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ABSTRACT

Seismic imaging is recognized as the most cost effective method for identifying the
presence of gas hydrate resources. The base of the gas hydrate stability zone is recognized
by the presence of regionally extensive bottom simulating reflectors (BSR). However, in
some areas such as the Gulf of Mexico, regionally extensive BSRs are not found. In such
cases, an understanding of the thermobaric conditions may be used to determine the
location of gas hydrates and the base of the gas hydrate stability zone. The aim of this
research is to combine seismic velocity analysis and thermal modeling to predict the base
of the hydrate stability zone. As a case study, we apply this modeling to the extensively
documented site at Woolsey Mound, MC-118, Gulf of Mexico.

Woolsey Mound, and much of the Gulf of Mexico, has been greatly affected by salt
tectonics. Multiple seismic and CHIRP surveys have been collected at Woolsey Mound,
but the base of the gas hydrate stability zone has been elusive due to the complexities
associated with the presence of salt. The velocity analysis and previous studies on the
sedimentary environment were the basis to derive the thermal and salinity conditions. Data
from the heat flow survey provide an upper boundary condition at the sea floor in order to
create a more accurate thermal model; the velocity model helped accurately place the salt
diapir within the mound system. Hydrate phase equilibrium models were used to estimate
a thermobaric model for Woolsey Mound. Using two different salinity gradients, the base
of the gas hydrate stability zone was found to be located within 70 m of the seafloor with

a salt concentration up to 90% at the shallowest point of the salt diapir, and 120 m of the
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seafloor with a salt concentration up to standard temperature and pressure conditions of
salt (of approximately 56%) at the shallowest point of the salt diapir. This study provides
a preliminary look at how the temperature and salinity affect the depth at which gas

hydrates are stable over a three dimensional area at Woolsey Mound, MC-118.
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CHAPTER 1: THREE DIMENSIONAL THERMOBARIC MODELING OF A GAS HYDRATE
SYSTEM, WOOLSEY MOUND, GULF OF MEXICO

1.1 INTRODUCTION

Marine gas hydrates offer significant potential as an alternative fuel because of their
extensive distribution in the shallow sediments of the ocean. Gas hydrates are crystalline,
ice-like structures that store methane and other greenhouse gases (Collett, 1993) and can
be found extensively along the continental shelf of most of the world’s oceans, as these
regions reach appropriate pressure and temperature conditions necessary for gas hydrate
formation. They have been the subject of intensive investigations for more than forty years
largely due to their potential as an alternative hydrocarbon fuel. Over the past decade,
however, they have begun drawing increasing attention of both the scientific and industrial
communities due to three main characteristics, such as (1) potential drilling hazards, (2)
considerable fuel resource for the future, and (3) possible role in the global climate change.
Among these, the latter has attracted the attention of the scientific community, which has
tried to find answers as to whether gas hydrates can drive major changes in the global
climate system.

There are three recognized structures for gas hydrate molecules, type I, type, II, and
type H (Figure 1.1), all of which consist of a lattice of water molecules surrounding a gas
molecule (Buffet, 2000). For each of the three types, different gases are stable within the

cage due to the varying shape and size of the vacancies. Type I hydrates are typically
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associated with methane storage, due to the smaller size of the two cages of this structure.
The gas stored in these molecules is mostly of biogenic origins, produced by organisms in
the shallow subsurface. Type II and Type H both consist of larger series of cages, listed in
increasing size. This allows for the storage of larger gas molecules and hydrocarbons.
Thermogenically sourced gas hydrates are often found in the structure II and H cages,
where the guest gas is generated by deeper temperatures typically associated with
traditional oil and gas deposits. Due to the scarcity of structure H, Type II is the most
common hydrate sought for indication of petroleum resources (Buffet, 2000).
Understanding how these structures are affected by their surrounding environment is very
useful with respect to their quasi-stable nature and economic or climatic implications.

Gas hydrates are stable at high pressures and at low temperatures and salinities
(Kvenvolden, 1993). The depth at which stability occurs is determined by the overlying
pressure, the thermal gradient, and the composition of the gas (Sloan, 1990). Pressure and
temperature in a structurally undisturbed sedimentary basin largely increase with depth,
disregarding the heat associated with the decay of radioactive isotopes. The addition of
naturally occurring geologic features such as salt and faults change the thermal
environment. These features change the typical temperature profile because of the
properties and movements associated with salt, by preferentially channeling heat through
the higher conductive salt body. Under the pressure of sediments, salt tends to move as a
fluid in order to maintain equilibrium. The movement of large bodies of salt over time,
migrating towards equilibrium, disturbs the sediments creating radial faults. The salt,
which has a high thermal conductivity, acts as a conduit for temperature as it moves. It is

able to maintain heat even with cooler sediments above it and warmer sediments below.
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This change in temperature and thermal conductivity associated with the salt, affects the
temperature and stability zone of the gas hydrates (Rupel et al., 2005). The salt also changes
the free energy of the water molecule in liquid form, which inhibits the gas hydrates ability
to form (Buffet, 2000).

In most areas of the world’s oceans the presence of gas hydrates are readily
identified in seismic sections by the presence of bottom simulating reflectors (BSRs)
(Hyndman and Spence, 1992; Singh et al., 1993; Helgerud et al., 1999). In the Gulf of
Mexico, gas hydrates are known to exist in abundance but prominent BSRs are not typically
present (Shedd et al., 2011). Gas hydrates are affected largely by temperature, salinity, and
pressure (Sloan and Koh, 2008). The Gulf of Mexico is noted for its salt diapirs and these
diapirs affect both the thermal environment and the salinity, contributing to the lack of
extensive BSRs (Liu and Flemings, 2007). The purpose of this research is to understand
how the base of the gas hydrate stability zone is affected by changes in temperature and
salinity through thermobaric modeling. Thermobaric modeling may prove useful to help
better understand the presence and location of potential gas hydrate resources.

The stability zone of gas hydrates normally mimics the shape of the seafloor, as long as
pressure and temperature do not change drastically laterally (Shipley et al., 1979). The base of the
gas hydrate stability zone (referred to as BGHSZ), is affected by the temperature within the
subsurface. The addition of salt introduces a change in temperature and salinity, which changes the
depth at which the gas hydrate is stable (Ruppel et al., 2005). Due to the complex tectonic setting
of the Gulf of Mexico, typical approaches of determining the BGHSZ have not been reliable. There
have been several attempts however to try to define where the gas hydrates are located at MC-118
(Lapham et al. 2008, Macelloni et al., 2012, Simonetti et al., 2013, Macelloni et al., 2015). The

study by Simonetti et al. (2013), defined the depth range of the base of the gas hydrate stability
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zone around 150 m below sea floor, based on high frequency scattering associated with gas hydrate
and a high amplitude bright spot determined to be the free gas/gas hydrate interface, which was
found in surface-source deep-receiver single channel seismic. More recently, a 2D thermobaric
model has been calculated at Woosley Mound in the Gulf of Mexico which defined a depth range
for the BGHSZ from 100 to 230m below sea floor, with depth locations dependent on the proximity
to salt and faults (Macelloni et al., 2015). This study extends the thermobaric model over a three
dimensional volume to show a map of the BGHSZ as it changes due to temperature and salinity
changes, and uses the more recent studies (Simonetti et al., 2013 and Macelloni et al., 2015) as

constraints for the model..

1.2. STUDY AREA

The Gulf of Mexico is a region dominated by salt tectonics due to the presence of
the Louann salt body (Salvador, 1987). This autochthonous salt body was formed from the
evaporation of seawater during the Jurassic, resulting in massive accumulations of salt. The
thickness of this salt can reach 4 km and is extensive throughout the Gulf of Mexico basin
(Salvador, 1987), extending much of the area from Texas to Florida. The presence of this
salt body has greatly impacted the structure and stability of the sediments. As sediments
have continued to enter the Gulf of Mexico, pressure from compaction of overlying
sediments allowed the lateral movement upward of salt forming diapirs throughout the Gulf
of Mexico (Wu et al., 1990).

The upward and lateral intrusion of salt with the sediments disrupts both the
structure and conductive properties of the surrounding sediments. Geologic structures
formed by salt deformation create effective traps for hydrocarbons, which has helped make
the Gulf of Mexico an area rich in this resource. Salt also affects the thermal and salinity

properties of the sediments, which determines the stability depth of gas hydrates (Ruppel
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et al., 2005). The presence of salt complicates the understanding of where and how much
hydrate might be located in the subsurface, but also poses an interesting problem of how
the faults associated with the salt affect the gas hydrates (Ruppel et al., 2005). Heat from
the salt destabilizes the gas hydrate, and the faults can act as conduits for methane gas to
the subsurface (Simonetti et al., 2013). This is a viable migration pathway for the gas
upwards, and explains the presence of thriving methane communities and cold seeps at the
ocean bottom. Simonetti et al. (2013) showed the presence of high frequency scatter
associated with free gas within the subsurface, and concluded that the faults associated with
the salt dome were the migration pathways, or source of the gas at the study site. This
conclusion means that the source of gas is associated with the salt, but also the salt is the
reason these hydrates are not stable, making the study site an ideal area of research for
complexities associated with salt affects.
1.2.1 WOOLSEY MOUND AT MC-118

The area of interest is located off the southeastern coast of Louisiana, only 50 km
from the delta of the Mississippi River (Figure 1.2). The site Mississippi Canyon lease
block 118 (referred to as MC-118), has been allocated as an area for long term research by
the Bureau of Ocean Energy Management (BOEM). Located on the upper slope of the
continental shelf approximately 900 m below sea level, MC-118 is appropriately located
for the presence of methane gas hydrates. Previous research has investigated seafloor
activity and processes in the shallow subsurface, including documentation of ocean bottom
hydrate and associated carbonate, seafloor morphology and spectral characteristics, benthic
and microbial activity, fluid composition and flux at the seafloor, and shallow

lithostratigraphy (Lapham et al., 2008; Macelloni et al, 2012; Simonetti et al., 2013).
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Three-dimensional seismic data sets have been acquired at MC-118 by TGS Nopec
and WesternGeco, in 2000 and 2002 respectively. The seismic data indicates two salt
domes located in theMC-118 block, one in the northwest corner and one in the mid-lower
portion (Macelloni et al., 2012). The focus of much of the previous research has focus on
the salt dome located in the middle portion of the lease block at a site that has been named
Woolsey Mound (Figure 1.3), and will be the focus of this study. While a salt dome is
clearly found in the seismic data, there is no indication of a regionally extensive bottom
simulating reflector (BSR) marking the base of the gas hydrate stability zone. The lack of
a BSR in this region is thought to be due to highly complex geologic structures located not
only at MC-118, but throughout the Gulf region (Shedd et al., 2011; Macelloni et al., 2012).
The presence of salt complicates the salinity of the subsurface, the subsurface sediment
structure, and the thermal regime. The high thermal conductivity of the salt, as compared
to the lower thermal conductivity of the surrounding sediments, causes heat to be
preferentially channeled upwards through the salt dome itself. Seismic analysis has shown
the complex nature of the subsurface near the salt dome, and has shown little to no signs
of'a BSR in the area around the salt (Macelloni et al., 2012). For this reason, an analysis of
the geologic and thermal properties must be performed to help estimate the base of the gas
hydrate stability zone.

1.3. DATA SETS AND METHODOLGIES
1.3.1 3D SEISMIC SURVEY

TGS Nopec acquired a 3D seismic survey of the MC-118 lease block as a part of a

larger survey, in 2000 through GECO. The seismic lines were collected running north to

south with a 2ms sample interval and a total record length of 12.288s. Following this
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survey, WesternGeco, in 2002, also acquired a 3D seismic survey of the area as part of a
larger seismic venture. The lines were recorded running southeast to northwest at a sample
interval of 2ms, and a total depth of 12 s. Also provided with the WesternGeco dataset
was a velocity analysis of the survey area. The grid resolution was 1000 m by 1000 m, and
interpolated later to 500 m by 500 m, with a time interval of every 32 ms. Analysis of the
seismic survey indicates a salt dome located in the mid-lower portion of the MC-118 block
(Macelloni et al., 2012). The interpreted top of the salt is located in the southwest corner
of MC-118 (Figure 1.4). This was provided through extensive seismic picking of the
location of the salt in the survey lines, and then saved as a 2D surface in two way travel
time. This surface was exported from Kingdom Suite and imported into Matlab. Using the
velocity analysis provided by WesternGeco, the salt locations recorded in two way travel
time were converted to depth.
1.3.2 HEAT FLOW

In 2012, the Gulf of Mexico Hydrate Research Consortium (GOM-HRC) acquired
heat flow measurements through TDI-Brooks, International (Figure 1.5). Fourteen
measurements were taken along the sea floor over the salt dome at MC-118, focusing on
locations where the major faults associated with the salt dome intersected the seafloor and
pockmarks associated with gas venting from the subsurface. These measurements were
collected in order to determine a shallow geothermal gradient and measured the heat flow
and thermal conductivity at each of the sites (Macelloni et al., 2015). The bottom water
temperature indicated by this data collection was an average of 5.6 °C. In order to keep
independent data for purposes of validating the results of this study in relation to the

Macelloni et al. (2015) study, temperatures were also acquired from the NOAA database

www.manaraa.com



for temperatures in the Gulf of Mexico. The average bottom water temperature was
reported to be 5.4 °C over the study site at the average depth of the MC-118 lease block,
approximately 900 m.
1.3.3 HYDROTHERM

HYDROTHERM is a finite-element groundwater and heat flow model provided by
the USGS. The primary use of HYDROTHERM has been to model fluid flow. However
for the purpose of this research, it has been modified to turn off the advection of fluids and
produce a steady state model of temperature based on sea floor temperature inputs, and
basal heat flow for the Gulf of Mexico. To solve for the temperatures in the basin, the heat

transport equation was used.

%[(p(pwthw +pshsSs) + (1= @) * prhe] = V- K IVT + V- 9(Swpwhw Vi + Sspshsvs)
—qsn=0

(Equation 1)
where @ is density, h is enthalpy, S is saturation of water, K. is thermal conductivity, I is
the identity matrix, T is temperature, v is interstitial velocity, and qsn is the flow-rate
intensity of an enthalpy source, and the subscripts w, s, and r, are water, steam, and rock,
respectively. Assuming there is no steam in the system and the water stays in liquid form,
all terms with subscripts will become 0, and the saturation of water in the liquid phase (Sw)

will be 1, giving:

0
ot [p(pwhw) + (1 — @) * prhy] = V- K VT + V- @(pyhyy) — qsn =0
(Equation 2)
If fluid velocity in the pore spaces is assumed to be very slow, or zero (v = 0) the equation again

reduces to:
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%[¢(pwhw) + (1= @) *prhy] = V- K IVT + qgp
(Equation 3)
Equation 3 is the equation that is applied by HYDROTHERM to the system by
shutting off the terms given the value of zero. The program iterates through time-steps for
either a transient or steady state solution. From multiple algorithms available for solving
each time step for pressure and temperature, the Newton Raphson method was picked, and
the Crank-Nicholson time stepping calculation was used as it is unconditionally stable as
compared to both implicit and explicit time stepping (Kipp et al., 2008).
1.3.4 CSMHYD
Developed by Sloan in 1990 and updated in 1998, CSMHYD is a code used to
determine where gas hydrates are stable in the subsurface. The code determines the stability
of the gas hydrates using a three phase equilibrium analysis of where the hydrates will form
based on temperature, pressure, salinity, and gas composition (Sloan, 1990). Much of
Sloan’s calculations are based on Van der Waals and Platteeuw (1959). Figure 1.1 shows
the three structure types for gas hydrates, and the cage sizes associated with each type.
Structure I and II clathrate hydrates have two different cage sizes, a small and a large. The
two smaller structures are the same size for structure I and II, but the larger cage of
Structure II is larger than that of the second, larger cage of structure two. This changes the
size of the gas molecule that is able to fit inside of the water cage. When the cages are
filled with the appropriately sized molecules and enough of the cages are filled, the gas
hydrates are stable (Buffet, 2000). The code determines the phase equilibrium based on gas
hydrate composition, which determines the structure type, the temperature, and the effects

of any inhibitor (such as salt) in order to produce a pressure that is in equilibrium with these
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factors to produce gas hydrate. The resulting pressure and temperature curve is the plot of
the phase change between hydrate and free gas, along with water. Further description of
the code is reported in Sloan (1998).
1.4. MODELING
1.4.1 VELOCITY MODEL

Through velocity analysis by WesternGeco, stacking velocities were provided
along with the seismic data (Figure 1.6). These were converted to interval velocities using
Dix Equation,

Vint = [(f2vims2® — fvems12)/(t2 — 1))

(Equation 4)
where vin is the interval velocity, t is two-way travel time, and vims is the stacking velocity
or true root mean square velocity. The interval velocity is the velocity over a depth interval
and provides information about individual layers. Calculating the interval velocities can be
complex because a minor change in the stacking velocity causes an anomalously high
interval velocity, as shown in Figure (1.7a). Due to this, the calculated interval velocities
were then smoothed (Figure 1.7b). The convolution operator was applied to the box filter,
producing a triangle filter. The final velocity model covers an area greater than 57,700
kilometers squared. While it is larger than the region of interest, it allows for the depth
conversion of the entire MC-118 lease block.

Figure 1.6, the stacking velocities showed an overall increase in velocity with
depth, as was expected. The region where the southwest salt dome is located shows higher
velocities than the surrounding sediments, and a velocity high located above the location

of the salt dome. There is also a velocity high in the north east portion of the MC-118 lease
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block, near the other salt dome located in the region. Figure 1.8, the converted interval
velocities, shows a velocity high more than 1000 m/s greater than the sediments above and
below located approximately 1,000 m below seafloor in the northeast corner of MC-118
where a salt body is located, and the area where the Woolsey Mound salt dome is located.
The velocity at these areas gradually increases to the velocity difference of greater than
1,000 m/s at the locations at the top of the salt domes. There is also a large velocity spike
much lower in the section, beginning at 6,000 to 7,000 m below the seafloor, ranging from
1000 — 3000 m/s greater than the surrounding sediment, and the remaining sediment below,
reaching a velocity of 8,000 m/s.
1.4.2 SALINITY MODEL

Figure 1.9 shows the top of the salt dome as determined from seismic data. Using
the velocity model, the salt tops were converted from two way travel time to depth. A
linearly increasing salinity gradient from the seafloor to the top of the salt was generated
using two different salt concentration values, and assumed the majority of the salt in the
diapir was NaCl. The first salinity gradient ranged from sea floor salinity values to standard
temperature pressure values of saturation, or 3.5-56% salt, where standard temperature and
pressure are defined as 25 °C and 1 atm. Standard temperature and pressure conditions for
the saturation point of salt were chosen for the first model because the saturation point of
NaCl changes very little in response to both temperature and pressure. This was set as a
minimum for what the concentration of salt had to be at the top of the salt dome, knowing
that the true value would likely be much higher. The second gradient included values
ranging from sea floor salinity to 90% salt, as the core of a salt dome is documented to be

90-99% salt (US Nuclear Regulatory Commission, 1981). These linearly varying salt
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concentrations produced a salinity gradient that changed with respect to how far the top of
the salt dome was to the sea floor. The points over the salt dome span 2,900 m by 2,650 m,
with 810 different salinity gradients within the area. It is widely understood that salinity
does not linearly increase with depth, even in the presence of a salt diapir (Smith et al.,
2014; Jamshidzadeh et al., 2015). The salinity gradient is highly affected by the convection
of lower density warm waters from deeper sources, and colder, denser waters found in the
shallow subsurface. This mixing creates saline rich plumes of water as the salt from the
outer region of the salt diapir is dissolved. Most likely, the salt concentrations will increase
significantly closer to the salt dome and along the side of the diapir, but will remain
relatively low in the shallower sediments (Jamshidzadeh et al., 2015).
1.4.3 THERMAL MODEL

In order to calculate the stability field of the gas hydrates, a model of the thermal
environment was constructed based on the sedimentary properties derived through seismic
interpretation, lithostratigraphic studies, and heat flow measurements in the shallow
seafloor (Macelloni et al, 2012; Simonetti et al., 2013; Macelloni et al., 2015). This is
highly dependent on the salt diapirs located at the study site and the contrasting properties
of the surrounding sediments. The salt alters the thermal environment due to its relatively
high thermal conductivity. In order to model the thermal environment, HY DROTHERM
is used. HYDROTHERM can be used as a 1D, 2D, or 3D finite element code. This study
interpolates a series of 2D seismic lines to create a 3D volume. To calculate the
temperatures in the subsurface, the simplified heat flow equation uses Equation 3. The
HYDROTHERM modeling code also allows for pore waters to move through the system,

but for the purposes of this research, there was no advection of fluids included, so the
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advection term of the heat flow equation is absent. The term remaining on the left hand
side of the equation is then the conduction term, which takes into account the density,
porosity, and enthalpy of the water and the sedimentary medium. The fluid terms remained
the same, and the rock/sediment terms changed based on whether they are salt or sediments.
The source and sink terms are represented by qg,, where the source term is an average
steady state basal heat flux in the Gulf of Mexico after Husson et al. (2008).

In order to model the temperature, the Woolsey Mound was broken down into 30
different profiles running north to south that were spaced 100 m apart from east to west
(Figure 1.10A). Figure 1.10A also shows where the salt has been interpreted in the
southern region of MC118, with a color bar corresponding to the depth of the top of the
salt. For each profile, a grid was discretized to span 2,700 m, north to south, and 2,400 m
depth. The resulting grid was 48 by 48 cells, where the depth covered by each cell was 50
m, and the horizontal distance was 100 m (Figure 1.10B). The location of the salt and the
sedimentary properties of the salt and surrounding sediments were then imported into their
assigned cell. To simplify the calculations, the surrounding sediments were averaged to
one type of sediment that combined the sedimentary properties of the interbedded sand and
clays. This provided a model that would calculate the temperatures based on the salt in
contrast with the overlying and surrounding sediments.

Figure 1.11 shows a profile view of MC-118, running from south to north, and
cutting through the center of the salt dome. The model shows an increase in temperatures
in the shallow sediments above the salt dome, as compared to the temperatures further
away from the salt dome. Similarly, there was a decrease in temperatures below the salt

dome, as compared to the temperatures deeper in the profile away from the salt. A clearly
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defined dome shape is present in the temperature profile where the salt is located. This
pattern continued through all of the profiles that included that salt dome, with the curvature
of the temperatures increasing upward in temperature at shallower depths most prominent
at the crest of the salt dome. In the regions where the salt is absent, there are no temperature
anomalies and the temperatures increase uniformly with depth, lacking the dome shape
change in temperatures. This is indicated by a pseudo-3D temperature plot (Figure 1.12).
1.4.4 THERMOBARIC MODEL

Thermobaric modeling is the pressure and temperature stability modeling between
phases in a given system. For gas hydrates, a thermobaric model maps the pressures and
temperatures along which the phase change occurs between frozen gas hydrate and free
gas. The 1998 version of Sloan’s CSYHYD code (Sloan, 1998) was used to calculate the
pressures where hydrates are stable based on salt concentrations and the gas composition
at a given temperature. The salt concentrations and temperature values are discussed in
sections 4.2 and 4.3. The thermobaric model uses the temperature and salinities to calculate
a pressure necessary to create a stable environment for gas hydrate formation. Once the
pressures are calculated, they can be converted to depth, based on a hydrostatic pore
pressure gradient of 0.1 atm/m (Kvenvolden, 1993). Hydrates will form down to the depth
where the thermobaric curve for hydrate stability intersects the geothermal gradient. The
code itself can only calculate one depth point at a time for a given location, so a Matlab
script was written to iteratively run the executable program for increasing depth points at
varying locations. The area was defined using the same dimensions as the temperature and
salinity models, resulting in a 3,000 m by 2,700 m area covered, with a total of 810

locations to be calculated. Two different models were calculated, with two different salinity
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models to show how the salinity of the sediments affects the depth to the BGHSZ. Once
the stability pressures were calculated and converted to depth, the thermobaric stability
curve and geothermal gradient were graphed in order to find their intersection for the
BGHSZ (Figure 1.13). The depth of stability for each of the 810 locations were then plotted
in an interpolated mesh grid.

For each of the two models (Figures 1.14 and 1.15), the estimates BGHSZ is located
just below the topography, and above the salt diapir. The shape of the stability zones are a
thinner dome shape with relationship to the shape of the salt dome. The height of the
BGHSZ calculated based on salt concentrations ranging from sea floor levels to STP is 140
m, or 118 m to 158 m below the seafloor. The height of the BGHSZ calculated based on
salt concentrations ranging from sea floor levels to 90 weight percent is 119 m, or 67 m to
186 m below the seafloor. The shallowest stability values are at the crest of the salt dome
and the deepest stability depths for the two models are at the edges of the salt dome as
expected.
1.5 DISCUSSION
1.5.1 MODELING

The Gulf of Mexico is a region known for its gas and oil resources as well as
complex salt structures. This has made the mapping of the BGHSZ difficult through typical
means which consists of locating a BSR in seismic sections. The salt disrupts the thermal
environment by channeling heat through the sediments because of its high thermal
conductivity. Salt also inhibits the formation of hydrates by lowering the free energy of
water in the liquid phase. By accounting for salinity and temperature changes through

thermobaric modeling, the BGHSZ can be estimated, even without an obvious BSR
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present. In the presence of salt, we expect to see a thermal high at the shallowest point of
the salt dome, and a thinning of the stability zone in the thermobaric model due to the
higher temperatures and higher salinity gradient.

Temperature has the greatest effect on gas hydrate stability as it prohibits the water
molecule cages from forming. Figure 1.12 shows the temperature distribution at Woolsey
Mound. The region where the salt dome is located shows an increase in temperature as
compared to the surrounding sediments of the same depth. Similarly, the base of the salt
diapir displays lower temperatures than that of the surrounding sediments. As expected,
the high thermal conductivity of the salt preferentially funneled heat through the salt
system, resulting in the temperature found. In the sediments where there is no salt dome,
the temperatures increase at a near linear rate with depth because there is no change in the
sediment properties to affect how the heat travels, and any nonlinear temperatures are a
result of high heat flow associated with the fault. These affects lessen the further away
from the salt diapir the sediments are. This also agrees with the high heat flow values from
Macelloni et al. (2015), where the mound system had much higher heat flow values than
the sediments located away from the salt dome.

Figures 1.14 and 1.15 show a thin domed layer above the Woolsey Mound salt
diapir located below. This is the base of the gas hydrate stability zone. As the salinity and
geothermal gradient increase with the shallowing of the salt, the stability zone also
shallows. This shallowing is a result of the salinity and temperature inhibiting the formation
of the gas hydrates, because the water is unable to freeze and form the ice-like cages of
water molecules. Figure 1.14 shows a thicker hydrate stability zone between the

topography and the base of the stability zone as compared to Figure 1.15. The higher
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salinity gradient used in the calculation of Figure 1.15 causes this shallower stability zone.
Based on the properties of salt, which lowers the free energy of liquid water, the shallower
result is due to the higher weight percent salt used in Figure 1.15. Figure 1.14 shows a
thicker stability zone because the lower salinity gradient has less of an effect on the
temperature and hydrate formation. The model displays the properties of hydrates that were
expected. An increase in the salinity and temperature blocks hydrate formation, and thins
the region where they are stable. Both thermobaric models show this by having a dome
shape as the salt diapir crests and also between the two models as the thinner stability zone
is associated with a higher salinity gradient (Figure 1.14 and 1.15).

In order to constrain the results of the two 3D thermobaric models (Figure 1.14 and
1.15), the results were compared to the values found in both seismic (Simonetti et al., 2013)
and the 2D BGHSZ found using heat flow values along the seafloor (Macelloni et al.,
2015). The study by Simonetti et al. (2013) determined a local BGHSZ at the depth range
of 150 m below seafloor. This is based on a bright spot found in seismic (Figure 4a) or the
interface between the free gas and gas hydrate, and studies of the high frequency scatter
found in SSDR data, which has been determined to be gas hydrate. Macelloni et al. (2015)
found a depth range for BGHSZ to range from 100m below seafloor to 230m below
seafloor in a 2D profile. The study accounted for heat flow at the seafloor and described
the change in depth of the BGHSZ as the temperatures changed based on the migration of
heat through the faults. Both of the 3D models that calculated the BGHSZ in this study
(Figure 1.14 and 1.15) are at the depth range found in both of these studies across Woosley

Mound. This places these models at the correct depth range based on both the seismic

17

www.manaraa.com



interpretation for the BGHSZ (Simonetti et al., 2013) and the BGHSZ calculated using the
heat flow study (Macelloni et al., 2015).
1.5.2 FUTURE DIRECTIONS AND CAVEATS

The results of the thermobaric models (Figures 1.14 and 1.15) provide comparable
results with the location of the BGHSZ indicated in a two-dimensional model by Macelloni
et al. (2015). However, this is only a starting point for a more accurate three-dimensional
model mapping the BGHSZ at MC-118. Two detailed models need to be created in order
to place a better estimate on where the hydrates at Woolsey Mound are stable. A geologic
model and a salinity model used to rerun the thermal and thermobaric models will aid in
the accuracy.

As stated in section 4.3, the sediments around the salt diapir were homogenized for
the purpose of this study. A geologic model accounting for stratigraphic changes will allow
for a more accurate calculation of the salinity and thermal models because the properties
of the sediments themselves change how the salinity and temperature are distributed within
the subsurface. The current model also disregards the role that faults play in the transport
of heat, salinity, and gas. Including the location of the faults in a geologic model to allow
for fluid motion in subsequent models would increase the overall accuracy in the estimation
of the base of the gas hydrate stability zone.

A salinity model based on the properties determined in the geologic model and
calculated using a program to model salt and fluid motion would capture a more realistic
salinity gradient that changes with proximity to salt. Faults can act as conduits for the salt,
unevenly distributing high salt concentrations to the sediments near the faults, while lack

of convection can leave sediments away from the faults and above the salt dome low in salt
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concentration. Creating a nonlinear relationship between salt concentrations from the sea
floor to the top of the salt dome will greatly enhance the prediction of the BGHSZ.

Creating these two models, and then applying the geologic model to the simplified
thermal model will allow for the advection and convection of salt and fluid through the
entire system, especially through the faults. The updated salinity and thermal model will
change the thermobaric model and is predicted to shallow the stability zone where faults
and salt are moving and deepen the stability zone where there is no fluid motion to increase
the temperature and salinity. Continuing the research in this direction will improve the
accuracy of the thermobaric model and produce a better prediction of the BGHSZ.
1.6. CONCLUSIONS

This study was aimed to produce a 3D estimate of the BGHSZ based on temperature
and salinity changes associated with salt diapirs. Thermobaric modeling has been used in
the past to determine where the BGHSZ is located in regions where BSRs are not present.
Highly dependent on the thermal environment and the salinity gradient, a depth for the
hydrate stability zone was determined to exist between 70 and 120 m below the seafloor,
at its shallowest point. These estimates corresponded with the nature of gas hydrates, as
the hydrates were less likely to form in the areas of higher temperature and salinity.
Constraining where these hydrates are stable is important for estimating the volume of gas
resources and understanding the destabilization associated with the changes in their

environment.
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Figure 1.1: The three types of clathrate structures. Structure I hold smaller molecules,
mostly methane and carbon dioxide. Structures II and H store larger hydrocarbons (Aresta
et al., 2015).
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igure 1.2: MC118, located in the Northern Gulf of Mexico. Resting on the continental
slope, it’s appropriately positioned for the formation of gas hydrates (Simonetti et al., 2013)
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Figure 1.3: A) Shows the interpreted location of the salt dome located within the seismic
section and main associated faults underneath Woosley Mound at MC-118; B) An aerial
view of Woolsey Mound and the faults as they intersect the seafloor (Macelloni et al.,
2012).
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Figure 1.4: A) Uninterpreted seismic profile at MC-118. The red circle indicates the high
amplitude negative reflector associated with the BGHSZ described in Simonetti et al.

(2013); B) Seismic profile at MC-118 showing the interpreted location of the salt in yellow
highlighted (Knapp, J.H., unpublished)
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Figure 1.5: Map of the heat flow measurement locations, taken in transects along major
faults, pockmarks, and at a reference point away from the salt diapir. The higher heat
flow values are indicated but the larger cirlces, and are associated with the intersection of
the faults with the seafloor. This indicates that the faults are migration pathways for heat.
(Macelloni et al., 2015)
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Figure 1.6: 3D stacking velocities (in m/s) from the WesternGeco dataset. The x and y axes
show locations in meters and the z axis displays two way travel time. The scale shows
velocity where blue is slower, and read is higher velocity. The data shows an overall
increase in velocity with depth.
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Figure 7: A) Interval velocity profile (in m/s) for one depth point without smoothing the
errors associated with converting from stacking velocity using Dix equation. B) Smoothed
interval velocity using a box filter.
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Figure 1.8: 3D display of the smoothed interval velocities (in m/s) used in converting the
location of the top of the salt.
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Figure 1.9: Interpolated locations of the salt beneath the topography of MC118 based on
the seismic, and converted to depth using the velocities. The top layer of topography shows
depth beneath the sea surface.
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Figure 1.10: A) Aerial extent of the area covered by the thermal model with a plot of where
the salt is located and the contoured depth at which it is located; B) 2D Profile of the
thermal model set at initial conditions, prior to running the thermobaric model.
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Figure 1.11: Both plots show the finial temperature output of the HYDROTHERM model
over the shallowest part of the salt dome. The y-axis shows depth, down to 2,400m and the
x-axis shows relative northing, where the northern most position is the right side of the
plot. The dome shape appearance in the temperature profile is associated with the presence
of salt, creating a thermal high. A) 2D temperature model (in °C) with nodes of temperature

after running the code to steady state conditions. B) Temperatures imported into Matlab
without the nodes.
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Figure 1.12: Pseudo 3D temperature plot with cooler temperatures represented by the blue
color, and warmer colors increasing up the color bar to red, which is the warmest

temperatures. The salt diapir is clearly delineated by the dome shape of increase

temperatures in the profile along Relative Easting line 17 (the right most profile). The lack
of salt creates a regular temperature distribution as seen in the profile furthest to the left,

Relative Eating line 2.
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Figure 1.13: Thermobaric stability plot for one of 810 locations calculated. The blue line
represents the stability curve of the gas hydrate, the black line is the depth of the sea floor
below sea level, and the red line is the geothermal gradient, 31 °C/km, which was taken
directly from the temperature measurements calculated using HYDROTHERM.. The
intersection of the stability curve and the geothermal gradient (blue and red lines
respectively) is the lowest depth within the subsurface that the gas hydrates will be stable.
This is based on a seafloor temperature of 5.5 °, and a gas composition of 92.2% methane,
6.4% ethane, and 1.1% propane, based after Macelloni et al. (2015).
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Figure 1.14: Map of the BGHSZ located beneath the mapped seafloor and above the salt diapir
with a varying salt concentration ranging from sea water levels to standard temperature and
pressure condition. The coloring of the layers is only shown to give perspective on the change
in depth between the layers. The 3D image has been rotated to show a side view of the dome
in relation to the topography and BGHSZ so the thickness of the stability zone below seafloor
can be displayed
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Figure 1.15: Map of the BGHSZ located beneath the mapped seafloor and above the salt diapir
with a varying salt concentration from sea water levels to 90 weight percent salt. The coloring
of the layers is only shown to give perspective on the change in depth between the layers. The
3D image has been rotated to show a side view of the dome in relation to the topography and
BGHSZ so the thickness of the stability zone below seafloor can be displayed
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