidence of salt domes, and underwater landslides. Choice of two horizons that are best
representative of the different sections of the area gives a sense of what is happening with the geology

in the northern part of this area versus the southern.

With the Logging Database from ODP’s Janus Web Database, I was able to retrieve the gamma ray log
data and the resistivity log data from each of the ODP Well Sites; Site 994, Site 995, and Site 997.
Hydrates are generally expected to have low gamma ray values and high resistivity (Majumder, 2009), so

observation of the gamma ray logs and the resistivity logs will show if there is hydrate present and at
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what depth it can be located within the well. The data were retrieved from the Janus Database and
imported into Microsoft Excel. In Excel, I was able to create a side-by-side scatterplot for both gamma
ray and resistivity for each ODP site. This made it easier to compare the logs not only between the two

logs for each site, but easier to compare each site as well.

After exporting the maps of the seafloor, the BSR, and the isopach out of IHS Kingdom Suite, 1
imported all three into ArcGIS. ArcGIS is a geographic information system (GIS) capable of working
with and creating maps. This program allowed me to create the contours, add hillshade for a more
three-dimensional effect, and to create essential parts of the map. I then exported the maps from

ArcGIS and imported the scatterplots and all three maps into Adobe Illustrator.

RESULTS

3D MAPPING OF HYDRATE SYSTEM OF BLAKE RIDGE

The maps of the seafloor and the western continuous BSR shared a common bathymetric pattern that
gradually deepens, with the shallowest point lying in the northwest and the deepest point towards to
east. The isopach map differed from the bathymetry pattern, varying more in thickness where it is
thinnest. The seafloor was relatively easy to map throughout the area because the interface between the
seawater column and the seafloor appears as a bright, strong reflection. The BSR was easier to map in
the western half because of its simple bedding and more apparent, subparallel reflections to the
seafloor. All of the maps that I created are paired with a location map of the seismic area, the location
of the wells in relation to the seismic area, and the cross section lines A-A' and B-B' that I created in
relation to the seismic area. The seafloor is 45 kilometers (30 miles) in length, covering roughly 300
square kilometers (116 square miles)(Figure 5). My interpreted seafloor has a range of depth. The
seafloor ranges from 2005 meters (6578 feet) to 2618 meters (8592 feet) from West to FEast. The depth
was calculated using the two-way time (TWT) and a seawater velocity of 1550 meters per second. TWT
is the time measured from leaving the source and bouncing back to the receiver. The map of the BSR
(Figure 6) is represented in the same manner as Figure 5, except the depth is in time (TWT) instead of
meters and the BSR was mapped in the continuous western half instead of completely across the study

area like the seafloor map. The continuous western BSR appeared at its most shallow point at 3.03
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seconds in TWT and the deepest appearing around 3.34 seconds in TWT. The continuous BSR
extended from 21 kilometers to 25.3 kilometers from the western most edge of this seismic area. With
1700 meters per second for the velocity through the hydrate zone, the BSR is placed at 2573 meters to
2836 meters. Figure 7 displays the isopach map created by measuring the thickness between the seafloor
and the interpreted BSR in terms of seconds (TWT). With 1700 meters per second for the velocity and
and the calculated the isopach map, the thickness between the two horizons ranged from 322 meters to
455 meters, with the thickest portion in the northwest and the thinnest portion in the east. As far as the
two cross sections I displayed as Line A-A'and B-B', I chose two lines 3.5 km apart from one another
in order for the cross section to appear best representative of the differences in the subsurface of the

seismic area.

DISCUSSION

The maps I created were consistent with previous maps of the area. Hornbach et al. (2008) provided
their bathymetric map of Blake Ridge, which also included a portion of the sediment wavefield to the
northwest of the study area. Hornbach’s bathymetric map also illustrated that the sediment waves
became less prominent as you moved further towards the east of the seismic study area where it
illustrates the pathway of the Western Boundary Under-current (WBUC). This would explain why my
bathymetry decreased from the west to the east, because of the WBUC and the drop off of the
continental shelf towards the abyssal plain. The seafloor depths in Hornbach et al. (2008) had the
shallowest depth at approximately 2600 meters and the deepest section at 3200 meters. These values are
much greater by 600 meters than the values that I calculated. However the range between the shallow
and the deep ends of the seismic area are the same at approximately 600 meters with the same

bathymetry. The reasons for these differences are unknown.

The seismic area studied by Hornbach et al. (2008) was ~370 square kilometers in size, while my
measurements through Kingdom for my mapped seismic area was ~300 square kilometers. So my
calculated area through IHS Kingdom Suite was a fraction smaller, by ~19%. The isopach I created

represents the thickness between the seafloor and the interpreted BSR. The only isopach mentioned by
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Hornbach et al. (2008) referred to correlating past dated seafloors to evaluate sedimentation rates. So I
created an isopach map and Hornbach created an isopach map, but they calculate the thickness between

two different sets of horizons.

Having worked with the acoustic impedances from the seismic data, it is important to note what that
means to have a contrast in impedances. The white section of the color bar represents the strongest
possible reflections, the black the weakest reflections and with different shades of gray as the in-
betweens but still representing positive or negative. The reflection strength or brightness depends on
the seismic impedance, which is the product of p-wave velocity and bulk density. Any change in p-wave
velocity or bulk density will affect the brightness of the impedance contrast, but the impedance contrast
is also affected by porosity. Bulk density is inversely related to the porosity; meaning generally the
higher the porosity, the lower the bulk density and the lower the porosity, the higher the bulk density.
The BSR depth is not only based on a delicate balance of pressure and temperature as stated earlier in
the thesis, but also on sedimentation and erosion, with sedimentation lowering temperatures and

erosion shifting the depth of the BSR to a new lower depth, respectively (Hornbach et al., 2008).

Hornbach et al. (2008) described the bathymetry and processes that are occurring in the western half
and the eastern half of the seismic area, as the western half is constantly undergoing sedimentation and
erosion, while the eastern half experiences higher rates of erosion causing the BSR to appear patchy or
intermittent. This could explain why the western half displays a stronger BSR due to sedimentation and
erosion creating a more stable area than compared to the eastern half which appears intermittent
because of the constant erosion from the westward bound under-current eroding the east and
depositing in the west explained by Hornbach et al. (2008). My assumption was the stability zone is
constantly shifting and not allowing enough time for a solid continuous horizon to form. Moderate
sedimentation and erosion occurring in this area tell us that there is a dynamic hydrate system present

(Hornbach et al., 2008). The BSR needs a balance among temperature, pressure and salinity, but it is
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largely dependent on temperature and less dependent on pressure and salinity (Hornbach et al., 2008).
Temperature is the most sensitive factor for this delicate balance. A greater sedimentation rate will
lower the temperature at a given depth below the seafloor resulting in the BSR rising. This is in contrast
to the effect of erosion which deepens the BSR (Hornbach et al., 2008). Hornbach et al. (2008) stated
that their BSR was found at depth from 3100 meters to 3300 meters, which was again 500 meters to
600 meters deeper than my calculations. The reason for this discrepancy is unknown. Hornbach et al.
(2008) believed that the BSR extends over 50% of the seismic area, which was approximately what I
found in my mapped BSR as well. The western BSR and the eastern BSR in my data appeared to match

the appearance and description that Hornbach et al. (2008) also found through their study.

Within the study area, I created two cross sections to illustrate the bathymetric differences between the
northern portion of the area and the southern portion, which are representative of the areas
surrounding each cross section. Figure 8 illustrates the crossline A-A' created along Line 20 within the
dataset for the northern part of the seismic area, providing a cross section at the top and an interpreted
cross section of A-A" at the bottom. On figure 8, it shows how the well locations correlate to the cross
section perpendicular to the seismic atrea, to the interpreted seafloor and to the BSR. The BSR in A-A'
does not quite follow the bathymetry of the seafloor, with the seafloor being more variant in depths
within its hotrizon. You can also see this deformation within the immediate area located at the seafloor
and just below the seafloor. This deformation could be due to submarine landslides, with the more
famous ones particularly being the Cape Lookout Slide and the Cape Fear Landslide. Due to its location
on a passive margin, submarine landslides should occur due to slope instability, with the failure likely

occurring on slopes as low as 2°.

The stability zone within the subsurface appears to become more discontinuous as the seafloor shallows
with depth just below where the seafloor appears to be very deformed. This deformation could be the

result of sedimentation and erosion from currents in the area. The contrast in figure 8 is strongest just
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below each of the horizons, which then becomes less distinct with increasing distance from each of the
horizons. Below the BSR, the contrast becomes less distinct to almost absent to the eye with greater
distance from the BSR. This could mean that below the BSR the contrast is low because the area at
depth lacks differences in acoustic impedance. This could be due to the lithologies being less variable as
they are above the BSR. So below the BSR, there may be one larger lithology or a lithology gradually
dominating with depth. At this scale it is not possible to tell what it could possibly be from this seismic

acquisition.

Figure 9 displays generally the same results with some subtle differences, however figure 9 represents
Line 67, is in the southern part of the seismic area. The bathymetry of the seafloor represents a better
example of how the BSR should be, running subparallel to the seafloor. This is because the seafloor
appears to be more stable, and the seafloor contains more layers that are continuous. The contrast for
figure 9 is the strongest for the seafloor and the BSR in B-B', which was much clearer and stronger than
A-A'. There are many faults and folding within the subsurface of A-A', with a lot of them appearing
above the BSR. The faults are much clearer, and the folding had lessened in B-B'. Knowing the types of
faults and the locations of your faults is very important in industry. This will help in the industry
deciding if there are any structural traps present. For example, a structural trap could be a fault acting
as a trap, not allowing further migration and essentially sealing off the flow of the petroleum. This is
especially important to determine prior to drilling so that time and money is not wasted on a dry hole.
The Blake Ridge has quite a bit of fluid flow within the pore space. This fluid flow is a part of this

bigger complex with it being a dynamic system.

Figure 10 displays the expanded portions along A-A" and B-B' represented in Figure 8 and Figure 9 by a
vertical yellow rectangle. These expanded portions are provided to allow visual interpretation of what
should be recognized as the seafloor and the BSR by using an application within IHS Kingdom Suite

called Wiggle Trace, which displays the polarity of each impedance reflection to show if it is positive or
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negative. Because the dataset had reversed polarity, the values appearing on the color bar to represent
the impedance contrasts are opposite; the negative values representing a positive polarity and the
positive values representing negative polarity. Typically the negative polarity is represented through
Wiggle Trace by a blue fill to the left along the vertical line on the data, while the positive polarity is
displayed with red fill to the right along the vertical line. Because the polarity is reversed, what Wiggle
Trace is interpreting as positive and negative is actually the opposite; blue to the left is positive polarity
and red to the right is negative polarity. A-A' and B-B' are along Lines, which in the data are the cross
sections running southwest to northeast. With the Lines we also have Crosslines, which are shorter lines
running perpendicular to the Lines from the northwest to the southeast with assigned numbers to each
Crossline and Line helps for referencing. Hornbach et al. (2008) created a cross section that ran through
the seismic area to correlate the subsurface between the seismic area and the ODP Well site 994,
located approximately 10 kilometers south of the seismic area that just displays a cross section and the
interpreted BSR, but anything representing polarity like IHS Kingdom Suite’s Wiggle Trace is not
present. So similarities are that both created cross sections, however they are demonstrating correlations

among two separate aspects of the data in two different manners.

The log data analyzed in this thesis were the same log data that were analyzed in Hornbach et al.’s
(2008) study. The logs that I worked with were ODP Leg 164 Site 994, Site 995 and Site 997 located
approximately 10 kilometers south of the seismic area. Site 994 was the furthest from and Site 997 the
closest to the seismic area. Figure 11, Figure 12 and Figure 13 illustrate the gamma ray logs and the
resistivity logs collected for each site, representing the logs from the seafloor to depth with a BSR line
through each log where the BSR might be expected to appear when the logs are applied to the seismic
data. Previous drilling results from three of the ODP Leg 164 drill sites revealed near-uniform fine-
grained silt and mudstones to depths of 700 mbsf (Hornbach et al., 2008). Coring and seismic data
results indicated that these sedimentary conditions exist across the study area (Hornbach et al., 2008).
Figure 14 allows visual correlation of the depth of the seafloor and the BSR at Site 994 compared to the

depths of the seafloor and the BSR found within the seismic area. The BSR at and around Site 994
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seems to run subparallel to the seafloor, as it should (Figure 14). The BSR on the north side starts at
roughly 3200 meters below the sea surface and visually ends up around 3100 meters at the peak of the
seafloor, then gradually decreasing back to roughly 3200 meters. This cross section provided by
Hornbach et al. (2008) runs perpendicular to the two cross sections that I created as A-A" (Line 20) and

B-B' (Line 67).

CONCLUSIONS

My thesis was mapping key subsurface boundaries to determine the maximum thickness of methane
hydrate within the hydrate stability zone contained in marine sediment. It consisted of creating three
maps; the bathymetry of the seafloor, the bathymetry of the BSR, and an isopach map. These maps
were created in a program called IHS Kingdom Suite, which is an analytical seismic and geophysical
interpretation software provided by The Ohio State University. By mapping the seafloor and BSR
horizons, I was able to calculate the thickness between the two horizons; thus creating an isopach map.
Previous seismic studies have shown that the seafloor is normally characterized by a positive reflection
coefficient/amplitude in seismic data, while the BSR is normally characterized by a negative reflection
coefficient. In the case of the dataset I used for this thesis, the polarity is reversed, meaning that the

seafloor appears having a negative reflection coefficient and the BSR appears to be positive.

I interpreted three-dimensional seismic data to map the two key subsurface boundaries for this study:
the sea floor and the bottom simulating reflector (BSR). The BSR distinguishes the base of the methane
hydrate stability zone, representing the phase boundary between solid methane hydrate and free gas
where p-wave velocities decrease from a high velocity to a much lower velocity due to the free gas. I
produced contoured structural and amplitude maps of each key boundary, including the seafloor, the
BSR and the isopach map and created figures representing borehole data from sediment cores from
three different wells (Site 994, Site 995, and Site 997). Figure 14 helps to correlate the depth of the

seafloor and the BSR at Site 994 compared to the depths found within the seismic area. Even with the
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bathymetry of the seafloor map I created being similar to past studies and the subparallel BSR being
consistent with previous studies, the depths that I calculated for the BSR were 500—600 meters more
shallow than that calculated by a previous study. I have shown that there are notable differences in the
numbers that I have calculated compared to the numbers that Hornbach et al. (2008) calculated, and
currently there are no reasons or explanations as to why the numbers calculated from Hornbach et al.

(2008) and I are not the same.

There are a few environmental factors that have been discussed, such as not accelerating global

warming by heating up the atmosphere from an accidental release of methane. Given that methane
hydrates are potentially a global significant reservoir, mapping to establish correct depths, locations,
saturation amounts, etc.: all of this is vital for quantifying the potential energy resource that may be

extractable in the future.

SUGGESTIONS FOR FUTURE RESEARCH

Future work could include a volumetric assessment of methane hydrates within this region. This could
be achieved by applying existing algorithms from peer-review scientific literature. The results of the
volumetric assessment based on the maps that I created could be compared to other past volumetric
assessments to evaluate the assumptions, similarities, and differences. Someone could also run an
analysis on the core data, trying to find a better correlation when outside of the seismic area. Other
projects could include determination of concentrations of the methane present within the stability zone.
Another project could include a determination of what the source is at depth creating the methane
seeping upwards into the subsurface, mapping the entire BSR throughout the seismic area instead of
just the continuous western half, etc. Future work could branch off this thesis could be by the dozens,
and potentially applied elsewhere in hopes of establishing an updated, well-informed education on

hydrates for academia and industry.
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FIGURES

Figure 1: Photograph of a gas hydrate. Retrieved from (Paull and Matsumoto, 1998).

Figure 2: Location Map of dataset in the Blake Ridge Region. (Google Earth: www.google.com/maps)
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Figure 4: Location map of the wells. (Paull and Matsumoto, 1998).

17



V'S BUI[OIED) YAION 2I0YSIF() ‘VOISIY 5Py dye[g Y} UT J00[FEag 9y Jo depy :¢ 2anIpy

No6'1€ NoS8°1€ No8'1€

NoS6°1€

No2&

Mg L ML Mgl ML MoL'GL Mgl Mo6'L
wy ¢11 99 0o ¥66 1S ) H
— ® D wgLL=10
0L g¢ o 566 1S @ N Asdao @
(s1219m0) 20€LMS Bas Mofaq Wdag aur] JTmsIag
F \_ 16634S @ frm—
8193 G003 '

NST 2U0Z W1N/p8 SOM :waishs 3jeulpioo) e

93Py aYe[d ye 100[Jeas 9y} jJo de]y

Nov&

NoC0'G€

18



V'S PUTO3T) YHON 230YSIFO UOIBaY 28pry delg AU Ul YSe 2y Jo dely 9 omIBrg

N.S6°18 N:6'18 N-98'1¢ Ne&'18

N« &

N=90'2¢

M.EcL M.FCL M.CcL M.OcCL M.LcL M.BCL M-6CL
L s 1 1 1 1 1
i €1l 9¢c 0
i — - 6935 @ %9 800="1"0
S = 2 5663US @ wsa0 @
() eomy qeawsg Jwp-omy J\rp RS —
o Quo2 (spmod9s) mesmo) \@.M
_ | 166315 @ R =
FEE €0¢ T

oAl

NET HUOZ WLN/YS SOM WSS 3PUIPIo0d o

98pry oxelg e YSg o3 Jo dey

N:b$

19



N:SS'1€ NeS'18

N6'1€

N.96°18

NS

N-S0'2¢

V'S BUr[oIe)) aIoN 2I0YsII() ‘VOISY 23pry aye[g oy ur defy yoedosy iz 2xnSry

Bnm.mn MFEL Bom.mu M.9CL M.LCL M.BCL M.6CL
o)l | . s
wmy eIl gc 0 V06 2HS D u@.& 28000="1'0
N T N S e a5 200
W OoL cg o S66s @ s ®
SRS -
(=) o=y qeawsy Jep-omT ST TTeTYICYL m . X i
. (spmod3z) mojme) gl
[#= == L663¥us @

£c0 €0 000 et

NET FUOT WLA/VE SOM “WINSAS JWRIoo) o

a8pry ayerg woay depy yoedosy

Na b

20



"UoNdIG $S0I7) Y-V 8 9INIL

—— =

7 xmm mS.OSC_ur._O.Um_D = dsg snonunuo)

vEsyLLL- | T, <5
3sesjuo?) asuepadw| (+) xil H.Mwﬂw%%w”whu_tg Jsenuo) asuepadw ( -)

L66 3US S663US V66 S v
paialoiyd papafold papalold

A

BYe(] JTSIOY 0APTY B[ WOL (g OUr] ‘¥-V

21



‘uond9g $s01)) - :6 9IS

SQ'E

4Sg snonunuo) sog

vesvLeL | B R

jsesjuo?) aduepadu| (+) - MMmeM%HWMMu_tm> jsesjuo’) aduepadu) (-)

()

q L66 NS S66 1S 766 S q
E paidafoiy papafold paypalolyg

BJR (] JTWSIOS 93PTY o¥e[d W0 L9 our] : q-q

23



Line 20 and Line 67 with wiggle trace
from Blake Ridge Seismic Data
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Figure 10: A-A' & B-B' Zoom into Cross Section for Seafloor and the BSR.
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Figure 11: Well Site 994 Gamma Ray and Resistivity Logs
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Figure 12: Well Site 995 Gamma Ray and Resistivity Logs
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Figure 13: Well Site 997 Gamma Ray and Resistivity Logs
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Maps of the Seafloor (VuPAK)
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Figure 15: Map of the Seafloor (VuPAK).
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Figure 16: Map of the BSR (VuPAK).
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