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Abstract

The accurate identification of geological structures (i.e., faults and gas chimneys) and
rock properties is required in oil/gas exploration and development. Three- or four-
dimensional seismic reflection survey are commonly conducted to image geological structure,
estimate physical/hydraulic properties and identify dynamic behaviors of the oil/gas
reservoirs. Enhancing the geological information using the seismic data contributes to reduce
risks during reservoir exploration, especially in new areas with lack of wells. Furthermore,
mapping of the distribution of gas hydrate and free gas in deep water sediment of the plate
convergent margin is important for both in evaluation of potential hydrocarbon resources and
prevention of submarine geo-hazards. In addition, the quantitative reservoir characterization
is important in environmental problem. One of the potential solutions to reduce the amount
of emitted CO> into atmosphere is to store CO; in the geological formations. The CO>
geological storage can be conducted in the geological formation that has been focusing on

oil and gas exploration and development.

Several subsurface characterization techniques have been developed for exploration
in reservoirs, including the analysis of seismic data combined with rock physics model. In
this study, I used and advanced these methodologies to elucidate the distribution of gas
hydrate and free gas in the Sanriku-Oki forearc basin, northeast Japan. To quantify seismic
data (i.e., hydraulic and elastic property estimation), furthermore, I developed a new rock
physics method to estimate pore geometry and grain elastic moduli. This thesis was divided

into four chapters as summarized below.

Chapter 1 describes the background, motivation and objective of this study. Then, I
introduce the previous/ongoing studies about seismic data interpretation and rock physics

models for reservoir characterization.

In Chapter 2, automated velocity analysis was applied to a 3D seismic data volume
in order to obtain a high-resolution seismic velocity model that I used to investigate the

influence of fluid behavior on the subsurface distribution of gas hydrate in the Sanriku-Oki



forearc basin, northeastern Japan. I identified free-gas accumulations as zones of low P-wave
velocity separated from overlying high-velocity gas hydrates by the clear seismic boundary
of the Bottom-Simulating Reflector (BSR). Then, the conductive modeling was used to map
upward heat flow in our study area from the depth of the BSR derived from the high-
resolution velocity model. The BSR-derived heat flow demonstrated that upward fluid flux
has a considerable influence on the distributions of both gas hydrate and free gas. The areas
of high heat flow (representing fluid flow) corresponded to underlying permeable geological
features such as gas chimneys, faults, and the edges of porous slumps, suggesting that these
features provide fluid migration pathways from Eocene to Oligocene source rocks to free-
gas and gas-hydrate accumulations in overlying sedimentary rocks. The techniques I have
employed can contribute to the quantification of gas-hydrate and free-gas resources in similar
deep-water reservoirs off the eastern continental margin of Japan and at tectonically similar

plate subduction margins in other regions.

In Chapter 3, a grid-search inversion method was proposed to estimate pore geometry
and grain elastic moduli from observed velocity—porosity relationships. This approach could
be useful to predict hydraulic properties from seismic velocity. In the inversion, laboratory-
derived velocity—porosity relationships were compared with the theoretical relationship
calculated from crack aspect ratio and grain elastic moduli via the Differential Effective
Medium (DEM) model. Compared with existing approaches to estimate elastic moduli and
pore geometry, our approach is easy to apply because it can be applied to physical properties
measured at atmospheric pressure without changing pressure. I tested the proposed inversion
method using synthetic data, and successfully estimated the grain elastic moduli and crack
aspect ratio. I also applied the proposed inversion method to P-wave velocity and porosity
measured in the laboratory on various rock samples acquired at the hydrothermal field and
plate-spreading center, and found that the velocity—porosity relationship derived from DEM
theory for the inverted model parameters agreed with the laboratory data. Using the proposed
method, the average pore aspect ratio and grain elastic moduli for basaltic and hydrothermal

ore deposit samples were estimated. Furthermore, the Root Mean Square Error distribution

II



obtained in the grid-search inversion enables us to evaluate the uncertainty of the estimated

values.

Chapter 4 summarized new findings and new approaches in this dissertation. High-resolution
seismic velocity models and heat flow prediction provided the key information to understand
gas hydrate and free gas related to fluid flow in the Sanriku-Oki forearc basin, controlled by
complex structural features (i.e. faults, chimneys, and edge of slumps) from deep source rock
to shallow reservoirs. Furthermore, grid-search inversion was used to identify the pore
geometry and grain elastic moduli using velocity-porosity relationship from discrete samples
of hydrothermal ore deposit, which could be used to estimate hydraulic property of reservoir
rocks from seismic velocity. The methodologies developed in this study could be combined

for quantitative reservoir characterization.
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Chapter 1 Introduction

Chapter 1

Introduction

1-1 Research background and motivations

What is gas hydrate?

Gas hydrate is an ice-like crystalline substance, trapping a large amount of gas
molecules within water molecule lattices (Kvenvolden, 1993). It extensively occurs on
continental slopes and rises under low temperature and high-pressure condition. Gas hydrate
is widespread in permafrost regions and beneath the sea in sediments of continental margins
(Figure 1-1; Krey et al., 2009). Hydrates occur in different crystalline structures. The three
most common types are structure I (sI), structure II (sIl), and structure H (sH) (Figure 1-2)
(Collett et al., 2009). The amount of gas present in the form of hydrates around the world has
been estimated to range from 10° to 10° Tcf (US Department of Energy, 2007). Gas hydrates
are viewed as a cleaner resource given that methane has a lower carbon content than
conventional fuels such as coal (Englezos and Lee, 2005). Biogenic gas is dominantly
composed of methane and thermogenic gas contains heavier hydrocarbons. Biogenic gas is a
widespread component in shallow marine sediments in areas with high primary productivity,
while production of thermogenic gas, apart from the organic matter supply, depends on
anoxic conditions and sedimentation burial depths over long periods. The characterization of
hydrate deposits involves collection and interpretation of geophysical, geochemical,
sedimentological and thermal data. Recent studies in a number of marine sedimentary
systems such as Hydrate Ridge (Suess et al., 2001), Nankai Trough (Takahasi et al., 2001),
Congo Angola basin (Charlou et al., 2004), and the Sea of Okhotsk (Ginsburg et al., 1993)

show that most of the gas forming gas hydrate has a microbial origin.
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Figure 1-1. (a) Distribution of known methane hydrate accumulations courtesy of Council
of Canadian Academies (2008), based on data from Kvenvolden and Rogers (2005). (b)

Estimated global methane hydrate stability zone thickness (MHSZ) in the seafloor sediments
(Krey et al., 2009).
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Figure 1-2. Gas-hydrate crystal structures. The five types of water cages that make up the
gas-hydrate structures are the pentagonal dodecahedron (5'°), the tetrakaidecahedron
(526°), the hexakaidecahedron (5'°67), the irregular dodecahedron (4°5°6°), and the
icosahedrons (5'26%). The three structure types of gas hydrate are shown: structure I, I and

H (Collett et al., 2009).

Gas hydrate stability

Gas hydrate formation in marine sediments requires natural gas and water existing at
very specific pressure and temperature (Kvenvolden, 1988). The stability of hydrates is
affected by the composition of gas and ionic impurities in the water (Kvenvolden, 1998).
Understanding of precise gas composition is important in gas hydrate stability modelling, as
a variation in gas composition moderate (5 - 10%) can shift the modelled GHSZ by tens to-
hundreds of meters (Sloan and Koh, 2008). Important parameters influencing hydrate

formation include gas composition, bottom water temperature, geothermal gradient, and pore
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water salinity (Coffin et al., 2007). The pressure and temperature conditions required for
pure methane hydrate stability in marine sediments in a normal seawater salinity environment
are illustrated in Figure 1-3. Gas hydrates are stable in water depths greater than 200 to 600
meters depending on the gas composition and seafloor temperatures (Milkov and Sassen,
2002). The depths of favorable pressure and temperature conditions is known as the “gas
hydrate stability zone” (GHSZ). The thickness of GHSZ vary significantly across the globe,
as illustrated in Figure 1-3.

High saturations of methane hydrate in marine sediments are discovered within
continental margins, where the high concentrations of organic carbon in these settings and
fast sedimentation rates required to accumulate the organic carbon to form a source rock
(Muller and Suess, 1979). The density of gas hydrates vary from 0.8 to 1.2 gm/cm3
depending on the composition of gas that was used to form the hydrate (Makogon et al., 2007)
and the texture of the hydrate.

Gas hydrates would naturally dissociate when they exceed the limit of the temperature
of stability of gas hydrates because of time and burial, which are mainly controlled in a
specific geological setting. The thickness of the GHSZ tends to be constant for a given water
depth because the geothermal is relatively uniform over a broad region beneath the seafloor
for a certain period of time (Schulz and Zabel, 2006). However, a variation in the water depth
would modify the pressure conditions on marine sediments, significantly affecting the
stability of gas hydrate deposits. As most of continental margins present the suitable pressure
and temperature conditions for gas hydrate formation, the presence of sufficient gas
molecules seems to be the main limiting factor affecting gas hydrate distribution (Schulz and

Zabel, 20006).
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Figure 1-3. Stability diagram of gas hydrates in the deep sea (Zander et al., 2017). The
stability temperature for clathrate increases with pressure/depth. The intersections of the

geotherm and the temperature of gas hydrate stability define the depth of the base of the gas
hydrate stability zone (GHSZ).

The important of fluid-flow systems in the continental margin

Fluid flow refers to the fluid migration from the subsurface and through the seafloor
into the ocean and atmosphere. Focused fluid flow features have been investigated on
continental margins worldwide (Rajan et al., 2012a; Vadakkepuliyambatta et al., 2013). Fluid
flow can be induced by varying processes, including rapid sediment loading (Dugan and
Flemings, 2000), faulting (Cartwright et al., 2007), uplift and erosion (Xu et al., 2016),
dissociation of gas hydrates (Mienert et al., 2005), hydrocarbon generation and leakage from
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deep and shallow source rocks (Vadakkepuliyambatta et al., 2013) and earthquakes (Fischer
et al., 2013). The density and pressure gradients between sedimentary layers serve a major
role in rate of fluid migration. Fluid flow rate is controlled by the permeability of the medium,
the pressure gradient, and fluid viscosity (Darcy, 1856). Low-permeability formations can
restrain flow of fluids resulting in excess pore pressure generation. Methane gas generated
through organic matter reactions in marine sediments forms the most common hydrocarbon
associated with fluid flow (Schoell, 1988). Depending on the subsurface geology, source of
fluids, and differential pressure, upward rising fluids produce various subsurface features.
Fluids were delivered to the shallow subsurface and are difficult to characterize due to lack

of direct observations and their transient nature (Talukder, 2012).

Fluid migration through sedimentary formations within heterogeneous distribution of
small gas accumulations lead to attenuation of seismic energy (Taladay et al., 2017). These
zones of low-amplitude seismic signals can appear on the seismic data in different shapes
based on the nature of their formation. Attenuated seismic features are observed with mud
mobilizations (Leseth et al., 2003), gas chimneys (Hustoft et al., 2010) and faults. Due to the
large attenuation of seismic signals inside a chimney, therefore delineating the source of
fluids is commonly difficult. Leaking faults are usually associated with high-amplitude

acoustic anomalies, which indicate the presence of gas accumulations.

The important of gas hydrate research

There have been considerable and increasing interests in gas hydrate worldwide
owing to its important role on climate change and potential future energy resource. The
dynamic behavior of methane hydrate in subsurface marine environments has also been a
major focus of studies related to rapid climate change and geohazards (Burwicz et al., 2011;
Mienert et al., 2005). The influence of hydrate on the global carbon cycle, and on the carbon
stored in hydrate reservoirs for methane production, is a new and evolving field of research

(Qorbani et al., 2017). Understating how the structural effects are controlling the distribution
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of hydrate and free gas in the sediment will enhance our knowledge of the system as a whole,

and may provide insight into carbon exchange and storage in the deep ocean.

The need for energy has generated a strong international expectation in the
exploration for natural gas hydrates. Gas hydrate exploration expeditions have been
developed recently in Canada, China, India, Japan, Taiwan and the United States.
Sophisticated technologies and global economy will determine the future production of gas
from gas hydrate deposits (Hester and Brewer, 2009). The future of gas hydrate exploitation
serving as an energy resource depends on important factors including the geological studies
to identify concentration sites and settings where methane can be effectively extracted from
gas hydrate and to determine the most efficient means of dissociating gas hydrates in situ and

extracting gas safely.

Methane is a potent greenhouse gas and would act to warm the Earth, causing to
continue dissociation of gas hydrate. The Intergovernmental Panel on Climate Change (IPCC)
declares that methane is about 25 times more potent than carbon dioxide as a greenhouse gas
over a century (Stocker et al, 2013). Marine CO; sequestration was conducted at an
experimental stage, focusing on transport limitations and exchange time rates (Zhou et al.,
2008), CO; solubility (Yang et al., 2000), CO»-hydrate formation kinetics, CO>-hydrate
stability (Circone et al., 2003) and numerical modelling for spatial characterization of gas

hydrate deposits (Janicki et al., 2017).

Classification of gas hydrate deposits

Hydrate deposits have been divided into four depended on their reservoir conditions

(Li et al., 2010) as follows:

Class 1: This class of hydrate accumulation consists of two zones: a hydrate bearing
interval and underlying two-phase fluid zone containing free gas and water (Figure 1-4).
Hydrate bearing intervals are characterized by low effective permeability due to the very high

hydrate saturation in their pore space. The bottom of the hydrate stability zone often coincides
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with the bottom of the hydrate interval. From a gas production point of view, this type of
hydrate deposits are most desirable for exploitation due to the hydrate thermodynamic
proximity to the hydration equilibrium. Therefore, it requires only small changes in pressure

and temperature to induce dissociation process.
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Figure 1-4. Class 1 gas hydrate accumulation showing the gas hydrate interval coinciding

with BSR and the underlying free gas zone. (Modified from Silpngarmlert, 2007).

Class 2 hydrate deposit consists of two zones: a hydrate bearing interval, and an
underlying water interval with no free gas. In this class of hydrate accumulation, the bottom
of the hydrate interval does not necessarily indicate the bottom of the hydrate stable region,
as the entire hydrate interval may fall within the hydrate stable region (Figure 1-5). Numerical
gas generation research (Moridis and Collett, 2003) revealed that relative permeability
conditions resulting from the appearance of the gas phase in the previous water-filled zones

could easily interfere with the favorable decompression regime. In terms of gas recovery,
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depressurization may seem to be more effective because of the very incompressible nature
of water, resulting in strong pressure disturbances being dissipated over a wide range of

hydrate-water interfaces.
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Figure 1-5. Class 2 gas hydrate accumulation showing the gas hydrate interval not

coinciding with BSR, and the underlying water zone. (Modified from Silpngarmlert, 2007).

Class 3 has only one area in comparison to class 1 and 2, hydrate interval with no
underlying gas zone (Li and Moridis, 2010). The lower part of the interval does not
necessarily mark the bottom of the hydrate stability zone, while the entire hydrate interval
can fall into the hydrate stability zone (Figure 1-6). Gas hydrate reserve generally have high
hydrate saturation, reducing effective permeability of gas and water, especially in reservoirs
with low permeability. This makes the depressurization caused by the recovery of gas. For
this type of hydrate reserve, thermal stimulation seems to be the technique of proper

production.
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Figure 1-6. Class 3 hydrate accumulation showing the methane hydrate interval not
coinciding with BSR, with no underlying water and/or free gas zone. (Modified from
Silpngarmlert, 2007).

Class 4: Class 4 accumulations are significantly different from the others due to their
low saturation (Moridis and Sloan, 2007). They occur in submarine hydrate deposits and are

considered not a promising target for exploitation.

Seismic evidence for characterizing gas hydrate deposits

Since the evaluation of gas hydrate reserves is considered to be highly uncertain,
therefore, an efficient technology to detect and characterize gas hydrate deposits is required.
By using seismic reflection techniques, the presence of gas hydrate in offshore continental

margin has been detected (Baba and Yamada, 2004; Jia et al., 2016; Chhun et al., 2018).
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Natural gas hydrate accumulations have commonly been inferred on seismic reflection
profiles from the presence of a bottom-simulating reflector (BSR) at the base of the mostly
pressure-temperature-controlled gas hydrate stability zone. The BSR can be easily
recognized because it is parallel to the seafloor and has strong inverse polarity reflections
that cross cut sedimentary layers and represent the strong impedance contrast between the
base of the hydrate and the underlying sediment or free gas zone (Hyndman and Spence,
1992). Gas hydrate occurrence and the existence of a BSR depend on the local lithology and
the structural setting (Reidel et al., 2006a), the amount of water, and its salinity (Milkov et
al., 2004b). The structural patterns in a particular depositional setting affect influence the
amount of gas hydrate and the associated free-gas accumulations (Biinz et al., 2005). Gas
hydrate deposits are structurally controlled, associated with fluid-flow paths varying with

depositional settings (Hustoft et al., 2007) (Figure 1-7).

Zones of high amplitude reflections occurring above the BSR akin to the Upper BSRs
observed in seismic data were found in the Nankai prism (Inamori ert al., 2004), which are
well correspond to highly concentrated gas hydrates zones in comparison to core analyses
(Boswell et al., 2014). Moreover, high amplitude reflections suggesting gas-charged
sediments are common beneath the BSR (Chhun et al., 2018). Other seismic indicators of
gas-charged fluids include flat spots, and dim spots, which are known as direct hydrocarbon
indicators, and are therefore crucial features in defining of hydrocarbons in marine sediments
(Spence et al., 2010). Seismic blanking within the gas hydrate stability zone is characteristic
of the reduction of pore space due to the effect of gas hydrate saturation (Boswell and Collett,

2011).

Analyses of the seismic velocities and amplitude behavior at the BSR provide an
efficient way of characterizing the distribution of gas hydrates within marine sediments
(Hyndman and Spence, 1992; Korenaga et al., 1997). The flow of gas toward and through
the gas hydrate stability zone is a fundamental process that can lead to the deposition of
concentrated gas hydrate deposits (Milkov and Sassen, 2001), seafloor methane seepage

(Greinert et al., 2010), and also potentially to the generation of excess fluid pressure that can

11
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Figure 1-7. (a) High-resolution 3D seismic showing high-amplitudes, reverse polarity
reflector, interpreted as BSRs, and chaotic seismic reflection below. (b) and (c) Zoomed in
views of BSR from 3D seismic profiles exhibit various shape of BSRs. A seismic trace

(vellow) show the polarity reversal at the BSR (Vadakkepuliyambatta et al., 2015).

destabilize near-seafloor sediments (Crutchley et al., 2010b). Additionally, gas hydrate can
be deposited in the areas, where BSRs are not observed (Riedel et al. 2006) but fluid flow is

active. Therefore, characterizing regions where such focused flow reflecting temperature
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variation takes place are essential for our general understanding of these issues surrounding

the gas hydrate system using high quality three-dimensional (3D) seismic data.

To characterize the physical properties from 3D seismic data (e.g., seismic velocity),
rock physics models are commonly used. Rock physics model combined with most of the
geophysical measurements and mathematical tools helps to account for the uncertainty in the
data (Mavko et al., 1998; Chhun et al., 2018; Jia et al., 2016). The rock physics section is
applied to distinguish rock properties, understand reservoir heterogeneity, generate a
representative rock physics model, and establish relationships between physical rock
properties and seismic elastic properties. Rock physics model addresses the relationships
between rock properties, such as porosity, lithology, fluid saturations, velocities, and
geological deposition environment. The model can be a simple theoretical relation, such as
granular media models or inclusion models (Mavko et al., 1998) that fits well-log

observations, used in quantitative seismic interpretation and reservoir characterization.

1-2 Objective

This study is aimed at advancing the use of 3D seismic data to improve the geological
understanding of exploration targets, and to use the rock physics model for characterizing the
physical properties of reservoir rocks. 1) The first goal is to better understand controlling
mechanisms for the occurrence and development of focused fluid flow features (i.e. fluid
flow through faults and chimneys) and their relationship to gas hydrate-related bottom-
simulating reflector (BSR) in Sanriku-Oki forearc basin in the complex tectonic structure. 2)
The second goal is to estimate crack aspect ratio (pore geometry) and grain elastic moduli of

hydrothermal deposits and basalts.

To accomplish these tasks, first, automated velocity analysis was applied (Fomel,
2009) to pre-stack seismic data to obtain seismic profiles and high-resolution velocity models,
and then fluid flux was estimated (i.e. heat flow) using depth of BSR from the obtained high-

resolution velocity results. Secondly, the grid-search inversion method based on differential

13
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effective medium (DEM) theory was proposed to velocity-porosity relationship to obtain
elastic moduli and pore aspect ratios. I could assess the relationships between pore geometry
and grain elastic moduli and characterize reservoir quality in term of physical (i.e. grain

elastic moduli) and hydraulic properties using permeability models (Sarout, 2012).

1-3 Reservoir characterization using high-resolution seismic

data

Reservoir characterization plays an essential role in the primary exploration and
development. It contributes to the prediction of reservoir properties as well as to the economic
potential of the field. In general, a reservoir study can be categorized into different scales
such as molecular scale, pore scale, core scale, and field scale. Predicting a reservoir
characteristic of a field is difficult because of the data resolution challenges. As real
geological structures within the earth vary in a three-dimensionally, therefore, it is reasonable
that 3D seismic data should provide a more accurate and informative image of the subsurface.
3D seismic surveys are very useful in many exploration expeditions due to the high resolution
of structures and stratigraphy as well as rock properties that can be delineated relied on
seismic attributes properties. High-resolution 3D seismic data provide insight into the
presence of hydrocarbon (Figure 1-8), sedimentary facies, migration pathways, and fluid
movement used in discussing and evaluating reservoir potential without depending on

drilling data.

The seismic reflection method became commercially viable as an exploration
technique in the hydrocarbon explorations. Seismic reservoir characterization and prospect
evaluation are based on seismic reservoir properties such as acoustic impedance (Eng and
Tsuji, 2019), elastic moduli, and Vp/Vs ratio (Tsuji et al., 2011). Other studies have
characterized gas hydrate and free gas, and estimated hydrate saturation using seismic data
integrated with rock physics model (Chhun et al., 2018; Crutchley et al., 2015). Therefore,

seismic reflection method is an effective technique for gas hydrate exploration like other
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petroleum resources. Quantification of gas hydrate and free gas from such anomalous seismic
velocities based on certain rock properties can provide valuable pre-drill information for site

selection to conduct further research on both exploration and exploitation.

112460

3000

Seafloor

P-wave velocity (m/s)

Two-way time (s)

Two-way time (s)
Two-way time (s)

Figure 1-8. (a) seismic velocity profile showing gas hydrate (high velocity above BSR) and
gas accumulation (low velocity beneath BSR). The gas accumulation zones are clearly

imaged on the enlarged profile of panels (b) and (c). Black arrows illustrate the base of gas

reservoirs (chhun et al., 20138).
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In chapter 2, I present seismic evidence for the existence of gas hydrates and free gas
of Sanriku-Oki forearc basin. I applied automated velocity analysis to pre-stack 3D seismic
data to obtain high-resolution P-wave velocity to delineate the distribution of gas hydrate,
and then I estimated heat flow using depth of BSRs. These seismic data shed new lights on
the links among high heat flow (i.e. fluid flux) and subsurface gas hydrate, origin of gas
source and structural styles controlling the formation and accumulation of gas hydrate in the

Sanriku-Oki forearc basin.

1-4 Rock physics model

The effective physical properties of heterogeneous rocks are often needed in Earth
sciences, especially elastic properties in laboratory-scale rock physics and field-scale
geophysics. Both elastic properties and hydraulic properties of rocks are controlled by
heterogeneities in rocks constituting the Earth’s crust, which may arise from the variable
mineral composition, the presence of pores/cracks (Figure 1-9; Jiang et al., 2018) and the
nature of the saturating fluid. Indeed, the physical model can be any rock physics model
including velocity-saturation (Mavko and Mukerji, 1998), velocity-porosity (Doyen, 1988),
velocity-pressure (Doyen, 2007), amplitudes-velocities (Buland and More, 2003), and
porosity-permeability, etc.

Differential effective medium (DEM) theory, one of the rock physics approach, is
applied to the problem of estimating the physical properties of elastic media with penny-
shaped cracks, filled either with gas or liquid (Marko et al., 1998). It is known that such a
model captures many of the essential physical features of fluid-saturated or partially saturated
rocks. The effect of crack/pore on the seismic velocities of rocks and composites has been
studied by many researchers using velocity-pressure relationship, as crack is closed when
increasing pressure (Wilkens et al., 1991; Berryman and Berge, 1996). In general, these

studies show that when porosity is held constant, thinner voids
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Figure 1-9. CT slice image of different rocks (Alyafei et al., 2016); (b) 3D rock model after

segmentation, (c) distributions of spheres showing pore bodies, and (d) pore-size distribution

data (Jiang et al., 2018).
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(cracks) lower the seismic velocities significantly more than spherical pores, or vesicles. This
effect is caused by the more substantial lowering of both the bulk and shear moduli of the
rock (the effective moduli) when cracks are present. Hence, the shapes of the voids and cracks
that populate rocks have a substantial influence on their seismic velocities. The pore aspect
ratio is defined as the ratio of the short axis length over the long axis length of the ellipsoid
(Figure 1-10).

In chapter 3, I applied grid-search inversion method to estimate average pore
geometry and grain elastic moduli from porosity-velocity relationship acquired from
hydrothermal ore deposits. I could use the information derived from my analyses for reservoir
characterization using permeability models based on crack aspect ratios (Sarout, 2012; Figure

1-11).

Figure 1-10. 3D schematic image showing distribution of random pores with constant crack
aspect ratio (a) within rock sample. Ky and ug represent elastic moduli of grain. K; and ;i

represent elastic moduli of inclusion within pores.
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Figure 1-11. Predictions of the new permeability model in terms of cavities average aspect

ratio ¢ and average radius R for a porosity @ (Sarout, 2012).

1-5 Chapter organization and contributions

This thesis focuses on the application of high-resolution seismic velocity analysis and
rock physics model for reservoir characterization. There are four chapters in this thesis,
including this introduction chapter. The main methodologies, interpretation, discussion and
conclusion are described in Chapters 2 and 3. The methodologies described in Chapter 2
include automated velocity analysis and heat flow estimation. In Chapter 3, a grid-search

inversion based on differential effective medium (DEM) theory was applied to P-wave
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velocity-porosity relationship to obtain crack aspect ratio and gain elastic moduli of core

samples acquired at hydrothermal deposits.

Chapter 2 demonstrates the application of automated velocity analysis to 3D seismic
data to characterize the gas hydrate and free gas distribution in the Sanriku-Oki forearc basin.
Bottom simulating reflectors (BSRs), known as the base between gas hydrate and free gas,
were identified and mapped. Furthermore, seismic attributes, high-resolution and BSR-
derived heat flow were obtained to delineate the spatial distribution of gas hydrate and free
gas. Faults, slumps and chimneys were observed in seismic profiles, providing migration
pathways allowing methane to move upward to gas hydrate zones. This chapter has been
submitted to G-cubed journal (under review), and partially presented in International
Symposium on Earth Science and Technology 2017 and The Society of Exploration
Geophysicists of Japan 2018.

Chapter 3 presents a grid-search inversion based on differential effective medium
(DEM) theory (a method of rock physics model) applied to P-wave velocity - porosity
relationship of core samples acquired from hydrothermal ore deposit. The model is efficiently
applied to estimate the average crack aspect ratio and grain elastic moduli of core samples
for core samples measured at the atmospheric pressure. I found that samples measured at
atmospheric pressure and under higher effective pressure show the similar relationship
between velocity and porosity and have similar average crack aspect ratios. Some part of this
work was presented at the International Symposium on Earth Science and Technology 2017,
and The 10th AUN/SEED-Net Regional Conference on Geological and Geo-Resource
Engineering. This chapter was published at Exploration Geophysics (Kret et al., 2019).

Chapter 4 presents the conclusions and prospects for this research work in the future

on rock physics model and seismic data for more rigorous reservoir characterization.
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Chapter 2

Distributions of gas-hydrate and free-gas

accumulations

2-1 Introduction

Natural gas hydrates are widespread in sediments along continental margins and in
permafrost regions. They are crystalline inclusion compounds consisting of both water and
gas molecules in the form of rigid lattice cages in the pore spaces of marine sediments. They
form under conditions of low temperature and high pressure (Kvenvolden, 1993; Sloan and
Koh, 2007; Holbrook et al., 1996; Claypool and Kaplan, 1974). There are large
accumulations of gas hydrate and free gas in marine sediments; these have become targets
for energy exploration along continental margins worldwide (Kvenvolden, 1993; Collett and
Ladd, 2000). They are also of interest because of their potential to cause slope instability and
submarine slumps due to destabilization of gas hydrates during exploration or earthquake (Xu
and Germanovich, 2006; Kvenvolden, 1993; Sloan and Koh, 2007; Waite et al., 2009). Such
geohazards have the potential to contribute to climate change by releasing large volumes of
methane into the atmosphere (Dickens and Owen, 1995; Pecher et al., 2005). Therefore,
high-resolution mapping of gas hydrates and associated free gas is important both for future

energy supplies and for prevention of submarine geohazards.

Since 1993, abundant researches on methane hydrates in Japan have aimed to establish
future energy resources (Oyama and Masutani, 2017). Fujii et al. (2015) estimated the total
amount of methane in gas-hydrate-bearing sediments in the eastern part of the Nankai Trough
to be 40 trillion cubic feet. Gas hydrates are clearly recognizable in seismic reflection data as
strong continuous reflections (known as bottom-simulating reflectors; BSRs) because of the
strong acoustic impedance contrast between hydrated and non-hydrated sediments (Shipley

et al., 1979). Because the phase transition between gas hydrate and free gas is temperature
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and pressure dependence, BSRs are characteristically parallel or subparallel to the seafloor.
Gas hydrates are commonly trapped over accumulations of free gas sourced by upward fluid
fluxes from deeper sedimentary basins (White, 1979, Fraser et al., 2016). Because of the
distinct seismic character of BSRs, seismic imaging can be used to map gas-hydrate
accumulations and underlying free gas along continental margins. High-resolution velocity
models are needed to determine the physical properties of gas hydrates and associated free
gas, including their spatial distribution and gas saturation (e.g., Wang et al., 2018; Chhun et
al., 2018).

Methane hydrates are widely distributed in various forearc basins along the convergent
margin of the Japan Trench (Figure 2-1) (Tanikawa et al., 2016; Taladay et al., 2017; Eng
and Tsuji, 2019). In the Sanriku-Oki basin, one of several forearc basins between the
subducting Pacific plate and the northeastern Japan arc, seismic profiles show clear BSRs
(Takano and Tsuji, 2017). In this study, I applied an automated velocity-picking algorithm
to a high-resolution 3D seismic volume in the Sanriku-Oki basin. In areas where no reference
borehole velocity data is available, such as my study area, this approach can provide a higher
resolution and more accurate velocity structure than other quantitative seismic analysis

techniques such as acoustic impedance inversion.

Heat flow is a key factor in evaluations of free-gas and gas-hydrate resources (Riedel et
al., 2010; Li et al., 2010; Poort et al., 2012). The heat flow related to fluid flux in marine
sediments is affected by faults, slumping, and transgression and regression cycles (Phrampus
et al., 2107; Crutchley et al., 2017;Vargas-Cordero et al., 2018; Singhroha et al., 2019).
Previous studies estimated heat flow from either directly at drilling sites (Xu et al., 2016) or
using thermal probes (Davis et al., 1990; Hyndman and Wang, 1993), or using BSR depths
(Yamano et al., 1982; Grevemeyer and Villinger, 2001; Ashi et al., 2002; Kinoshita et al.,
2011; Ohde et al., 2018; Li et al., 2014; Henrys et al., 2003). In this study, I mapped heat

flow within a 3D seismic volume by using BSR depths derived from a high-resolution
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Figure 2-1. (a) Bathymetric map of offshore northeastern Japan. The inset map shows the
study area in relation to a simplified plate tectonic framework. Black dashed area indicates
a continuation of forearc basin of northeast Japan. (b) The area of the Sanriku-Oki 3D
seismic survey (blue rectangle). Blue stars indicate the locations of site C0020. Red and blue

lines represent the seismic lines shown in Figures 2-6, 2-7, 2-8, and 2-10.
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velocity model to investigate the mechanism of formation of gas-hydrate and free-gas
systems at a plate convergent margin and to attempt to understand the complex interactions

of sedimentary and tectonic processes that control their formation.

2-2  Geological setting

The Sanriku-Oki forearc basin is a part of a N—S trending basinal zone that extends from
southern central Hokkaido to offshore northeastern Honshu Island (Figure 1). Basin-filling
sedimentation started during the Late Jurassic and has continued until the present, producing
~6000 m of basin-fill sediments in this study area (Takano and Tsuji, 2017). The saturate and
aromatic fractions of organic extracts from the Sanriku-Oki borehole (Yufutsu oil and gas
field) and adjacent wildcat boreholes revealed various biomarkers of higher plant origin
(Yessalina and Suzuki, 2005). Analyses of Late Cretaceous to middle Eocene core samples
at depths of 1252-2466 mbsf from the drilled site C0020 (Inagaki et al., 2012) showed that
the major lithologies were siltstone, mudstone, sandstones, and coals. The total organic
carbon contents of the sediments were 0.5 to 2.0% coals (Yessalina and Suzuki, 2005),
maturity levels derived from vitrinite reflectance data were 0.5 to 0.7%, and organic type
(I/III) coals in the succession provide potential sources for oil and gas (Osawa et al., 2002;
Oda, 2003). The potential for hydrocarbon reserves in the Sanriku-Oki basin is similar to
those of the Yufutsu oil and gas field on the southern coast of Hokkaido and the Ishikari
Group in central Hokkaido (Osawa et al., 2002; Oda, 2003; Takano et al., 2013), both of
which have similar depositional systems, stratigraphic frameworks, and hydrocarbon sources

of dominantly Paleocene, Eocene, and Oligocene age.

The stratigraphic succession of the Sanriku-Oki forearc basin includes four major
unconformities (Cretaceous, Oligocene, Miocene, and Quaternary; Takano and Tsuji, 2017).
The Oligocene unconformity represents the largest tectonic transformation of the basin,
which changed from a benched fluvial-dominated forearc basin to a deep marine forearc
basin (Takano and Tsuji, 2017). Seismic profiles also show that the Cretaceous to Eocene

structure of the forearc basin was strongly controlled by episodes of uplift and subsidence on
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the trench slope (Takano, 2017). Several marine transgressions and regressions have been
recognized in the Upper Cretaceous to lower Eocene successions. A previous exploration
well in the basin penetrated middle Upper Cretaceous rocks composed mainly of alternating
beds of sandstone and mudstone (Takano and Tsuji, 2017). The lower to middle Eocene
sequences above the Cretaceous unconformity consist mainly of sandstone, mudstone and
coal beds (Takano and Tsuji, 2017). After Oligocene unconformity, this forearc basin setting
type transformed to a deep slope condition due to tectonic subsidence (Takano, 2017), which
overlain by transgressive deep marine sediments (i.e. muddy facies) governing over Neogene
(i.e. Miocene and Pliocene) and Quaternary succession. In addition, the exploration well also
indicated that the lower to late Miocene sequences were composed of sandstone, silty shale,
siltstone, thin coal seams, and silty clay with intervals of sand and silts (Gross et al., 2015,
Inagaki et al., 2012); and late Pliocene sequence was dominated by diatom-bearing silty clay
(Gross et al., 2015, Inagaki et al., 2012). In spectacular, Neogene and Quaternary sequences
were sandwiched by many mass-transport deposits which comprised a series of successive
submarine slumping due to tectonic subsidence and frequent earthquakes triggered in this
basin lying on the plate convergent subduction zone (Eng and Tsuji, 2019; Tanioka and

Sataka, 1996).

Recent interpretations of seismic data (Takano and Tsuji, 2017; Takano et al., 2013) have
indicated that there was intense deformation inferred from Oligocene unconformity. The
dominantly tectonic controls of the formation of forearc basins result in different subsidence
patterns (Dickinson, 1995), probably related to regional strike-slip tectonics (Takano et al.,
2013; Itoh et al., 2014). Strike-slip faults induced by oblique subduction have been
recognized in various forearc basins, for example, the Sumatra, Aleutian, and Kumano

forearc basins (Dickinson, 1995; Tsuji et al., 2014; Martin et al., 2010).

2-3 Seismic data

I used 3D seismic reflection data acquired in the Sanriku-Oki forearc basin by the

Ministry of Economy, Trade and Industry (METI). The data were acquired by 3D seismic
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vessel under the National Program for Oil and Gas Prospecting (2008FY METI Geophysical

Survey and Basin Evaluation Project “Sanriku Oki 3D”).

The energy source was an airgun array (3090 cubic inches or 0.0506 cubic meter) towed
at 6 m depth and the data were recorded by 10 streamers of ~5000 m length towed at 8 m
depth. Each streamer consists of 384 hydrophones. The hydrophones interval at 12.5m and
shot interval at 25m gap are conducted. The CDP folds are 47. The rectangular survey area
covered about 800 km? (40 km in-line x 20 km cross-line). The bin size was 12.5 m (in-line)
% 25.0 m (cross-line) and the sampling interval was 4 ms. The in-line direction of the survey
was 353° (Figure 2-1). The vertical resolution of the seismic data is about 5-10 m within the
shallow sedimentary sequences. The data processing sequence included surface-related

multiple elimination, and radon demultiple (Figure 2-2).

2-4 Method

The seismic data processing provided a high-resolution velocity model (Figure 2-2) that

was used to identify BSRs. BSR-derived heat flow was then calculated, as described below.

2-4-1 Conventional semblance

Conventional semblance is a normalized coherency measure that was firstly defined
by Taner and Koehler (1969). Semblance is routinely used to estimate MNO velocity as a
function of zero-offset time (Figure 2-3a). Following normal move-out correction of a CMP

gather, semblance as determined by Neidell and Taner (1971) is computed as:

S M(ERZ0 alikD?
NI Eh=o alik]?

Slil =

(2-1)

where i and j are time sample indices, £ is a trace number, and g[j, k] is the trace amplitude at

time index j and trace mummer k of the NMO-corrected gather. The inner sums over &
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correspond to N MNO-corrected traces in a CMP gather, while the outer sums correspond to

a time-smoothing window with length 2M + 1 centered at time index i.
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2-4-2 AB semblance

The AB semblance (Figure 2-3b) is proposed to handle the velocity analysis of CMP
gathers (Fomel, 2009). The AB semblance is computed as:

NGRS aGiow (i k)?

Sw(i) = SN L CN-ASN- I w2 (k) (2-2)
where w(j,k) indicates the weighting function for the index j and trace number £.

Suppose that the reference sequence has a trend of trace amplitude a(j, k):

w(j, k) = A() + B()D(, k) (2-3)

where @(j, k) is a known function that can be chosen as the offset at trace &, and A(j) and
B(j) are two coefficients. To estimate A(j) and B(j), I can to minimize the following objection

function of misfit between the trend and trace amplitude that can turn as following:
F; = XkZo(aGi, k) — AG) = B(HBY, k)? (2-4)

Taking derivatives with respect to A(j) and B(j) in Equation (2-2) setting them to zero, and
solving the two linear equations, 4(j) and B(j) can be obtained as the following two least-

squares fitting coefficients:

Ali] = Zh5 UM Tisg aGR00G k) -Ti5g 02(k) g alik) (2-5)
(Ek=o 2UK))2=N(EkZ, 9%(Uik)
Bli] = S0 8U.k) Tk aj.k)=N ¥ a(ik) B 0G.k) (2-6)

CN=10(j,k)2-NERZL02(j k)

Substituting w(j,k) = A(j) + B(j) @(j,k) into Equation 2-2 leads to the AB semblance.
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Automated seismic velocity analysis based on AB semblance (Figure 2-3) was applied to
all CMP gathers of the pre-stack seismic volume (Fomel, 2009; Fomel et al., 2013; Chhun et
al., 2018). An optimum velocity-picking trajectory can be obtained using the eikonal
equation with a finite-difference algorithm (Fomel, 2009). Velocity spectra derived from AB
semblance are useful in the presence of strong amplitude anomalies and polarity reversal,
while these properties lead to inaccurate velocity picking for conventional semblance (Fomel,
2009), and are therefore better suited to velocity analyses of sequences containing hydrate
and gas reservoirs than conventional velocity analysis methods (Figures 2-3a and 2-3b). A
constant velocity increment step of 2 m/s was used to accurately pick optimum velocities
from velocity spectra for each reflector. The automatic picking velocity represents the
vertical average root mean square (RMS) value without applying lateral and vertical

smoothening to prevent the stretching effect.

The uncertainty of estimated velocity from both AB and conventional semblance range 0
to 30 m/s in the gas hydrate and free gas interval (Figures 2-3a and 2-3b), implying the
accurate velocity result from these two semblances. The derived velocities were used to
correct all CMP traces for normal moveout (NMO) (Figure 2-3d). NMO velocities were then
converted to interval velocities according to Dix’s equation (Dix, 1955). The resulting high-
resolution interval velocity model and seismic profiles were crucial to my identification of

hydrate and gas reservoirs and my interpretation of fluid migration.
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Figure 2-3. Example of NMO-based velocity analysis of a CMP gather (location shown in
Figure 2-1a). P-wave velocity versus two-way-time based on (a) conventional and (b) AB
semblance velocity analyses. (c) Uncorrected and (d) NMO-corrected (AB semblance) CMP
gathers.

2-4-3 Heat flow calculation

Local heat flow can be estimated from the depth of the BSR (Grevemeyer and Villinger,
2001; Yamano et al., 1982; Hyndman and Spence, 1992; Horozal et al., 2009; Li et al., 2014;
Davis et al., 1990). Because the BSR represents the phase transition between gas hydrate and
free gas, the curve of gas-hydrate stability can be used to estimate heat flow under specific
pressure and temperature conditions. Because there have no direct coring or logging data in
my study area, I compute the BSR-derived heat flow using shallow and deep physical
properties of sediments recovered from hole C0020A of Expeditions 337 (Inagaki et al.,2012;
Tanikawa et al., 2016) and CK06-6 (Aoike, 2007) , located about 25 km west of my study
area with 1180 m water depth. The coring and logging data used includes bulk density,
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porosity, thermal conductivity, temperature. The BSR-derived heat flow H (mW/m?) can be

calculated assuming a simple conductive heat transport equation as:
H = k(Tpsr — Tsg)/Zpsr (2-7)

where T is temperature at the seafloor (°C), Ths- 1s temperature at the BSR (°C), Zps 1s the
depth of the BSR in meters below the seafloor (mbsf), and £ is the thermal conductivity from
the BSR to the seafloor (W/m °C). In equation (2-7), I used the depth of the BSR (Zss) on
reflection profile derived from my high-resolution velocity analysis. 75, and k were

determined from equations (2-8), and (2-9), respectively.

The seafloor temperature 7y is assumed to be 3.6 °C in my study area, same as the

seafloor temperature from hole C0020A in the water depth 1180 m (/nagaki et al., 2012).

I assumed that the pressure-temperature conditions at the BSR were those at which
methane hydrate is stable. The formation pore pressure is hydrostatic or increased by a few
percent of hydrostatic value to depth at least 2425 m in the off-Shimokita Basin (/nagaki et
al., 2012). Because overpressure is unlikely at the relatively shallow depths of the BSR, the
depth to the BSR (water depth plus overburden thickness) was converted to pressure by
assuming a hydrostatic model for sediment pore pressure (Hyndman et al., 1993; Li et al.,
2014). The temperature log data from hole C0020A (~ 25 km west of my study area)
measured at 1200 to 2466 m below seafloor (mbsf), which is deeper than the depth of BSR
(390 to 650 mbst). We, therefore, used the hydrate phase boundary of Maekawa et al. (1995)
instead of using temperature-depth relationship data, which could introduce large error in
estimating the temperature at the BSR. I compared gas hydrate phase boundary equation of
Maekawa et al. (1995) with previous gas hydrate phase boundary equations (Figure 2-4) (i.e.,
Dickens and Quinby-Hunt, 1994; Tishchenko et al., 2005) and temperature-pressure
relationship from hole C0020A (Figure 2-5).

The temperature at the BSR (T,s-) was calculated using an empirical relation for

equilibrium at the phase boundary of gas hydrate stability with 3.5 wt% sodium chloride
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solutions, similar to the salinity of natural seawater in pressures range up to 18 MPa

(Maekawa et al., 1995):

In(p/po) = —926.815 + 31979.3/T + 144.909InT + 5847.92x + 3220.26x2 +
5840.50In(1 - x) (2-8)

where T is temperature (K) and p is the pressure (MPa), p° is the atmospheric pressure (MPa),

x is the mole fraction of sodium chloride in liquid phase.

The average thermal conductivity between the seafloor and the BSR, & in equation (2-7),
was estimated by two-component system of water and solid matrix (Davis et al., 1990,

Villinger et al., 1994) as follows:
k=kyki™? (2-9)

where kg (0.6 Wm™ K1) is thermal conductivity of water, k;~® (2.5 Wm™'K 1) is the

thermal conductivity of solid matrix, and @ is porosity.

The porosity-depth relationship (Tanikawa et al., 2016) at hole C0020A is explained as:
@ = 0.740exp(—0.0004562) (2-10)
where z is depth (mbsf).

Finally, I calculated the BSR-derived heat flow by substituting the parameters determined
in equations (2-8)—(2-9) into equation (2-7).

40



Chapter 2 Distribution of gas-hydrate and free gas accumulations

Temperature (K)
260 265 270 275 280 285 290 295 300

0 ' : 0
. ' | Phase boundary:
T i | — Maekawa (1995)
T LI . | =—Tishchenko (2005)
P T=Sswl: 1 | —Dickens and Quinby-Hunt (1994)
: I‘I NS .: * Temperature-pressure relationship
S Fo---c- ~TSgS 5L from hole C0020A 500 <
| o oy ; &
| NG ! @
1 | o_
I -~ | m
1 [l 1 | ©
—_ | | ‘ ; 5
10 fomm e  ERREEED B o e 10003
=3 : : N
o) | | ) !
5 ' Temperature at ' !
% ' the seﬂ)‘or: 3.6°C h
£ 15 Seafloor : ! . 0
i o
' 5]
: el
: 5
! o
. ©
! e)
20 BSR : 500 =
' @
| )
! o
| e
: 3
25 : 1000

Figure 2-4. Phase diagram of gas hydrate stability in my study area with a regional
geothermal gradient of ~ 28.5 °C/km. Error bars correspond to 1 and 1.5 standard deviation

for temperature and pressure, respectively.
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Figure 2-5. Physical properties of sediments from hole C0020A4 during the expedition 337
(200 to 2446 m below seafloor) and CK06-06 (0 to 360 m below seafloor). (a) Temperature

profile estimated using the Environmental Measurement Sonde (EMS). (b) Thermal
conductivity. (c) Porosity. (d) Bulk density.
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2-5 Results and interpretation

2-5-1Seismic profiles and high-resolution P-wave velocity model

The high-resolution seismic profiles I used greatly facilitated my interpretation of
lithological boundaries and unconformities across the survey area (Figure 2-6). I estimated
the depth of the BSR to be ~500 mbsf (Figure 2-7). High amplitude reflections beneath the
BSR possibly represent temperature and pressure variations in the equilibrium state of gas
hydrates (Taladay and Moore, 2015). 1 also observed lateral discontinuities in the BSR
(Figures 2-8 and 2-10), which may represent either instability of the gas flux beneath the gas-
hydrate zone or intense deformation (faults or chimneys) that cut the sedimentary sequence
(Figures 2-10b and 2-10e) (Biinz et al., 2012; Plaza-Faverola et al., 2015; Plaza-Faverola et
al.,2017). During dissociation of gas hydrate, free gas and water are expelled, which reduces
the shear strength of sediments and makes them more prone to failure, which is likely the

cause of the lateral discontinuities of the BSR within slump deposits.

Superimposition of my high-resolution P-wave velocity model on the reflection seismic
profile (Figure 2-7b) shows that P-wave velocities clearly distinguish the sediments
containing gas hydrate and free gas from the surrounding sediments. The high P-wave
velocities I identified for gas-hydrate-bearing sediments (1700-2100 m/s) are consistent with
those reported in other regions (Ker et al., 2019; Ivan et al., 2017; Fraser et al., 2016; Li et
al., 2013; Pecher et al., 1996; Korenaga et al., 1997; Mienert and Posewang, 1999). The
concentration of CHs may localized seepage within slump areas or widespread CH4 release
from dissociation of gas-hydrate-related slumps leading to pore volume expansion, sediment
weakening and even releasing methane into the water column (Faure et al., 2006; Pecher et
al., 2005). My observation of high P-wave velocities within slump units above the BSR
(Figures 2-7b, 2-8; slump E), similar to that investigated in seismic data (Pecher et al., 2005),
suggesting the possibility of the gas-hydrate saturations in porous slump units in my study

area are high.
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Figure 2-6. (a) N-S seismic reflection profile across the Sanriku-Oki forearc basin (location
shown in Figure 2-1). (a) Uninterpreted profile and (b) interpreted seismic profile of panel (a).
The strong reverse-polarity reflection represents the BSR (vellow dashed line). White dashed
lines mark unconformities (Cretaceous, Oligocene, Miocene, and Quaternary) based on
correlation with seismic stratigraphy of Takano (2017). Black lines indicate major faults.
Colored areas mark six interpreted slump sequences (A to F) characterized by internal
imbrication and chaotic structures. The red arrowhead in (a) shows the location of the CMP
gather displayed in Figure 2-3. (c) and (d) The enlarged seismic profiles showing the strong
amplitude reflection of gas pocket, gas accumulation zones and slumps with corresponding high
P-wave velocity extracted from 3D velocity model.
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P-wave velocities are considerably lower beneath the BSR due to the saturation of free
gas in the sediments there (Singh et al., 1993; Hyndman et al., 2001; Pecher et al., 2001).
According to my analyses, the P-wave velocity of sediments containing free gas is 1000—
1500 m/s in my study area (Figures 2-7, 2-8, and 2-10). Although the seismic velocities of
free-gas bearing zones are related to gas saturation, the velocity range I estimated is
consistent with the results of previous studies (Korenaga et al., 1997; Tinivella and Accaino,
2000; Biinz et al., 2005). Attenuation of seismic signal strength beneath a BSR has been
reported to represent an irregular distribution of zones of low-velocity gas-charged sediments
that produces chaotic reflections (Gorman et al., 2002; Arntsen et al., 2007). Time slices of
my 3D velocity model at 2.4 s TWT (Figures 2-9a and 2-11a) and 2.5 s TWT (Figures 2-9b
and 11b) strongly suggest that gas-hydrate and free-gas accumulations are widespread within
my study area. The low-velocity, gas-charged sediments I interpreted extend ~30 km along

a N-S direction in my study area.

To supplement my interpretation of the spatial distributions of gas hydrate and free gas
within my study area, I compared several profiles extracted from my high-resolution P-wave
velocity model with corresponding profiles of seismic amplitude envelopes published by Eng
and Tsuji (2019) (Figure 2-8). The high envelope values they characterized as zones of free
gas are well consistent with the low P-wave velocities I determined below the BSR between

2.5and 2.9 s TWT (~500 to 900 m below the seafloor; Figure 2-7).
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Figure 2-7. (a) N-S seismic reflection depth profile illustrating intense normal faulting that
can provide pathways for upward fluid migration from depth. (b) High-resolution P-wave
velocity superimposed on the interpreted seismic depth profile in (a) showing gas hydrate
zone (high velocities above BSR), free gas accumulations (low velocities beneath BSR), and

a gas pocket in the slump D interval. The profile location is shown in Figure 2-1.
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Figure 2-8. Comparisons of three profiles (a, b, and c) of seismic reflection profiles, high-
resolution P-wave velocities extracted from the 3D velocity model of this study (upper panels;
profile locations shown in Figure 2-1) with corresponding profiles of envelopes showing

interpreted distributions of free gas below the BSR.
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Figure 2-9. Time slices from the 3D P-wave velocity model at (a) 2.4 s TWT, through gas-
hydrate accumulations above the BSR, and (b) at 2.5 s TWT, through free-gas accumulations
below the BSR. Black dashed lines mark the boundary of the BSR observed within my study

area.

2-5-2 Heat-flow mapping

I used the depth of the BSR determined from my high-resolution seismic velocity model
to map heat flow in the study area (Figure 2-12). The depth of the BSR ranges from 390 to
650 mbsf (Figure 2-12a). The shallowest BSR is beneath seafloor channels in the northern
part of the study area and corresponds to areas of high heat flow (Figure 2-12b). Other areas
of high heat flow (Figure 2-12b) correspond to areas I interpreted to have high concentrations
of free gas and gas-hydrate (Figures 2-10 and 2-11). Local areas of uplift of the BSR (Figures
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2-7b and 2-12b) in the middle of the study area are associated with high heat-flow anomalies.
Areas of high heat flow (~30 to 35 mW/m?) were clearly associated with the edge of the area
of slumping, and with gas chimneys and fault zones (Figures 2-12b and 2-12c). Heat flow at
the location of the northernmost gas chimney is higher than its immediate surrounds (Figures
2-10a, 2-10d, and 2-12b), which suggests that high-temperature fluids are migrating upward

through the chimney into the overlying gas-hydrate bearing sediment.

Several of the parameters I used in my calculations of heat flow may have introduced
uncertainties in my results. These include depth to the BSR, pressure at the BSR, bathymetric
irregularities, and the value I used for thermal conductivity. Although lateral variations in
seismic velocity often lead to uncertainties in time-depth conversions (Li et al., 2014), my
high-resolution velocity model should have reduced those uncertainties. I estimated that
depth errors up to a maximum of ~10 ms TWT in picking BSR reflectors would result in an

error of ~7% in heat flow values.

The assumed pressure model could also have affected my estimates of the temperature
gradient. The different result of lithostatic and hydrostatic pressure at the BSR is about 12%.
Uncertainties in lithostatic and hydrostatic pressures could have generated an error of 7% in
the estimated temperature at the BSR, leading to an error of ~ 9% in the heat flow values.
Moreover, my errors in the calculation of thermal conductivity were ~1%, which is largely
depend on depth of BSR as in the above equation (4), producing a heat flow error of 4%.
Furthermore, for the case of sea floor temperature, the heat flow values would vary by 11%
if I estimated the different seafloor temperature values of 3.6 °C and 2 °C. By using the high-
resolution velocity model, therefore, the most significant error might have been in my
determination of temperature (Henrys et al., 2003). The cumulative error in my estimation of
heat flow was 31% or even more, which is similar to errors in previous studies in other
regions (Yamano et al., 1982; Ganguly et al., 2000; Townend, 1997). Even though I used a
high-resolution P-wave velocity model to estimate the BSR-derived heat flow, I acknowledge
that errors in my calculations could include the effects of, for example, hydrate morphology,

sediment density, pore size, and grain size, all of which I considered to be negligible (Rao et
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al., 2001). Nonetheless, my estimated heat flow (Figure 2-12) broadly agreed with heat flows
measured ~50 km south of my study area (~32 mW/m?; Yamano et al., 2008; Kimura et al.,
2012).

5
]

@
Iy
'
'
(s
L
'
IR
'

Heat flow (mW/m?)

32

Heat flow (mW/m?)

N
©
!
J
'

29

N
S

26

Seafloor

Two-way time (s)
Two-way time (s)

1S}
153
S

S

2200

1600

wave velocity (m/s)

P.

1000

Two-way time (s}
Two-way time (s)

Al il 5
e with less reflection |

Figure 2-10. (a) and (d) BSR-derived heat flow along two profiles extracted from the 3D
model (locations shown in Figure. 2-1). (b) and (e) Interpreted seismic reflection profiles
showing the strong reflection of the BSR (yellow dashed lines). White dashed lines mark
unconformities (Cretaceous, Oligocene, Miocene, and Quaternary) based on correlation
with seismic stratigraphy of Takano (2017). Red arrows show slump sequences A to F. Black
lines indicate major faults. Red dashed lines indicate interpreted gas chimneys that disrupt
the sedimentary sequence and pierce the BSR. (c) and (f) P-wave velocity profiles showing
gas hydrate and free-gas accumulations and chimney structures within which low P-wave
velocities suggest the presence of high concentrations of free gas.
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Figure 2-11. 3D views of the high-resolution P-wave velocity model at high gas saturation
area (landward half of 3D survey area) showing (a) widespread gas hydrate at 2.4 s TWT,
(b) widespread free gas at 2.50 s TWT, and (c) a low P-wave velocity distribution ranging
from 1000 to 1400 m/s (lower than the velocity of seawater, generally ~1500 m/s) at 2.5 s
TWT, indicative of the free-gas distribution. This figure suggests that there is more free gas
in the northwest of the study area. Red dashed line showing the boundary of gas hydrate and
free gas within the study area.

51



Chapter 2 Distribution of gas-hydrate and free gas accumulations

©]

X
Channels Channels
4 —
32
s 8=
L5 B
Sz 33
@8 B
a N
33 2 @
=2 .
32
o
A
650 - B
& £
£ E
550 = 2 E
5 3
= 29 2
450G | _5km T| 5km
% T

Figure 2-12. BSR-derived heat-flow distribution in the study area showing the edge of the
area of slumping (red dashed lines) and locations of gas chimneys (red stars) and channel-
like structures due to the effect of channel at the seafloor. (a) Depth to BSR. (b) Heat flow.
Red dashed line represents the boundary between high and low heat flow areas. (c) Chaos
attributes at 3.94 s TWT showing the distribution of faults and edges of slump (Eng and Tsuji,
2019). Black dashed lines mark the boundary of the BSR observed within my study area.
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2-6 Discussion

2-6-1Hydrocarbon migration pathways

Three-dimensional seismic data and estimated heat flow can be used to identify fluid
migration pathways in forearc basins. Numerous faults, gas chimneys, dipping sedimentary
layers, and slumps in my study area are the results of tectonic motion (i.e., extension and
subsidence) (Figures 2-7, 2-8, and 2-10). These structural features have been shown to
provide gas migration pathways leading to the accumulation of gas hydrate and free gas in
Quaternary sequences off the east coast of Japan for which the depositional environment has
changed from regressive to transgressive succession filled by turbiditic sediments (i.e.,
intercalated sand and mud facies) and slump deposits (Takano and Tsuji, 2017, Eng and Tsuji,
2019; Miyakawa et al., 2014). I identified gas chimneys in the interval between the Miocene
and Quaternary unconformities (Figure 2-10). One of these chimneys is near the edge of the
area of slumping and clearly links gas-hydrate and free-gas accumulations (Figure 2-10e;
Eng and Tsuji, 2019). The P-wave velocity within the chimney is up to ~300 m/s slower than
in the surrounding sedimentary layers and the gas-hydrate zone, and clearly indicates the
presence of free gas (Figures 2-10c and 2-10f). The low P-wave velocity within the gas
chimneys could alternatively be explained by the effect of high pore pressure on the elastic
moduli and density of the sediments (7suji et al., 2008). In the Sanriku-Oki forearc basin,
most of the gas chimneys have formed just above coal-bearing layers at the edges of slump
deposits in Quaternary and late Miocene sediments (Figure 2-10e) (Eng and Tsuji, 2019). My
heat-flow studies have demonstrated that gas chimneys can provide conduits for the upward
migration of gas into shallow formations whose temperature and pressure conditions are
favorable for the formation of gas hydrate. High P-wave velocity of gas hydrate forming an
effective hydrological seal could deflect upward migration of fluid to the Quaternary

reservoir rock.

Eng and Tsuji (2019) used post-stack seismic profiles extracted from the 3D seismic data
I used in this study to discuss the major role of a series of slumps in providing gas-migration

pathways in the region. The slump structures (labeled A to F in Figure 2-6b) are characterized
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by complex imbricate fault systems, chaotic reflections, and discrete seismic stratigraphic
units within the Miocene to Quaternary sequence (Figures 2-6, 2-10b, and 2-10e¢). [ used my
high-resolution velocity model to delineate these slump deposits and their internal geometries.
Most of the slump deposits within the basin have relatively low P-wave velocities, possibly
due to the presence of free gas or numerous fractures (Figures 2-7 and 2-8), and therefore
make an important contribution to the mobilization of free gas in the study area. The slumps
above the BSR (E and F) have higher P-wave velocities than the deeper slumps, which

suggests that these shallow, more porous slump deposits have higher gas-hydrate saturations.

However, the upward migration of gas might cease beneath impermeable layers, and
could thus produce accumulations (pockets) of gas. Most of the gas pockets I identified are
at depths of less than 900 mbsf and are within the Miocene and Quaternary sequence (Figure
2-7). They are characterized by high-amplitude reflection and low-velocity anomalies (Figure
2-7) and likely accumulated in sand-rich sediments below a clay-rich seal. They are of limited
lateral extent and probably contain gas that has leaked upward from the edges of deeper
slumps (Figures 2-6 and 2-7; Eng and Tsuji, 2019). The slump edges may be related to local
shear-failure surfaces at downslopes within the loose unconsolidated faulted sediments and
parallel to the direction of slump flow (Bull et al., 2009) that were initiated during episodes

of extensional or compressional stress.

2-6-2Implication of heat flow for the migration and accumulation

of hydrocarbons

My high-resolution P-wave velocity model has improved my understanding of the spatial
distributions of heat flow, gas hydrate, and free gas in the sediments of the study area. I have
assumed that fluid migration is a key factor controlling the temperature gradient and is thus
instrumental in the spatial variations of heat flow in the basin (Bredehoeft and Papadopoulos,
1965). On the seismic indicators of high concentration of gas-charged fluids (Figures 2-10b

and 2-10e) include reductions in acoustic impedance, less reflective seismic horizon (Jones
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et al., 2010) and result as high and low velocity fluctuations, serving as important features in
defining of hydrocarbons in marine sediments (Spence et al., 2010). Less reflective seismic
zone below BSR could be because of acoustic attenuations of seismic wave travel through a
thick gas-charged sediment (7aladay et al., 2017). I have shown that heat flow is high above
faults and chimneys within these less reflective seismic zones (Figures 2-10 and 2-12). The
areas of high heat flow in the study area likely correspond to areas with high concentrations
of free gas and hydrate (Figure 2-10) (Li et al., 2014). In contrast, in the east and northeast
of the study area, well-stratified reflection horizons contain uniform velocity of lithological
units, where BSRs and concentration of free gas cannot be observed (Figure 2-10). Moreover,
heat flow is relatively low in these areas, away from the area of intense faulting and gas
chimneys. This area of lower heat flow might be related to the thicker forearc basin sediments
and deeper basement there, which not allow fluid to easily migrate from depth to move
upward compared to fluid flow that is more active in less overburden sediments (Han et al.,

2019).

Upward fluid flows are required to maintain high concentrations of gas hydrate in the
shallow subsurface (Kvenvolden and McMenamin, 1980; Hovland et al., 1999; Judd and
Hovland, 2009). The presence of faults, chimneys, slumps, and underlying gas source rocks
allow the upward migration of fluids to develop gas-hydrate accumulations in the overlying
sedimentary sequence. Crustal extension in active forearc basins can induce faulting (Hayes
et al., 1995; Bello et al., 2017; Tsuji et al., 2013) and associated cracks (Yan et al., 2006; Li
etal., 2012; Fraser et al., 2016; Hustoft et al., 2009; Vanneste et al., 2005; Tsuji et al., 2015),
both of which have been recognized as conduits for upward migration of gas. Previous studies
(Ando, 2005; Takano et al., 2013; Yagishita and Takano, 2005) have reported that Cretaceous
to Paleocene coal-bearing fluvial and shallow-marine sediments in forearc basins off
northeastern Japan provide major petroleum source rocks. The 3D seismic data [ used show
intense normal faulting that intersects potential hydrocarbon source rocks below the Miocene
unconformity (Figures 2-6, 2-7, and 2-10) where there is considerable variability of the strike
of faults, which might lead to anisotropic permeability of the sequence there (Hustoft et al.,

2009). The principle axis of permeability in faulted zones is parallel to the fault plane, so in
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areas where there are multiple fault strikes and numerous intersecting fault planes, fault zones
may provide particularly effective conduits for upward fluid migration, thus producing high
heat flow. The low P-wave velocities I identified above the chimneys and fault zones in my
study area suggest that upward migration of fluid via fault system could be enhanced by high

pore pressure fluids or gas (Tsuji et al., 2014).

2-7 Conclusions

I have demonstrated that faults, chimneys, and slump deposits play an important role in
the upward migration of gas in the study area and control the distributions of gas-hydrate and
free-gas accumulations. My high-resolution P-wave velocity modeling provided clear
evidence that gas hydrate and free gas are widely distributed in the study area and possibly
in the wider Sanriku-Oki forearc basin. My heat-flow modeling based on the depth of the
BSR provided strong evidence for upward fluid migration in the study area. My key findings

are summarized below.

- I interpreted widespread zones of high P-wave velocities and low seismic amplitudes
above the BSR to represent the presence of gas hydrate, and zones of P-wave velocities
lower than 1500 m/s below the BSR to indicate the presence of free gas. High P-wave
velocity of gas hydrate forming an effective hydrological seal could deflect upward
migration of fluid to the Quaternary reservoir rock.

- Heat flow modeling showed that areas of high heat flow (30 to 35 mW/m?) generally
correspond to areas above the BSR with high concentrations of gas hydrate and to areas
below the BSR where there are accumulations of free gas along the edges of slump
structures in the intensely faulted western and northwestern parts of the study area, where
there are also gas chimneys.

- Faults and chimneys likely provide pathways for upward gas migration, forming the gas-

hydrate accumulations in the Quaternary sequence.
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- I recognized free-gas accumulations within slump units; some of this gas likely migrated
from the slumps to their edges via permeable and porous slump units and then upward to

accumulate as gas pockets in strata below the BSR.

We have presented here the first application of high-resolution seismic velocity analysis
in the Sanriku-Oki forearc basin that is not dependent on borehole velocity data. The resultant
velocity and heat flow modeling allowed us to greatly improve our understanding of the
geological processes leading to hydrocarbon accumulation in the complex tectonic
environment of the plate subduction margin off northeastern Japan. The techniques we
employed have considerable potential to contribute to the quantification of gas-hydrate and
free-gas resources in other deep-water reservoirs on the eastern continental margin of Japan

and at other plate subduction margins.
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Chapter 3

Grid-search inversion for pore geometry and

grain elastic moduli

3-1 Introduction

Information about the chemical composition, physical state and structure of the Earth’s
interior is derived from seismic data. Understanding and interpretation of these seismic data
are constrained by extrapolation of laboratory-measured seismic properties of rocks thought
to exist in a given geological and physical environment. The elastic moduli and pore
geometry provide the most vital parameterization to extract the information of the
composition and structure of rock in the Earth’s interior (Yu et al., 2016). The elastic moduli
of rocks depend on the mineral compositions, porosity types, and pore geometry (e.g., crack
aspect ratio), as well as elastic moduli of pore fluids (Potter et al., 1996; Carlson, 2010; Tsuji
et al., 2014). The degree and type of hydrothermal alteration, the formation of secondary
alteration and stage of fracturing all critically influence the seismic velocity (Cerney and
Carlson, 1999; Wilkens et al., 1991; Tsuji and Iturrino, 2008). The ratio of P-wave velocity
Vp to S-wave velocity Vs (Vp/Vs) can be used effectively to interpret geophysical field data
in terms of both structure and lithology (e.g., Eng et al., 2017).

The variation of pore geometry (crack aspect ratio) within a rock is a key factor in
defining reservoir heterogeneity, as it affects the complex migration pathways for recharge
and discharge of pore fluids (e.g., Tsuji et al., 2012). Because the change in velocity with
effective pressure is related to the degree of micro-crack closure, I can estimate crack aspect
ratio from the relationship between seismic velocities and effective pressure derived from

laboratory experiments (Ludwig et al., 1998; Tsuji and Iturrino, 2008; Wilkens et al., 1991).
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However, these experiments are always time consuming and difficult to perform for many

samples.

Here, I propose an inversion method to estimate grain elastic moduli and crack aspect
ratio from P-wave velocity measurements of various types of rocks. In my inversion, I used
Differential Effective Medium (DEM) theory to calculate the velocity—porosity relationships.
My approach is easy to apply because it can be applied for physical properties measured at
atmospheric pressure and surface temperature without changing pressure. I first apply my
proposed inversion to synthetic data, and demonstrate the feasibility of estimating elastic
moduli and pore geometries. Then, I apply my proposed approach to natural rock samples
from hydrothermal ore deposits and oceanic basalts. The pore space of these geologic

materials could be modelled by cracks (i.e., using a crack inclusion model).

3-2 Methods

To estimate aspect ratio and grain elastic moduli from the P-wave velocity—porosity
relationship, I propose a grid search inversion using the DEM theory. The flow of my
proposed inversion is illustrated in Figure 3-1. The details of each method are described as

the following sections.

3-2-1 Differential Effective Medium Theory

The DEM theory models two-phase composites by incrementally adding inclusions
of one phase (phase 2) to the matrix phase (phase 1) (Cleary et al., 1980; Mavko et al., 1998;
Norris, 1985; Berryman et al., 2002; Tsuji et al., 2014; Li and Zhang, 2010). The matrix starts
as phase 1 (when the concentration of phase 2 is zero) and is changed at each step as a new
increment of phase 2 material is added. I assumed that the inclusion phase is water. Although

an effective medium theory (using a crack-based model) is usually suitable for low-porosity
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Figure 3-1. Procedure for estimating grain elastic moduli and crack aspect ratio using grid

search inversion with DEM.

materials, DEM theory can be applied to relatively high-porosity materials, compared to
other effective medium theories such as Kuster-Toksoz (1979) theory (Norris, 1985; Berge
et al., 1992; Xu and White, 1995). The effective moduli depend on not only the final volume
fractions of the constituents but also the order in which the incremental additions are made
(Mavko et al., 1998). DEM theory requires the assumption of isolated cracks with respect to
fluid flow (Mavko et al., 1998).
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In DEM theory, the coupled system of ordinary differential equations is:
d * * *
1=y [K* ] = (K = KPP (y) (3-1)

A=W = (1 —1HQ“2G) (3-2)

where K* and u * are the effective bulk and shear moduli, respectively. K; and y; are the bulk
and shear moduli of the incrementally added inclusion (phase 2), and y is the concentration
of phase 2. In this study, I assume water to be the pore-filling medium. P*? and Q2 are
geometric factors for penny-shaped cracks, considered to be randomly distributed (Mavko et
al., 1998). To calculate effective bulk and shear moduli, I numerically solve Equations 3-1

and 3-2 using a Runge-Kutta scheme (see Appendix for details).

3-2-2 Grid Search Inversion

To estimate the grain elastic moduli and crack aspect ratio a from velocity—porosity
relationship derived from laboratory measurement, I performed a grid search inversion using
DEM theory. I calculated the root mean square error (RMSE) between effective P-wave
velocities at each porosity, computed by DEM theory (V)-#e0) and those from laboratory data
(Vp-obs). The RMSE was defined as:

RMSE(Kg, 0() _ \/Z?’:l(vp—obs(@i;]_vp—theo(Q)i))z (3-3)
where @; is the porosity for the ith sample and N is the number of samples. Here, P-wave
velocities measured in three orthogonal directions on the cube-shaped samples were averaged,
because the DEM theory I used in this study cannot be applied to an anisotropic medium. In
addition to grain bulk moduli and crack aspect ratio, shear moduli and densities are required
for the calculation of effective P-wave velocities using DEM theory. Estimation of grain

shear moduli (or grain S-wave velocity) is difficult because I only acquired P-wave velocity
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data. Therefore, grain shear moduli were defined by assuming that the ratio between bulk and
shear moduli was the same as the ratio between the elastic moduli of the grain mineral.
Densities were defined using the Gardner equation (Gardner et al., 1974). I also assumed that
rock samples from the same lithology would have cracks with the same aspect ratio. In my
inversion, | searched the grain bulk modulus (K) and crack aspect ratio (o) space with a step
size of 0.075 GPa and 0.001, respectively, and defined the model with the smallest RMSE as

the best inverted model.

3-2-3 Evaluation of Proposed Grid-Search Method

I tested my proposed inversion with synthetic data in order to demonstrate the
performance of my proposed method. In the synthetic test, I assumed the grain bulk modulus,
shear modulus and aspect ratio to be 50 GPa, 50 GPa and 0.12, respectively. I calculated
synthetic effective P-wave velocities by applying DEM calculations to 20 models with
different porosity (red dots in Figure 3-2a). To consider a more realistic situation, I also
introduced uncertainties into the synthetic data by generating 20 different sets of grain elastic
moduli assuming a normal distribution around the true elastic moduli with the standard

deviations (STD = 2.5 GPa and 5 GPa) (red dots in Figure 3-2b and 3-2c).

By applying the proposed grid search inversion process to these three cases, | were
able to plot RMSE against K, and a (Figure 3-3). As the uncertainty (STD) in the synthetic
data increases, K, and a with RMSE values close to the minimum RMSE (Emin) value are
widely distributed around the true model. Nevertheless, the models with the minimum RMSE
values (red symbols in Figure 3-3; Table 3-1) are close to the true K and « for all three cases,
and the effective P-wave velocities and the porosity relationship constructed from the
inverted models are consistent with the synthetic data (Figure 3-2). Estimation of K and a in
my grid search inversion is straightforward because I have not observed secondary local
minima in the distribution of RMSE. Thus, my synthetic test demonstrates that the proposed
inversion can be effectively applied to seismic velocity data measured on rock samples with

randomly oriented cracks and constant aspect ratio.
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Figure 3-2. Effective P-wave velocity—porosity relationship calculated from the inverted
model (black line) for synthetic data with (a) STD = 0 GPa, (b) STD = 2.5 GPa, and (c) STD
=5 GPa. Red dots are synthetic data of effective P-wave velocity.
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Table 3-1. Grain elastic moduli (Kg) and crack aspect ratio (@) of the synthetic data (mean

value of grain elastic moduli) and inversion results.

Kg (GPa) a
True value 50 0.12
Inversion result (STD = 0 GPa) 49.975 0.12
Inversion result (STD = 2.5 GPa) 51.475 0.11
Inversion result (STD =5 GPa) 48.4 0.144

3-3 Rock samples and Data
3-3-1 Ore deposits in the Okinawa Trough

Drilling Expedition 909 provided a good opportunity for subsurface rock sampling by
coring drillholes in hydrothermal fields in the Okinawa Trough, southwest of Japan, in order
to measure the physical properties of the hydrothermal field rocks (Figures 3-4a and 3-5).
The Okinawa Trough is an active backarc basin extending for ~1200 km (Lee et al., 1980;
Letouzey and Kimura, 1986), where the Philippine Sea Plate is subducting north-westward
at ~6 cm/year beneath the Ryukyu arc (Seno, 1993). The Okinawa Trough was formed 6-9
Ma ago, with a second rifting phase active since 2 Ma (Letouzey and Kimura, 1986; Sibuet
et al., 1998). The active hydrothermal fields in the Okinawa Trough are located in sediment—
rich environments (Tsuji et al., 2012), in which hydrothermal alteration is generated as the
result of subseafloor fluid-sediment interactions. The drilled cores of Expedition 909 of D/}
Chikyu cruise showed layers of different lithologies (massive sulfide, pumice, and
hydrothermal clay) with distinctive alteration zones containing various clay minerals.
Vigorous venting of hydrothermal fluid from sulfide chimneys was investigated at ~1350m
water depth (Ishibashi et al., 2014). Expedition 909 targeted sulfide mounds and a

subseafloor sulfide zone that underlay the volcaniclastic sediments. A zone of sulfide mounds
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more than 20 m thick was discovered, lying from 30 m below the sea floor (mbsf) (METI,
2013).

Eight holes were drilled at the hydrothermal field. Altered clay, hydrothermal clay
(silicified), hydrothermal sand, sulfide gravel and massive sulfide were the most abundant
recovered lithologies. The cores recovered from this field are porous, and the pore structure
can be observed visually. Thin cracks, circular or vesicular pores could be composed of
complex, multistage fracturing and cavity linings. Drilled core samples from Sites C9025,
C9028, C9026 and C9032 consisted of hemi-pelagic sediment, hydrothermal clay
(pumiceous gravel), sulfide gravel, and hydrothermal clay (silicified) composed of quartz,
clay minerals, muscovite and chlorite. Site C9027 is rich in massive sulfide and sulfide layers
(Figure 3-5) composed of pyrite, sphalerite, galena, barite, and chalcopyrite. Thirty-one core
samples were cut into cubic samples (2cm on each side) with faces orthogonal to the x-, y-,
and z-axes of the core. Orientation of the axes was defined by taking the z-axis as pointing

down the core axis.

The discrete P-wave measurement system used had a 230 kHz source frequency, and
measured the traveltime of a P-wave through the sample. The wavelength (~1.2-3.3 cm) is
larger than the cracks within the measured samples. P-wave velocities of 31 samples of
massive sulfide, sulfide, and hydrothermal clay (silicified) were measured during the
expedition, after being soaked for 24 hours in artificial seawater at atmospheric pressure and
surface temperature conditions so that P-wave velocity measurements were not affected by
the moisture content. For density and porosity measurements, each of the samples collected
was weighed and then was placed in an oven for >24 hours at ~105°C. Dried samples were
cooled in a desiccator at least 1 hour before dry mass and dry volume measurements. The
volume of the dried samples was measured using a helium-displacement Quantachrome
penta-pycnometer. Bulk density, grain density and porosity of each sample were measured

after obtaining the volume of the dry samples.

The P-wave velocity values of silicified rocks range from 2.8 km/s to 5.7 km/s, and

porosity values range from 9% to 25%. P-wave velocity values for sulfide samples range
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from 2.9 km/s to 5.8 km/s, and porosities range from 6% to 28%. P-wave velocities of
massive sulfide, sulfide and silicified samples vary in wide porosity ranges (Figure 3-5), and
there is no significant trend in index properties as functions of depth. The core of Site C9027
consisted mainly of sulfide-rich rocks. The core samples have the highest P-wave velocity
(7.6 km/s) among drilled core samples, which is consistent with sulfide minerals, and
porosities range from 8% to 25%. However, some massive sulfide samples at Site C9032

exhibited low P-wave velocities ~3.8 km/s with high porosity value of 38.8%.

0 00N

o 00N

Figure 3-4. Drilling sites in (a) the hydrothermal field in the Okinawa Trough (Tsuji et al.,
2012) and (b) the Juan de Fuca Ridge (Fisher et al., 2011). Yellow stars represent the

locations of drilling sites.
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Figure 3-5. Depth profile of (a) bulk density, (b) grain density, (c) porosity, and (d) P-wave
velocity measured from cubic samples at atmospheric pressure, Cite C0927, the

hydrothermal field in the Okinawa Trough.

3-3-2 Basalt in Juan de Fuca Ridge
Integrated Ocean Drilling Program (IODP) Site U1362 (Fisher et al., 2011), located in

the Juan de Fuca Ridge northwest region of North America, lies several hundred kilometres
west of the North America continent (Giambalvo et al., 2000; Figures 3-4b and 3-6). The
Juan de Fuca Ridge is located at the boundary between the Pacific plate and Juan de Fuca
plate system (Neimovic et al., 2009). Fluid flow directions estimated from temperature
measurements indicate that upper basaltic crust is naturally overpressured, but close to

hydrostatic (Fisher et al., 1997). Fractures aligned with the ridge axis strongly control
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hydrothermal circulation (Fisher et al., 2011). Site U1362 is located on a buried basement
ridge of 3.6 Ma old crust and ~100 km from the spreading centre. The basement at Site U1362

was cored from 346 to 496 mbsf with 44 m of core recovered.

Basaltic rocks are an abundant lithology in Hole U1362A. The recovered core consisted
of (1) aphyric to moderately phyric pillow basalt, (2) aphyric to sparsely phyric sheet flows,
and (3) sparsely to highly phyric basalt flows (Fisher et al., 2011; Tsuji et al., 2010). The
pillow basalt varies from sparsely to highly phyric basalt. Plagioclase is the most abundant
phase, with clinopyroxene and olivine also present in phyric samples. The mineralogy of the
sheet flow ranges from aphyric to moderately phyric basalt. Overall, plagioclase,
clinopyroxene and olivine are the most abundant minerals. The basalt flows have similar
primary mineralogy as the pillow basalts and the sheet flow basalt (Fisher et al., 2011; Tsuji
et al., 2010). The abundant secondary minerals are clay minerals varying from slight to
completely altered. Several vesicular basalts were observed from Hole U1362A (Fisher et al.,

2011).

Index properties of basaltic samples were measured on 70 discrete samples. As in the
case of the Okinawa Trough, the cubic samples (2cm on each side) were cut from the core,
with faces orthogonal to the x-, y-, and z-axes of the core. The measurement systems and
conditions for P-wave velocity, density and porosity are similar to those in the Okinawa

Trough.

The P-wave velocities measured in saturated conditions are ~200 m/s faster than those in
dry conditions. Bulk density values of the basaltic rocks range from 2.2 to 2.9 t/m>. Grain
density values range from 2.4 to 3.0 t/m>. Porosity and P-wave velocity range from 2.8% to
15.0% and from 4.5 to 6.0 km/s, respectively (Figure 3-6). The highest value of porosity was

obtained from a highly altered sample with the lowest velocity.
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3-4 Results and Discussion

I applied the proposed inversion analysis to P-wave velocity data for massive sulfide,
sulfide, silicified (Ore deposit, the Okinawa Trough), and basaltic samples (Juan de Fuca
Ridge) shown in Figure 3-7. Since I could not estimate grain shear modulus directly, due to
the lack of S-wave velocity measurements on the core samples, I defined the ratio between
grain bulk moduli and shear moduli to be the same as the ratio between the elastic moduli of
the mineral (Mavko et al., 1998) assuming that the grains of massive sulfide, sulfide, silicified
rocks and basalt are mainly occupied by sphalerite, pyrrhotite, quartz and clay and

plagioclase, respectively (Table 3-2).

The results of my grid search inversion clearly show different distributions of the RMSE
values for each lithology (Figure 3-8). For basalt and massive sulfide, the shape of RMSE
distribution around the minimum value is relatively sharp (Figures 3-8a and b). This indicates
that K, and a are well constrained, as theoretical velocity—porosity relationships derived from
my inverted models are consistent with laboratory data (Figures 3-7a and b). On the other
hand, I observed that RMSE values vary only slowly with K, and o in the vicinity of the
minimum, for sulfide and silicified rocks (Figure 3-8c and d). This may be because the P-
wave velocity data measured in the laboratory are widely scattered and difficult to explain
by the theoretical velocity—porosity relationships estimated by my inversion (Figure 3-7c and
d). The proposed method provides good estimates of K, and « at low porosity, in basalts and
massive sulfides with a sharp trough around the minimum in RMSE, in contrast to the broader
trough around the minimum in RMSE for high porosity silicified rocks and sulfides. As the
DEM theory ignores crack-to-crack interactions, it is inapplicable for large—cracks cases.
Therefore, I conclude that the analysis of the elastic moduli and crack aspect ratios in the
different rock types suggests that the DEM theory is an appropriate choice for low porosity

media.

The scattering of P-wave velocity data could be related to the difference in pore
geometry (crack shape), fabric or degree of fracturing or mineralogy of the ore deposit within

the same lithology. The same rock type having different index properties could also be
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explained by the variation of cementation and silicification from sulfide to silicified rocks,
or a different hydrothermal regime. In active hydrothermal deposits, the fluid in cracks often
exhibits abrupt changes of its bulk modulus because of phase transformations induced by
temperature changes or pressure changes (Nishizawa, 1982). A large velocity change should
appear when liquid in cracks turns into gas or is replaced by other minerals (Nishizawa, 1982;
Eng et al., 2017). Furthermore, mineralogy affects seismic velocities through the bulk and
shear moduli of the solid matrix of the rock, which are primary inputs to the forward
calculation in DEM theory. Variation of bulk and shear moduli of the solid matrix would
induce variation of effective velocity as I observed the variation of P-wave velocity by

introducing uncertainties into grain elastic moduli (Figure 3-2).

Since the DEM theory used in my inversion assumes a randomly oriented crack
distribution with a constant aspect ratio and constant grain elastic moduli for the same
lithology, my inversion would be difficult to apply for core samples with anisotropic pore
geometries and heterogeneous mineral compositions. I calculated the degree of anisotropy of
P-wave velocity of all samples. The anisotropy of most samples was less than 15% (Figure
3-9). If I assume that samples with anisotropy larger than 15 % are anisotropic samples and

remove them from the inversion, I obtain similar results (i.e., similar crack aspect ratio).
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Figure 3-8. Distribution of RMSE obtained by grid search inversion for (a) basalts (Juan de
Fuca Ridge), (b) massive sulfide (Ore deposit), (c) sulfide (Ore deposit) and (d) silicified
rocks (Ore deposit). Red symbols represent the model parameters with the minimum RMSE

values (Emin). The colour scale represents RMSE values scaled by Emin for each case.
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Table 3-2. Ratio of ug to K, (1e/Kg) assumed in inversion and inverted K, and o.

Ug/Kg (GPa) Kg (GPa) a

Basalt 25.6/75.6 83.575 0.109
Massive sulfide 32.3/75.2 118.825 0.112
Sulfide 34.7/53.8 41.125 0.29
Silicified rock 33/39 31.675 0.134
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Figure 3-9. The distribution of degree of anisotropy of P-wave velocity of all measured

samples.

In this study, furthermore, [ used physical and elastic properties measured at atmospheric
pressure. The cracks are developed by decreasing the effective stresses as samples are

brought to the surface, and the seismic velocity decreases at atmospheric pressure. Therefore,
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laboratory experiments have been often conducted under in-situ effective pressure conditions.
To evaluate the influence of effective pressure upon the estimated aspect ratio, I compared
the results of 100 discrete samples measured at atmospheric pressure and 10 samples at higher
effective pressure (Tsuji and Iturrino, 2008). I found that samples measured at atmospheric
pressure and under higher effective pressure have a similar relationship between velocity and
porosity and have a similar averaged crack aspect ratio (~0.05-0.1). This indicates that only
a small proportion of thin cracks are closed when pressure is increased. Therefore, my
proposed method can be used to estimate the average crack aspect ratio of samples measured

at atmospheric pressure.

3-5 Interpretation

I compared the crack aspect ratios estimated in this study with microscopic images of
similar lithologies (Figure 3-10). I analysed the petrography for massive sulfide (Figure 3-
10b) and sulfide (Figure 3-10c) samples. I further used microscopic images of silicified rocks
(Figure 3-10d) and basalt (Figure 3-10a) obtained at the same drilling sites from the previous
studies (Yamasaki, 2016; Fisher et al., 2011). The microscopic images from core samples
taken using an optical petrographic microscope showed the textural complexities and pore
fabrics. Although the crack aspect ratio estimated by my grid-search inversion in this study
is an averaged value, and accounts for the elastic properties (i.e., velocity), I clearly find that
the pore aspect ratio of sulfide (Figure 3-10c) is larger than that other lithologies, and the
crack aspect ratio in the basaltic samples (Figure 3-10a) is smaller than in the other lithologies.
These microscopic observations are consistent with the crack aspect ratio estimated in the

inversion based on DEM theory (Figure 3-7).

In the inversion results for grain bulk moduli and crack aspect ratios (a) of each lithology
(Table 3-2), massive sulfide, sulfide and silicified rocks derived from the same geological
zones show distinct characteristics. The grain bulk modulus of massive sulfide is larger than
that of basalts, sulfide and silicified rocks. The bulk modulus of sulfides is small, possibly

due to intense silicification from sulfide to silicified rocks. The bulk modulus of silicified
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rocks is relatively small possibly due to the abundance of clay minerals and small crack
aspect ratios. Basalts exhibited high bulk modulus possibly because of an abundance of

plagioclase and clinopyroxene minerals.

(a) Basalt - (b) Massive sulfide

Thin giaek

Sphalerite

(c) Sulfide (d) Silicified rock
. "“‘ . : L :’ ,_&'):ﬂ:{ - :

L cragk

Figure 3-10. Microscopic images taken from core samples of (a) basalt (Fisher et al., 2011),
(b) massive sulfide, (c) sulfide and (d) silicified rock (Yamasaki, 2016), showing the complex
texture and pore fabric. The penny-shaped crack symbol displayed in each panel is the

corresponding shape estimated in my inversion.
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3-6 Conclusion

To estimate the grain elastic moduli and crack aspect ratio from P-wave velocity data
measured in the laboratory, I have proposed a grid-search inversion method based on DEM
theory. I demonstrated the feasibility of my inversion using synthetic data. I then applied my
proposed method to P-wave velocity—porosity relationships constructed from laboratory
measurements on core samples of oceanic basalt and hydrothermal ore deposit with different

lithologies. My key findings are summarized below.

- The velocity—porosity relationships derived from the inverted models using the DEM
theory were well consistent with those derived from laboratory measurement. I can
therefore model the pore geometry of basaltic rocks and ore deposits. Although my
method does not consider anisotropic media, cannot be applied to high porosity samples,
and does not use measured S-wave velocity, my approach, using physical properties
measured at atmospheric pressure, is easy to apply to predict pore geometry and elastic
moduli.

- The RMSE distribution obtained in the grid-search inversion method enables us to
evaluate the uncertainty of the estimated crack aspect ratio and grain elastic moduli. I
could use the information derived from my analyses for reservoir characterization (i.e.,
physical and hydraulic property estimation) using permeability models based on crack

aspect ratios (e.g., Sarout, 2012).
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3-7 Appendix
Analytical computation of effective bulk elastic modulus (K")

I describe a Runge-Kutta scheme (Berryman et al., 2002) used to solve the ordinary
differential equations in DEM theory (Equation 3-1 and 3-2) for penny-shaped cracks. Here
K" and u" are effective bulk and shear moduli, respectively. At the initial time the
corresponding y (concentration of inclusion) value is y,, K" is equal to K, and u" equals uo.

The effective bulk modulus at y can be calculated as follows:
K*() = K+ = (ky + 2ky + 2k; + ky), (A)
where h is the step size and

ki =f(y,K*) = (K; — Kp)P®?

h h 2P hPC2  ppC2)
ko= v+ 5. Kn+ 5k ) = 5 (K = Ky ==K+ Ky
_ h h _2p02) hp(*2) hp(2) h2(p(:2))2
ks = (V45 K +5k2) = 5 (Ky = Ky = S Ky + S Ko + e K =

h2 (P(*Z))Z
4—2h m

(A2)

ky = f(y + h Ky + hk3)
p2 2hPC2) hp2) hp2)

= Ki— Ky — K — Ky — K; + K
l_h(l m Z_h(l m Z_h l Z_h m

h2 (P(*Z))Z h2 (P(*Z))Z
+ Ki - Km))
4 —2h 4 —2h

with the initial condition K*(0) = K,,
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Analytical computation of effective shear modulus (i)

Using the same procedures as for computing the effective bulk modulus, I calculated the

effective shear modulus using a Runge-Kutta scheme as follows:

. h
W) = W+ 2 (kg + 2k + 2ks + ka), (A3)
where h is the step size and

ki =f,p") = (n — p)Q?

h h 2002 hQ G2 hQ®2)
kz=f(y+§,um+§k1)=Z_h(uz—um— > W + > )

h h ZQ(*Z) hQ(*Z) hQ(*Z) hZ(Q(*Z))Z
ks =f(y+;,um+;kz) = (M = M = i+ — aan M~

n?(QU2)?
4-2h m

(A4)

ky=f(y+ h, wy, + hks)

_Qe ozt ke hetY

QM) - h*(QUP)?

T M oo

Hm))

with the initial condition p*(0) = ,,
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Chapter 4 Conclusion

Chapter 4

Conclusion

4-1 Conclusion

Fundamental geophysical applications, such as prospecting of oil and gas, need accurate
evaluation of the seismic response from the subsurface to assess rock properties and to
construct the accurate geophysical subsurface model. Moreover, rock physics model, the part
of geophysics concerned with establishing relations between various properties of rocks, has
been widely applied for evaluating the presence of reservoir rocks and hydrocarbon on oil
and gas exploration expeditions. This thesis concentrates on the new practical study of using
high-resolution seismic velocity analysis and rock physics model for reservoir

characterization. The new findings are summarized as follow:

Based on the results from high-resolution velocity analysis, I revealed gas hydrate
and free gas widely distributed in the Sanriku-Oki forearc basin. High P-wave velocities and
low amplitude are widespread above the BSRs, suggesting the presence of gas hydrate, while
P-wave velocity lower than 1500 m/s indicating the presence of free gas below the BSRs.
Gas hydrate and free gas are widely distributed in the porous slump units. Additionally, heat
flow was determined from the depths of BSRs. The distributions of gas hydrate and heat flow
are greatly related to gas chimneys, faults observed on seismic profiles providing pathways
for fluid in deeply-buried sediments to migrate upward to shallow sediments to form gas
hydrate under suitable temperature and pressure. Interestingly, high heat flow (30 to 35
mW/m?) are correspondent to areas with high concentration of gas-hydrates and free gases
above chimney and slump edge. Several gas pockets within strata are accumulated below the

BSRs through the edge of slumps and permeable sedimentary layers. Moreover, this study is
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the first heat flow study in this new gas hydrate province and will provide a good base for
understanding the evolution of gas hydrate system in the complex tectonic environment

reservoirs.

To estimate the grain elastic moduli and aspect ratio from the core samples of
hydrothermal ore deposits, I proposed the grid-search inversion with DEM theory to search
a wide range of grain elastic moduli and crack aspect ratio. First, I demonstrated the
feasibility of my inversion using synthetic data. Then, I applied my proposed method for P-
wave velocity - porosity relationship constructed from laboratory measurement on rock
samples acquired at the hydrothermal ore deposits. The velocity-porosity relationship derived
from laboratory measurement was well consistent with that using DEM theory for inverted
models. I can therefore model the pore geometry of the basaltic rocks and use them for
reservoir characterization from seismic data (velocity). Even though my approach does not
consider anisotropy and does not use measured S-wave velocity, I can estimate crack aspect
ratio and grain elastic moduli from physical properties at the atmospheric pressure. I was
able to evaluate the uncertainly of crack aspect ratio and grain elastic moduli using my RMSE
distribution obtained in grid-search inversion. By using permeability model based on crack
aspect ratios, the crack aspect ratio and grain elastic of rocks could be used for reservoir

characterization.

4-2 Future works

Researchers have long speculated that gas hydrates are global phenomenon, occurring
in permafrost regions in the deep-water parts of continental margin worldwide. But, the
amount of gas hydrate contains enormous amount of natural gas and can eventually be
commercial producible energy resource. Gas hydrate deposits have been explored in recent
years with recognition that this unconventional resource would possibly be explored and
developed with the conventional oil and gas production using seismic reflection method

combined with well log data, which is a potential method to reveal the physical properties.
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An extension of my work using high-resolution seismic velocity would be applicable
to find out more promising geological settings for rigorous reservoir characterization
including gas hydrate and free gas saturation (Chhun et al., 2018) and pore fluid pressure
estimation (Singha et al., 2014; Tsuji et al., 2014a) via rock physics theories to the seismic
data. I will be able to discuss more detail the mechanisms of gas hydrate formations using
the relationship between seismic velocity, gas saturation, heat flow and in-situ pore fluid

pressure.

Pertaining to rock physics model in CO; storage, it is difficult to distinguish the CO>
saturation from pore pressure increasing, because both effects (high saturation and high pore
pressure) decrease P-wave velocity. Using rock physics (DEM theory; Kret et al., 2019), I
can distinguish these effects. This is considered as very big problem in monitoring study to
clarify the reason of velocity decreasing in monitoring data. However, if I use S-wave
velocity (or Vp/Vs), Vp/Vs could increase due to high pore pressure, and Vp/Vs could
decrease due to high CO; saturation because Vs is almost constant and Vp decreases due to
COgz injection. Therefore, I believe that Vp/Vs is important parameter to distinguish CO>
saturation from high pore pressure. If I can clarify which factors (saturation and pore pressure)
influence on the Vp (i.e. distinguishing saturation from pore pressure using Vp/Vs), it would
be very impacted technology. This research topic can also be applied in gas production as in

monitoring data using Vs.
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