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ABSTRACT

This thesis presents estimates of marine gas hydrate distribution and concentration
obtained from various geophysical methods. The study area is located in the accretionary
prism of the Northern Cascadia subduction zone, offshore Vancouver Island, Canada.
The primary objective of this study was to assess the applicability of a suite of
geophysical methods in estimating marine gas hydrate distribution and concentration.
The measurements tested are downhole log electrical resistivity and seismic velocity,
multi-channel seismic (MCS) velocity, and seismic amplitude vs. offset (AVO) of a gas
hydrate-related bottom-simulating reflection (BSR). The downhole log data are from
Integrated Ocean Drilling Program Expedition 311, along a transect of four wells, and the
seismic data are from a conventional 2-D MCS line along the well transect.

Gas hydrate distribution and concentration estimates along the well transect exhibit high
spatial variability, both from site to site, and within any given site. On average, estimates
from electrical resistivity measurements give 5-15% gas hydrate pore space saturation,

whereas velocity-based estimates are 15-25%. Some intervals in both cases show
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concentrations over 40%. Nonlinear Bayesian inversion of seismic AVO data yields a gas
hydrate concentration estimate of 0-23% of the pore space.

These results lead to the conclusion that resistivity and velocity data are effective tools
for estimating marine gas hydrate concentration. The main uncertainty in the resistivity
analysis is the in situ pore fluid salinity, whereas the main uncertainty in the velocity
study is the magnitude of the bulk sediment velocity increase associated with gas hydrate
occurrence (related to how gas hydrate forms). It is shown here that AVO of a gas
hydrate BSR is not a useful method to estimate marine gas hydrate concentration. The
method lacks the shear-wave velocity resolution necessary to add useful constraints to

what is already known from compressional-wave velocity information.

RESUME

Cette these présente des estimations de la distribution et de la concentration de I"hydrate
de gaz marin, en utilisant de différentes méthodes géophysiques. L’emplacement de
I’étude est sur la pente continentale de I’ouest canadien, a la latitude de I'ile de
Vancouver. L’objectif principal de 1’étude était d’évaluer ’applicabilité de plusieurs
méthodes géophysiques dans [’estimation de la distribution et de la concentration de
I’hydrate de gaz marin. Les données géophysiques testées sont des levés de puits
€lectriques et séismiques, ainsi des levés s€ismiques marins, utilisés pour obtenir des
données de vélocité et d’amplitude en fonction de d’angle (AVO). Les données de puits
ont été recueillies par Integrated Ocean Drilling Program, durant I’Expédition 311, ou
quatre puits ont été forés en croisé de la pente continentale. Les données séismiques
marines utilisées proviennent d’un levé 2-D traversant les quatre puits.

Les estimations de la distribution et la concentration de I"hydrate de gaz aux quatre puits
démontrent beaucoup de variations spatiales. En moyenne, les estimations provenant des
données de résistivité électrique sont d’environ 5-15% de la porosité occupée par
I’hydrate de gaz, tandis que les données de vélocité résultent en concentrations moyennes

d’environ 15-25%. Certaines zones dans les puits démontrent des concentrations au dela
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de 40%, dans les deux cas. La concentration d’hydrate de gaz calculée par I’inversion
non-linéaire de données AVO est de 0-23% de la porosité occupée par I’hydrate de gaz.

Ces résultats démontrent que 1’étude de la résistivité et de la vélocité sont des moyens
appropriés pour estimer la concentration d’hydrate de gaz dans I’emplacement marin.
L’incertitude principale au niveau de la résistivité est la salinité in situ de I’eau présente
dans les sédiments, tandis que I’incertitude principale au niveau de la vélocité concerne
I’effet qu’a I’emplacement de I’hydrate de gaz sur la vélocité des sédiments en question.
Cette étude démontre que la méthode AVO n’est pas un moyen efficace pour estimer la
concentration d’hydrate de gaz dans les sédiments marins. Cette méthode manque de
résolution au niveau de la vélocité d’ondes de cisaillement, et n’ajoute pas d’information

a I’information que nous a fournit la I’étude des ondes de compression. .
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Chapter 1

Introduction

1.1 Overview and Objectives -

In this thesis, results from downhole well log and multi-channel seismic (MCS)
studies are presented in an area of marine gas hydrate occurrence, offshore Vancouver
Island, Canada. The study area is located on the continental slope, in the accretionary
prism of the Northern Cascadia subduction zone. The primary objective of the study is to
measure gas hydrate distribution and concentration, based on the effect of gas hydrate
occurrence on measurable bulk sediment physical properties.

Geophysical log and core data were collected along a well transect in the study
area during Integrated Ocean Drilling Program (IODP) Expedition 311 in September-
October 2005. Electrical resistivity and seismic velocity logs are analyzed in conjunction
with other log and core sample data collected during the drilling expedition, to obtain
quantitative estimates of gas hydrate concentration. A 2-D MCS line along the well
transect was collected in 1989, prior to Ocean Drilling Program (ODP) Leg 146. These
data provide an independent measure of velocity at the well sites and adjacent areas, also

used to estimate gas hydrate concentration. In related work, the MCS data is used for
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amplitude vs. offset (AVO) analysis of gas hydrate-related bottom-simulating reflections
(BSRs), to estimate gas hydrate and free gas concentrations above and below.

Chapter 1 of this thesis is an introduction to marine gas hydrate, and provides
general background information on the subject. The second chapter reviews the models
used to describe how the occurrence of gas hydrate in marine sediments affects the
physical properties of those sediments. Chapters 3 and 4 are dedicated to the analysis of
downhole electrical resistivity and seismic velocity, two methods providing independent
measures of gas hydrate distribution and concentration. In Chapter 5, AVO analyses of
gas hydrate-related seismic reflections are presented. Chapter 6 discusses the results and

conclusions from the well log, MCS velocity, and AVO studies.

1.2 Gas Hydrate: Definition, Stability and Occurrence

Gas hydrate is a solid substance consisting of a water lattice in which
hydrocarbon molecules (most often methane) are embedded. The occurrence of marine
gas hydrate is limited by its temperature and pressure stability field, which usually
includes the top few hundred meters of sediments on continental slopes (Figure 1.1),
where low temperature and high pressure conditions exist. Below the base of the stability
zone, where temperatures are too high for gas hydrate to exist, methane occurs as free gas
in concentrations greater than solubility. Gas hydrate can substantially increase sediment
electrical resistivity and seismic velocity, and therefore may be detected and quantified
by seismic and electrical surveys and measurements. Regionally, its presence can be
inferred by a prominent BSR on low-frequency seismic sections (Figure 1.2), which
marks the base of the gas hydrate stability zone (GHSZ, e.g., Hyndman and Spence,

1992; Andreassen et al., 1997; Yuan et al., 1999). BSRs are observed in reflection
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Figure 1.1 Schematic representation of the marine gas hydrate stability zone. Gas hydrate
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Figure 1.2 Low-frequency seismic section (line 89-08) near IODP Site U1327, showing a
bottom-simulating reflection (BSR) that parallels the seafloor, marking the base of the gas
hydrate stability zone. The seafloor reflection and BSR are of opposite polarity.



Chapter 1 4

seismic data from continental margins worldwide, especially in subduction zone
accretionary prisms (Kvenvolden et al., 1993). They occur as negative polarity reflections
(relative to the seafloor), indicating a decrease in acoustic impedance, which is consistent
with a transition in sediment pore-space saturation from gas hydrate and water above to

free gas and water below the boundary.

1.3 Implications

Although there is substantial disagreement on global estimates of gas hydrate
abundance (e.g., Kvenvolden 1993; Collett, 2000; Milkov, 2004), studies generally
indicate an enormous amount of methane stored in marine and arctic terrestrial gas
hydrate deposits. Interest in these gas hydrate deposits is related to the potential of gas
hydrate as a future energy resource, its role in climate change, and its geologic hazard

potential.

1.3.1 Future Energy Resource

The world’s ever increasing energy demands and the depletion of conventional
hydrocarbon reserves in many areas have recently prompted resource exploration in
alternative, unconventional deposits, such as oil sands, coal bed methane and shale gas.
One consequence of the increasing demand for oil and its decreasing worldwide supply is
the growing proportion of the global energy mix held by natural gas (e.g., BP Statistical
Review, 2006; Tertzakian, 2006). The main component of natural gas is methane (CHy),
which is the lowest order hydrocarbon, and is therefore one of the cleanest burning fossil

fuels. Natural gas has now become an important energy commodity in many countries.



Chapter 1 5

The methane stored in the world’s marine and arctic terrestrial gas hydrate
deposits are increasingly viewed as a possible unconventional energy resource that could
help meet the world’s increasing energy demands. Still, there is considerable work to be
done in mapping the occurrence and distribution of gas hydrate, and in developing
efficient production methods. Recently, the Mallik 2002 Gas Hydrate Production
Research Well Program successfully tested natural gas production from permafrost gas
hydrate in the Mallik 5L-38 well, MacKenzie Delta, Canada. Tests were made of both a
pressure-drawdown method and a thermal stimulation method (Dallimore and Collett,
2005). Gas hydrate dissociation into methane and water was achieved in the
depressurization method by lowering the reservoir pressure to conditions outside the
stability field of gas hydrate. Similarly gas hydrate was dissociated in the thermal
stimulation method by raising reservoir temperatures to conditions outside the stability
field of gas hydrate. A third production method involving chemical (“antifreeze™)

stimulation of a gas hydrate reservoir has not as of yet been tested.

1.3.2 Impact on Climate Change

Ice cores from Antarctica and Greenland have shown cyclical fluctuations in
atmospheric temperature over the past 740 k years, paralleled by changes in atmospheric
CO; and CHj4 concentrations (Petit et al., 1999; Augustin et al., 2004; Andersen et al.
2004). These fluctuations are well correlated with variations is the Earth’s orbit, known
as Milankovitch cycles. However, since the observed temperature changes cannot be
accounted for solely by the slight variations in the amount of solar radiation reaching the
Earth, it has been proposed that feedback mechanisms within the Earth’s climate system

amplify the perturbations caused by Milankovitch cycles. Since gas hydrate represents a
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large amount of sequestered carbon, its dissociation, and release of methane, a strong
greenhouse gas, into the atmosphere, could represent one such feedback mechanism (e.g.,
Haq, 2000).

One suggested feedback mechanism is that low sea levels during glacial maxima
could reduce hydrostatic pressure enough to initiate marine gas hydrate dissociation,
which would cause an increase in oceanic and atmospheric methane concentration. The
increased amount of greenhouse gas supplied to the atmosphere by this process could in
turn increase atmospheric temperatures, thereby triggering a negative response to
advancing glaciation (Paull et al., 1991). Initially, this process is only sustainable at low
latitudes: at higher latitudes, the low temperatures caused by the glaciation favor the
stability of gas hydrate. However, even a small increase in temperature caused by the
dissociation of low-latitude gas hydrate can cause further dissociation of near-surface gas
hydrate (i.e., permafrost gas hydrate) and amplified greenhouse warming (Haq, 2000).
After a certain time lag, the warming could induce increases in ocean-bottom
temperature, further favoring the dissociation of marine gas hydrate.

Because of its potential impact on future climate change, gas hydrate has been the
subject of numerous climate modeling studies (e.g., Harvey and Huang, 1995; Archer and
Buffett, 2005; Fyke, 2005). Results from these studies generally suggest that future
warming causing increased ocean-bottom temperatures could significantly decrease the

global volume of the GHSZ, producing a long-lasting effect on the global carbon cycle.

1.3.3 Geohazard Potential

It has been hypothesized that the dissociation of marine gas hydrate can cause

weaknesses in continental margin sediments and lead to submarine landslides. Slope
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failure occurs when the shear stress exerted on the sediments exceeds the strength of
those sediments. Factors affecting the stress exerted on sediments include earthquakes
and slope over-steepening from sediment deposition, whereas the sediment strength is
affected by diagenesis and sediment pore pressure, amongst others (Paull et al., 2000). A
slope failure therefore occurs as a result of a combination of factors.

The formation and dissociation of gas hydrate in marine sediments is thought to
significantly affect sediment mechanical properties: if present in large enough quantities,
the replacement of liquid water with solid gas hydrate could increase sediment shear
strength. Conversely, the dissociation of gas hydrate can decrease sediment shear
strength. Furthermore, since the volume of water and methane produced by the
dissociation of gas hydrate is greater than the volume of gas hydrate from which it
originated, the dissociation can increase pore pressure, further weakening the sediment
(Kayen and Lee, 1991).

As of yet, no documented submarine landslides have been proven to be triggered
by gas hydrate dissociation. However, much speculation has been made about their
association, since gas hydrate-related BSRs are commonly observed in seismic images of
sediments around slide scars (e.g., Dillon et al., 1993; Booth et al., 1994). Dillon et al.
(2001) suggested seafloor collapse features observed at Blake Ridge to be related to gas
hydrate occurrence. They postulated that free gas trapped beneath the base of the GHSZ
caused overpressures in those sediments, eventually leading to their mobilization. This in
turn would have triggered subsidence within the strata of the GHSZ, by normal faulting,
gravity gliding, and folding. A further example is the Storrega slide on the Norwegian

continental margin, which is one of the largest known submarine landslides, and has been
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Figure 1.3 Map of the Northern Cascadia gas hydrate area, with IODP Expedition 311
drill sites and MCS line 89-08 indicated. A fter Expedition 311 Scientists (2005).

associated with an 11 m high tsunami on the Norwegian coast 7200 years ago (Bondevik
et al., 1997). It too is surrounded by sediments where a gas hydrate-related BSR is

observed (e.g., Biinz et al., 2003; Biinz et al., 2005).

1.4 Gas Hydrate in Northern Cascadia

1.4.1 Tectonic Setting

The Northern Cascadia gas hydrate area is located in the accretionary prism of the
Cascadia subduction zone (Figure 1.3), where the Juan de Fuca oceanic plate subducts
beneath the North American continental plate at ~45 mm/year (Riddihough, 1984). In the
Cascadia Basin, seaward of the deformation front, a ~2500 m thick layer of sediments
overlay the oceanic plate. They consist of pre-Pleistocene hemipelagic sediments overlain

by Pleistocene turbidites (Davis and Hyndman, 1989). Most of the Cascadia Basin
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Figure 1.4 Seismic cross section of the Northern Cascadia accretionary prism (line 89-08).
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sediments entering the subduction zone are scraped off the oceanic crust, and are accreted
to the North American plate in the accretionary prism, which is delimited seaward by the
deformation front and landward by the Eocene volcanic Cresent Terrane. The sediments
entering the accretionary prism undergo increased tectonic deformation and thickening by
folding and thrust faulting, as they progress landward. As the sediment deformation in the
accretionary prism progresses, sedimentation continues, and an irregular blanket of
undeformed, slope basin sediments, recently deposited in place, accumulates on top of
the accreted Cascadia Basin sediments, favorably infilling local topographic lows. Figure

1.4 shows a seismic cross section through the Northern Cascadia accretionary prism.
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1.4.2 Fluid Expulsion Model

The fluid expulsion model proposed by Hyndman and Davis (1992) explains the
occurrence of marine gas hydrate in accretionary prism sediments by the migration of
(biogenic) methane into the GHSZ by upward fluid advection from deep within the
accretionary prism. The fluid expulsion is thought to occur as a consequence of sediment
deformation, compaction, and dewatering landward of the deformation front. As the
methane-bearing fluids migrate upwards and enter the GHSZ, the methane reacts with the
pore water to form gas hydrate (Figure 1.5). The fluid expulsion model predicts the
highest concentrations of gas hydrate to be located at or near the base of the GHéZ, with
a gradational decrease in concentration upwards, towards the seafloor.

A process that would further focus gas hydrate occurrence near the base of the
GHSZ is the so-called mechanism of gas hydrate “recycling” (e.g., Minshull et al., 1994;
Pecher et al., 1996). As accretionary prisms grow by continued sediment accretion and
deposition of new sediment at the seafloor, the base of the GHSZ is continually moving
upwards through the sediment. Consequently, gas hydrate immediately above the base of
the GHSZ eventually dissociates into free gas and water as the base of the GHSZ moves
upward. The mobile free gas then migrates upwards, by fluid advection, back into the
GHSZ, where it reacts with water to form gas hydrate again. If the reaction generally
occurs soon after the free gas enters the GHSZ, such a process would tend to focus gas

hydrate near the base of the GHSZ.
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1.4.3 Other Controls

Recent findings from IODP Expedition 311 have suggested that factors other than
the distance from the base of the GHSZ may also control gas hydrate occurrence and
distribution. During the expedition, sandier intervals with high gas hydrate concentration
were discovered well above the base of the GHSZ (Riedel et al., 2006), suggesting that
grain size and associated sediment parameters, such as permeability, are also factors that
control the occurrence of gas hydrate. Directly observed gas hydrate from recovered core
samples occurred either as pore fill in sandier layers, or in the form of small nodules,
lenses, veins, or as fracture-fill, by displacing the surrounding sediment, a process also

known as microheave. Gas hydrate occurrence was also inferred by the observation of
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sediment fabric disturbances (soupy and mousselike textures), associated with the
dissociation of gas hydrate during core recovery. Other gas hydrate indicators included
core liner infrared temperature anomalies and core pore fluid salinity reduction (Riedel et
al., 2006).

These observations have led to the conclusion that gas hydrate occurrence is
strongly lithologically controlled, and that the availability of a suitable host formation
(i.e., coarse-grained sediments) is a key factor (Riedel et al., 2005). The requirement of a
coarse-grained host formation is probably related to permeability control on fluid flow.
IODP Expedition 311 geochemical analyses suggest that local methane solubflity and

fluid and gas advection rates are other controlling factors.

1.5 Recent Geophysical Studies

The Northern Cascadia accretionary prism is one of the most thoroughly studied
marine gas hydrate areas. Seismic experiments include 2-D and 3-D MCS and single-
channel seismic (SCS), over a wide range of frequencies (e.g., Hyndman and Spence,
1992; Fink and Spence, 1999; Riedel et al., 2002), high-resolution seismic surveying with
a deep-towed array (Gettrust et al., 1999; Chapman et al., 2002), and ocean-bottom
seismometer (OBS) experiments (Hobro et al., 2005). To characterize the gas hydrate
distribution, various methods have been used to analyze the available seismic data,
including (1) estimation of BSR reflection coefficients (Hyndman and Spence, 1992;
Yuan et al., 1996), (2) normal moveout (NMO) velocity analysis (Yuan et al., 1996), (3)
AVO modeling of BSR reflections (Hyndman and Spence, 1992; Yuan et al., 1999), (4)
full waveform inversion (Singh and Minshull, 1994; Yuan et al., 1996), and (5) modeling

the frequency dependence of the BSR (Chapman et al., 2002). Other regional mapping
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methods used include seafloor electrical surveys, i.e., controlled-source electromagnetic
(CSEM, Yuan and Edwards, 2000; Schwalenberg et al., 2005) and seafloor compliance
studies (Willoughby and Edwards, 2000; Latychev and Edwards, 2003; Willoughby et
al., 2006).

These regional surveys have been complemented by two drilling expeditions.
ODP Leg 146 involved wireline (WL) logging and coring at one gas hydrate site (Site
889/890), in the accretionary prism, and at one reference site (Site 888), seaward of the
deformation front. Most recently, a transect of four well sites across the accretionary
prism was completed during IODP Expedition 311 (U1325, U1326, U1327 near Site
889/890, and U1329), in addition to an active cold vent site (U1328). An assessment of
the scientific results is available in the Expedition 311 Report (Riedel et al., 2006). The
primary objective of the expedition was to constrain gas hydrate formation models in
subduction zone accretionary prisms. Specific goals related to the primary objective
included (1) studying the mechanisms by which gas hydrate forms in marine sediments,
(2) measuring gas hydrate distribution and defining the nature of the BSR, (3) examining
the effect of gas hydrate occurrence on sediment physical properties, and (4) providing a
ground truth for regional geophysical experiments. To meet these objectives, the general
approach taken was to drill three holes at each site.

The first hole employed logging-while-drilling (LWD) methods to provide
downhole geophysical data and to identify gas hydrate zones in order to develop an
optimal coring strategy for subsequent holes. The LWD logging recorded formation
resistivity, porosity, density, and natural gamma radiation along the entire depth of the

hole. Since the logging tools were attached directly above the drill bit, measurements at
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near in situ conditions were recorded. However, no reliable velocity or nuclear magnetic
resonance (NMR) logs were recorded during LWD operations. Formation washout
causing enlarged borehole diameter is much less serious for LWD, compared to
conventional WL logs. As is generally the case, logs in intervals with degraded hole
conditions (washouts) must be disregarded in the interpretation, or at least used with
caution, as many of the tools require close proximity to the borehole wall for accurate
measurements. The caliper tool measures borehole diameter, and provides a qualitative
indication of hole conditions.

The second hole was usually cored in its entirety. The suite of shipboard core
measurements included infrared images of core liner temperature, porosity, and wet and
dry density from moisture and density (MAD) analysis, detailed geochemical analyses of
interstitial water, gas geochemisty (from headspace and void gas), and detailed
lithostratigraphic description of the core.

The third hole was generally dedicated to the deployment of special pressure
coring tools, followed by conventional WL logging. The pressure coring allowed for
laboratory measurements to be done on core samples under in situ pressure conditions.
Furthermore, methane gas released by gas hydrate dissociation during core recovery was
captured in the core barrel, and measured onboard the ship. The WL logging recorded
compressional (P-) and shear (S-) wave velocity, resistivity and natural gamma radiation.
WL logging is conducted after the drilling is completed, so a significant amount of time
passes between drilling and logging; as a consequence, the recorded logs may not be
representative of in situ conditions. Unfortunately, the caliper arm broke off the WL

logging sonde, due to excessive ship heave, so hole conditions were not recorded in any
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of the WL holes. Additionally, the porosity tool requires the instrument pad be pressed
against the borehole wall for accurate measurements, which is achieved by pressing the
caliper arm against the opposite side of the hole. Without a caliper, no useable log
porosity measurements were obtained in the WL holes. Another limitation of open-hole
(uncased) WL logging in unconsolidated marine sediments is that the drill pipe cannot be
removed from the upper section of the hole at any point during the operations, so as to
prevent extensive hole degradation. Many of the logs, including velocity and resistivity,
cannot be recorded through the drill pipe, so the upper ~70 m of open-hole WL holes are
generally not logged. i

Concerning the relative quality of LWD vs. WL logs, LWD logs are prefereable,
because they generally have less hole stability problems, and they measure formation
properties at near in situ conditions. However, LWD logging is a relatively recent
technology, and the logging tools have not benefited from the same technological
evolution than have conventional WL logs. Notably, LWD sonic tools do not, as of yet,
yield consistently reliable formation velocity information, and the variety of tools
available to measure resistivity is much less. There is currently much new effort in
industry to develop better LWD tools.

The IODP Expedition 311 well transect was drilled along MCS line 89-08
(Figures 1.3 and 1.4), acquired by Digicon Geophysical Corporation for the Geological
Survey of Canada in 1989, prior to ODP Leg 146. The conventional MCS survey was
acquired with a tuned airgun array with a total volume of 125 L (7820 inch?), and shots
were recorded by a 3600 m streamer with 144 hydrophones. The shot point interval was

50 m, giving CDPs with 36-fold multiplicity, and bin spacing of 12.5 m. In addition to
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providing information about regional stratigraphy and structure, independent velocity
information complementing downhole velocity logs can be obtained from MCS data with
normal moveout (NMO) analysis (e.g., Yuan et al. (1996) obtained detailed NMO
velocities across ODP Site 889/890). In this study, new NMO velocities from line 89-08
are obtained at the four sites of the IODP Expedition 311 well transect (Chapter 4).
Additionally, the BSR observed in MCS line 89-08 is used in an AVO analysis near Site
U1327, in an attempt to estimate gas hydrate and free gas concentrations immediately
above and below the BSR.

The general approach taken in this study, for both log and seismic data, is to
accompany all analyses with quantitative error estimates, in order to obtain realistic

uncertainty bounds on reported gas hydrate and free gas concentrations.



17

Chapter 2

Physical Properties of Gas Hydrate-Bearing Sediments

The inclusion of gas hydrate in marine sediments usually changes the physical
properties of the bulk sediment substantially. Gas hydrate can take on many forms,
including small nodules, lenses, veins, fracture-filling, and pore-filling. In the simplest
model, rising methane reacts with the sediment pore fluid to form gas hydrate, partially
replacing the pore fluid (i.e., pore-filling), but with little change to the sediment structure
or volume. More complex models involve gas hydrate crystal growth by displacement of
the ambient sediment (microheave), in the form of veins, fracture-fill, small nodules or
lenses.

Gas hydrate has different physical properties than the pore fluid it commonly
replaces; notably, its electrical resistivity and seismic velocity are significantly greater.
The presence of gas hydrate in the pore space of marine sediments can therefore
significantly affect the bulk physical properties of the sediment. To a first approximation,
the velocity of gas hydrate is similar to the sediment matrix, i.e., faster than the pore fluid
it replaces. Gas hydrate is also electrically resistive, similar to the sediment matrix, and in
contrast with the conductive, saline pore fluid it replaces. Therefore, as measured by

velocity or resistivity, the effect of gas hydrate occurrence is, to first order, similar to that
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of replacing the pore fluid with matrix-like material, i.e., reducing the porosity. In more
complex models, gas hydrate occurrence can also cause seismic and electrical anisotropy
in sediments, if they occur in sandier layers, fractures, or veins. One physical property
that is not greatly affected by the occurrence of gas hydrate is density, since the density
of gas hydrate is typically much closer to the pore fluid density than the matrix density.
In a pore fluid replacement model, the density can therefore serve as a no-hydrate
reference measurement.

The electrical resistivity, seismic velocity and bulk density of sediments can be
measured geophysically (e.g., seismic data, seafloor electrical surveys, well l&gs), and
can be used to estimate gas hydrate concentration. In this chapter, empirical relations and
physical models relating gas hydrate concentration to bulk sediment physical properties
are explored. These models are used in the following chapters (3, 4, and 5) to estimate

gas hydrate concentration from geophysical measurements of these physical properties.

2.1 Gas Hydrate and Electrical Resistivity

In this section, empirical relations between sediment porosity, resistivity, and gas
hydrate saturation are developed. These relations are used in Chapter 3 to estimate gas

hydrate saturation from IODP Expedition 311 log resistivity data.

2.1.1 Archie’s Relation

A basis for most rock resistivity studies was provided by Archie (1942), who
examined sandstone cores from the U.S. Gulf Coast region. He empirically established
that the resistivity of a fully water-saturated sediment R, is closely proportional to R,,, the

resistivity of the pore fluid:
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R =FR,, @.1)

where the proportionality constant F is called the formation factor. Furthermore, by
examining core samples from different formations, Archie established an exponential

empirical relationship between F and the porosity ¢:

F=—t=9p™, 2.2)

where the exponent m was determined to be formation specific. The exponent m was
found to vary between 1.8 and 2.0 in consolidated sandstones, and values near 1.3 were
obtained for unconsolidated sands. Since m depends on the state of consolidation, it is
called the cementation exponent.

Winsauer et al. (1952) modified Archie’s original equation by including a

coefficient a in the relation:

F="t=gp™. (2.3)

From a physical standpoint, @ should be unity, since when ¢ = 1, F = 1; however, since
Equations 2.2 and 2.3 are empirical relations, allowing a to vary generally improves the
fit between F and ¢, since it provides an additional degree of freedom. From a physical
perspective, the values of parameters @ and m depend on the inter-connectivity of the
pore spaces, which in turn depends on lithology, cementation, and grain size distribution
(Hearst et al., 2000). Smaller values of @ and m are qualitatively indicative of well inter-
connected pore spaces (i.e., lower R, for a given ¢ and R,,).

Many subsequent studies using downhole log data, core data, and laboratory

measurements have confirmed the exponential relation to be a good approximation for
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relating resistivity to porosity (e.g., Jackson et al., 1978; Swanson, 1979; Hilfer, 1991;

Ioannidis et al., 1997), and adequate for the purpose of this study.

2.1.2  Effect of Partial Gas Hydrate Saturation

When gas hydrate is formed from pore fluid, the salts in solution are largely
excluded. The result is that the electrical resistivity of gas hydrate is much greater than
that of saline pore fluid, and gas hydrate occurrence can significantly increase bulk
sediment resistivity (e.g., Collett, 2001; Riedel et al., 2005). To first order, gas hydrate
may be taken to be non-conductive, as compared to the pore fluid. An empirical
relationship describes the effect of non-conductive material in the pore space on
resistivity:

R=RS8S7, (2.4)
where R, is the true, or measured bulk resistivity, S,, is the water saturation (defined as the
fraction of the pore space occupied by water), and » is the saturation exponent (Hearst et
al., 2000). In the case of partial gas hydrate pore space saturation, the gas hydrate
saturation is defined as S, = 1 — S,,. The value of » in Equation 2.4 is a measure of how
the occurrence of gas hydrate affects the fully water-saturated resistivity R,, i.e., the
grain-hydrate-fluid structure. If » is relatively large, gas hydrate forms in a way that
strongly impedes current flow and increases bulk sediment resistivity (e.g., gas hydrate
located in the spaces connecting adjacent pores), whereas if » is relatively small, gas
hydrate forms in a way that has a lesser effect on sediment resistivity (e.g., gas hydrate

occurrence in the pore space, making minimal contact with sediment grains). Pearson et

al., (1983) calculated an estimate for » of 1.94; however, modeling by Spangenberg
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(2001) has shown that » depends somewhat on grain size distribution and the gas hydrate
saturation itself. Combining Equations 2.3 and 2.4, gives Archie’s relation for gas

hydrate-bearing sediments (e.g., Collett and Ladd, 2000):

R, =aR o"(1-S,)™", 2:3)
In practice, for many marine sediments, the pore fluid resistivity R, usually can be
adequately estimated from the equation of state of seawater (Fofonoff, 1985), if in situ
pressure, temperature, and salinity are known. Parameters a and m can be estimated
empirically by curve fitting F vs. ¢ data from fully water-saturated samples, using

Equation 2.3. Gas hydrate saturation S can then be estimated for sediment with porosity

0, and resistivity R,, if Equation 2.5 is rearranged as

w
S,,=1—[a?”"go“”’} . (2.6)

Equation 2.6 provides a relationship between gas hydrate saturation and
resistivity, which empirically accounts for the sediment porosity, the inter-connectivity of

the pore space, and the effect of gas hydrate occurrence on the inter-connectivity of pore

space.

2.1.3  Effects of Gas Hydrate Texture and Distribution in Sediment

Findings from IODP Expedition 311 have shown that gas hydrate forms
preferentially in coarse-grained sediment, and often occurs in small nodules or fracture-
filling veins, displacing the surrounding sediment (Riedel et al., 2006). The Archie
analysis makes use of empirical parameters to describe the relationships between

sediment resistivity, porosity, and gas hydrate saturation (a, m, and n). Since these
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parameters are calibrated empirically, they should, on average, accurately characterize
these relationships, but some uncertainty arises from the fact that gas hydrate does not
occur homogeneously, throughout a homogeneous medium. For example, if gas hydrate
occurred in sheeted fractures, perpendicular to the current direction used to measure
sediment resistivity, the measured resistivity would be greater than if the same amount of
gas hydrate occurred in sheeted fractures parallel to the current direction (i.e., electrical
anisotropy). However, a proper empirical calibration of the saturation exponent » should,
on average, adequately account for the mode of gas hydrate formation.

One aspect that is difficult to account for is the local accuracy of the porosity-
resistivity relation described by parameters a and m, since it is determined empirically,
generally as an average for the entire sediment section considered. If the sands and clays
of the section exhibit different porosity-resistivity relations, using values for @ and m
representative of an “average sediment” might not be accurate, since gas hydrate appears
to occur preferentially in sandier intervals. Also, if gas hydrate forms by displacing the
surrounding sediment in veins, fractures, and nodules, the porosity-resistivity relation
may no longer be entirely accurate, since @ and m are estimated from fully water-

saturated (undisplaced) sediment.

2.2 Gas Hydrate and Seismic Velocity

The presence of gas hydrate in marine sediments has a substantial effect on
sediment P-wave (compressional) velocity. In the simplest approximation, gas hydrate
replaces pore fluid, thereby increasing the sediment P-wave velocity. The magnitude of
the velocity increase, relative to a no-hydrate reference velocity, provides a method to

estimate gas hydrate concentration. Several approaches exist to estimate a no-hydrate
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reference velocity profile and to determine the relation between the increase in seismic
velocity and gas hydrate concentration. Examined here are (1) empirical porosity-velocity
relations used in conjunction with an effective porosity reduction model (e.g., Hyndman
et al., 1993; Yuan et al., 1996), (2) time-averaging equations (e.g., Pearson et al., 1983;
Lee et al., 1993), and (3) rock-physics modeling (e.g., Dvorkin and Nur, 1993; Helgerud
2001). In Chapter 4, these approaches are applied to seismic velocity data collected at the

sites of the IODP Expedition 311 well transect.

2.2.1 Porosity-Velocity Relations and Effective Porosity Reduction

-

Gas hydrate saturation can be estimated from empirical porosity-velocity relations
if gas hydrate is modeled to occur by effective porosity reduction. The porosity reduction
model assumes that gas hydrate in the sediment pore space has simply replaced the pore
fluid, and reduced the sediment effective porosity (Hyndman et al., 1993; Yuan et al.,
1996). The implicit assumption is that the P-wave velocity of pure gas hydrate is similar
to that of the sediment matrix. Under this assumption, a bulk sediment velocity
measurement can be used to calculate an effective, hydrate-excluding porosity, from an
empirical porosity-velocity relation. The effective porosity is then simply subtracted from
a hydrate-inclusive porosity measurement (or background porosity) to determine gas

hydrate saturation:

§, =2 Vs _ @.7)

where ¢ is the gas-hydrate-inclusive, or background porosity, and ¢, is the (hydrate-

exclusive) effective porosity, calculated from the porosity-velocity relation. The porosity-
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velocity relation can also be used to calculate a background no-hydrate velocity-depth
trend from a porosity-depth trend.

Empirical porosity-velocity relations required to calculate ¢, are derived by
curve-fitting velocity vs. porosity data (logs or core) in areas known not to contain gas
hydrate or free gas (e.g., below the free gas layer, or in the deep basin). For example,
Hyndman et al. (1993) derived an empirical porosity-velocity relation from
measurements on core samples from ODP Leg 131, Site 808, in the Nankai accretionary
prism, taken from well below the base of the GHSZ. Because of the empirical nature of
this approach, it is crucial that the porosity-velocity relation used be estimated from

sediments similar to those for which gas hydrate saturation is to be estimated.

2.2.2 Time-Averaging Equations

Wyllie et al. (1958) first introduced the idea of time-averaging to estimate
sediment porosity from bulk sediment velocity and the velocities of the fluid and matrix
components:

L 2 00 (2.8)

v, vV, '

m

|4

wyllie
where V. is the bulk sediment velocity, ¥, is the velocity of the pore fluid, and V,, is
the sediment matrix velocity. The physical basis for time-averaging is that the total
traveltime through the bulk sediment is equal to the average traveltime through each
component, weighted by the volume fraction of the component. Pearson et al. (1983)

extended the two-phase Wyllie equation to a three-phase system containing gas hydrate:

1 _90-S,) ¢S,  (-9)
2R A

w m

: (2.9)
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where ¥, is the velocity of pure gas hydrate. Wyllie et al. (1958) noted that under certain
conditions, time-averaging estimates are inaccurate, notably in the case where sediments
are unconsolidated, bulk sediment velocities are overestimated (i.e., porosity
underestimated).

Wood (1941) proposed an equation on the other hand that is approximately valid

for particles in suspension, i.e., for very high porosity sediments:

L _ ¢ (-9 (2.10)
p b Vu-:nod p qu-' p m Vm

where p;, py, and p,, are the bulk, fluid, and matrix densities. Like the Wyllie time-
average equation, the Wood equation can be extended to a three-phase system with gas

hydrate (Lee et al., 1993):

1 _e(=S), ¢S ,(-9) 2.11)

pb Vlz pw sz ph K;Z pm Vr: ,

where pj, is the density of pure gas hydrate.

Since the time-average equation (Equation 2.9) applies for consolidated
sediments, and the Wood equation (Equation 2.11) applies for particles in suspension, a
weighted average of these two solutions (Wyllie dominates at low porosity, Wood
dominates at high porosity) should yield reasonable bulk sediment velocities for

unconsolidated marine sediments containing gas hydrate (Lee et al., 1993):

1 _We(-S,) 1-Wg(-5,)
v Z Z

Lee

: (2.12)

where W is an arbitrary weighting factor that allows the freedom to bias the result
towards either the Wood or Wyllie velocity (i.e., depending on the state of consolidation

of the sediments in question). For areas without gas hydrate, Lee et al. (1993) found that
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their equation (with S, set to zero, and W to unity) accurately predicted the measured bulk
sediment porosity-velocity relationship for a suite of Deep Sea Drilling Program (DSDP)
holes, drilled through unconsolidated sediments on the US Atlantic continental rise.

With knowledge of the velocity and density of the formation constituents, as well
as a measurement of sediment porosity, the approach of Lee et al. (1993) provides a
means to calculate the expected velocity for sediments with various amounts of gas
hydrate. With a porosity-depth trend, a background no-hydrate velocity-depth trend and
velocity-depth trends for various gas hydrate saturations can be calculated. However, the

introduction of an arbitrary weighting factor adds considerable uncertainty to the fesults.

2.2.3 Rock-Physics Modeling

An alternative approach to empirical porosity-velocity relations and time-
averaging is to derive bulk sediment elastic properties from a rock-physics model (e.g.,
Dvorkin and Nur, 1993; Carcione and Tinivella, 2000; Helgerud 2001). A comparison of
theoretical methods, including various rock-physics models is given by Chand et al.
(2004). The rock-physics model used in this study is that of Helgerud (2001) developed
for high porosity clay-rich marine sediments.

The approach of Helgerud (2001) was to build a first-principles-based effective
medium model for the elastic moduli of high porosity marine sediments containing gas
hydrate or free gas. A detailed description of the model is provided in the Appendix. The
model requires knowledge of the porosity and of the elastic moduli of the sediment
constituents, including gas hydrate, free gas, the pore water, and the sediment grains. A
baseline model for fully water-saturated sediments developed by Dvorkin et al. (1999) is

used as a starting point. The sediment matrix is modeled as packed spheres, each with 8
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grain contacts. The elastic properties of the effective medium composed of the fully water
saturated sphere pack is then calculated from first principles. Applied to a porosity-depth
profile, this model gives a baseline no-hydrate velocity-depth profile; however, it is
relatively sensitive to the mineral assemblage chosen in the modeling.

Elastic properties of effective media containing various amounts of gas hydrate or
free gas can then be calculated, according to different assumptions concerning their
formation mechanisms. Gas hydrate is modeled either as part of the pore fluid (gas
hydrate in-pore), or as part of the load-bearing sediment matrix (gas hydrate in-frame).
The gas hydrate in-pore model assumes that the gas hydrate occurs in the sediment pore
space, without adding stiffness to the sediment frame. As a consequence, the sediment S-
(shear) wave velocity is nearly unaffected by the occurrence of gas hydrate. For the gas
hydrate in-frame model, elastic properties of the sediment frame are recalculated, with
grains of gas hydrate included as part of the sediment frame. Under this mode of
occurrence, gas hydrate adds some stiffness to the sediment frame, and the sediment S-
wave velocity is slightly increased by gas hydrate but much less so than for a model in
which gas hydrate cements the grain contacts (e.g., Dvorkin and Nur, 1993). Both the gas
hydrate in-pore and in-frame models predict an increase in P-wave velocity with
increased gas hydrate concentration (slightly more for the gas hydrate in-frame model).
Free gas occurrence is modeled to occur in-pore, so its presence in the pore space does
not affect the sediment rigidity (Gassmann, 1951), and the S-wave velocity therefore
remains nearly unchanged. P-wave velocities, on the other hand, are significantly reduced

by the presence of gas (e.g., Gregory, 1976).
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Application of this effective medium model to downhole VSP data from ODP Leg
164 Hole 995 at the Blake-Bahama Ridge gas hydrate site indicated that the gas hydrate
in-frame model is most accurate in high porosity clay-rich marine sediments (Helgerud,

2001).

2.2.4 Effects of Gas Hydrate Texture and Distribution in Sediment

Just as in the resistivity analysis, the findings of IODP Expedition 311 concerning
the heterogeneous nature of gas hydrate occurrence puts into question some of the
assumptions inherent in the three methods used to estimate gas hydrate saturatif)n from
seismic velocity. The most important source of uncertainty in all three approaches is the
notion of a background no-hydrate velocity-depth trend. Such a trend only truly applies in
homogeneous sediment (constant matrix composition), where changes in velocity are
caused only by changes in porosity. In a case with interbedded sands and clays, the use of
this trend could be inadequate if the true no-hydrate velocity of a sandy unit is
significantly different from that of a finer-grained clay interval. For example, if the no-
hydrate velocity is greater in the sand than the clay, the use of a background no-hydrate
velocity trend will underestimate the true background velocity in the sand, thereby
overestimating gas hydrate saturation in that sand.

The inherent assumption in the effective porosity reduction approach is that gas
hydrate occurs by replacing pore fluid and reducing sediment porosity. This assumption
holds to first order, even under circumstances where gas hydrate displaces the ambient
sediment, since the velocity of gas hydrate is much closer to that of the sediment
constituents than that of the pore water. Additional uncertainty arises from the use of a

porosity-velocity relation empirically derived from an average of gas hydrate-free
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sediments, since gas hydrate appears to occur preferentially in sandier sediments, rather
than clays. The effective porosity reduction approach is therefore only accurate if the
sands and clays in question have similar porosity-velocity relations.

Uncertainty in the time-averaging approach arises from the use of the arbitrary
weighting factor W, which biases the results towards either the Wyllie or Wood velocity.
At high porosity, the Wood velocity should be favoured, since it applies to particles in
suspension. However, a high porosity zone containing large amounts of gas hydrate has a
low effective porosity, and the Wyllie velocity should be favoured, since the bulk
sediment probably behaves more like a consolidated formation. This implies” that W
depends on the gas hydrate saturation itself, so taking it to be a constant could be a
significant source of error.

In all approaches, uncertainty related to the mode of formation of gas hydrate can
be significant. At high gas hydrate saturations, where gas hydrate is observed to occur as
fracture-filling veins or small nodules that displace the ambient sediment, effective
porosity reduction, time-averaging, and gas hydrate modeled in-pore or in-frame may no
longer be entirely applicable. The gas hydrate in-pore model is certainly put into doubt,
since it assumes that gas hydrate occurs in the pore space without affecting the sediment
frame. The gas hydrate in-frame model may also not be applicable in cases where
massive gas hydrate occurs and ambient sediment is displaced, since it assumes gas
hydrate occurrence as individual grains, equally distributed throughout the sediment
frame.

The implications of gas hydrate texture and distribution in sediments on

concentration estimates is to some extent also dependent on the scale of the velocity
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measurements. Sonic log and MCS velocity measurements have resolutions of ~1 m and
~70 m respectively, whereas gas hydrate nodule, vein or fracture filling textures occur on
the order of a few centimetres. The consequence of this scale difference is that the
velocity measurements in gas hydrate zones are representative of a weighted average
between the velocity in the gas hydrate nodules, veins, or fractures, and the velocity in

adjacent sediments.
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Gas Hydrate Concentration from Electrical Resistivity

Downhole electrical resistivity logs can be used to estimate gas hydrate
concentration (e.g., Collett and Ladd, 2000; Riedel et al., 2005), since the presen(;e of gas
hydrate in sediment pore space significantly increases the bulk sediment resistivity.
Equation 2.6, developed in Chapter 2, provides a basis for the calculation of resistivity-
based gas hydrate saturation Sj. It requires measurements of electrical resistivity R,
porosity ¢ and pore fluid resistivity R,, as well as the estimation of empirical Archie
parameters a, m, and n. The most important difficulty is estimating the in situ pore fluid
salinity (i.e., pore fluid resistivity). The salinity measured in recovered cores could
include an unknown amount of pore fluid freshening if in situ gas hydrate dissociates
upon core recovery. One method, proposed by Hyndman et al. (1999), allows for in situ
salinity and gas hydrate concentration to be calculated simultaneously.

IODP Expedition 311 provided a suite of LWD logs, including resistivity, density,
and neutron porosity, in addition to several types of core measurements, including
porosity, grain density, and interstitial water salinity (Riedel et al., 2006), along a transect
of sites across the Northern Cascadia accretionary prism. These data can be used jointly

to solve Equation 2.6 for gas hydrate saturation S;. The use of LWD logs recorded by
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tools immediately behind the drill bit provides measurements as close as possible to in
situ conditions. This is paramount in gas hydrate studies, since changes in pressure and
temperature due to drilling can affect gas hydrate stability. Figure 3.1 is a contour map of
seafloor depth, showing the well site locations, and Figure 3.2 is a seismic cross section
through the sites.

The approach in this chapter is to solve Archie’s equation (Equation 2.6) to
determine a gas hydrate saturation profile at each site, while quantifying the uncertainties
in (1) the empirical Archie parameters, (2) the in situ salinity, and (3) the appropriate

choice of porosity measurement, and their effect on gas hydrate saturation estimates.

3.1 Log and Core Data

3.1.1 Log Resistivity

Downhole formation electrical resistivity data have been obtained from both IODP
Expedition 311 and ODP Leg 146, using both conventional and LWD logging tools. For
this low-resistivity section of unconsolidated marine sediments, resistivity tools are
favoured over induction conductivity tools. The most reliable downhole log resistivity
measurement is obtained from the LWD GeoVISION resistivity-at-bit (RAB) tool. The
RAB tool is connected directly above the drill bit, and uses two transmitter coils and
several electrodes to obtain different measurements of resistivity. Resistivity is measured
using a focusing technique: the upper and lower transmitter coils produce currents in the
drill collar that meet at the ring electrode. In a homogeneous medium, a net current flow
perpendicular to the tool would occur at the ring electrode. This radial current flow

becomes distorted in heterogeneous formations, and the current required through the ring
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Figure3.1 Bathymetry map of the Northern Cascadia accretionary prism, showfng the
locations of IODP Expedition 311 wells and MCS line 89-08, through the well transect.
Modified from the IODP Expedition 311 Prospectus (2005).

Two-way traveltime (s)

10 km
Figure 3.2 Seismic cross section of the Northern Cascadia accretionary prism (line 89-08),

showing the location of IODP Expedition 311 well sites U1325,U1326,U1327, and U1329.
After Hyndmanetal. (2001).
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electrode to focus current flow into the formation is related to the formation resistivity
(Riedel et al., 2006). This focusing technique is also used to measure resistivity at three
button electrodes (corresponding to three depths of investigation: shallow, ~0.3-0.4 m;
medium ~0.4-0.5 m; and deep, ~0.4-0.6 m). As the tool rotates in the borehole, the button
resistivity is measured about every 6 degrees. The button deep average (BDAV)
resistivity, used here as R, in the Archie analysis, is obtained by averaging the deep
button resistivity at a given vertical depth, over the range of azimuthally varying
measurements. The BDAV resistivity has a vertical resolution of 5-8 c¢cm, and provides
the most accurate measurement of in situ resistivity. -

Figure 3.3 shows the BDAYV resistivity profiles at the four sites of the IODP
Expedition 311 well transect. At each site, the seismically and log inferred BSR depth is
shown. Used alone, these resistivity logs qualitatively indicate certain zones of gas
hydrate occurrence. High porosity, unconsolidated marine sediments generally have
resistivities on the order of 1 Q-m. Certain zones above the inferred BSR exhibit much
higher resistivities, and are therefore interpreted to be gas hydrate bearing, notably at
U1326, 73-94 meters below seafloor (mbsf) and 252-261 mbsf; at U1325, in thin layers
between 195-240 mbsf; and at U1327, 120-138 mbsf. The presence of gas hydrate near
the BSR is inferred by a slight decrease in resistivity from 1.6 to 1.3 Q-m at U1325, and
from 2.4 to 2.0 Q-m at U1327. Free gas immediately beneath the BSR might slightly
increase the resistivity, explaining why no obvious decrease in resistivity at the BSR is
observed at U1326 and U1329. However, these two sites both exhibit thin high-resistivity

zones immediately above the BSR (255-261 mbsf at U1326, and 120-124 at U1329),

probably also related to gas hydrate occurrence. All four sites therefore probably exhibit
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at least a small amount of gas hydrate immediately above the BSR. The high resistivity
zone below 176 mbsf at Site U1329 is interpreted to be an unconformity, below which
much older, low porosity, lithified Miocene (>6.7 Ma) sediments occur (Riedel et al.,
2006).

Figure 3.4 shows the suite of downhole resistivity data collected at Site
889/U1327. Holes 889A, 889B and U1327E were logged with wireline induction tools,
whereas hole U1327A used LWD, with the BDAYV resistivity shown here. The distance
between holes 889A, 889B, and Site U1327 is on the order of 500 m, whereas the
distance between holes U1327A and U1327E is only approximately 70 m. The” general
trend observed at all holes of this site is an increase in resistivity from ~1 Q-m at the
seafloor to ~2 Q-m at ~120 mbsf; background resistivities of ~2 Q-m are observed below
that depth, with thin higher resistivity zones at different depths in each site. The most
dramatic variability between holes is actually between the two most spatially proximal
holes (U1327A and U1327E), where consistently higher resistivities (by ~ 0.3 Q-m) were
measured below ~120 m at U1327A, and a high resistivity interval (greater than 5 Q-m,
between 120 and 138 mbsf) was measured only in U1327A. The slight resistivity bias can
possibly be explained by the use of different tools to log the hole, or the different time
lags between drilling and logging in LWD versus WL. However, the observation of the
high resistivity zone (120-138 mbsf) only in U1327A can only be explained by lateral

geologic variations.

3.1.2 Core Porosity

To first order, log and core porosity measurements generally respond to gas

hydrate as part of the pore space, because the properties that are measured to determine
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Figure 3.4 Compilation of log resistivity data (WL and LWD) from Sites 889 and U1327.
WL resistivity logs were recorded at 889A, 889B, and U1327E, whereas U1327A was
recorded by LWD. With the exception of hole 1327A, the resistivities measured are similar

between holes.
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the porosity are usually similar for gas hydrate and pore water. The available porosity
measurements are from the density and neutron logs and from IODP shipboard core
moisture and density (MAD) analyses (Figure 3.5).

The MAD-based core porosity was measured as one of the “index” properties on
retrieved sediment cores by the IODP Expedition 311 Scientists (Riedel et al., 2006). Wet

3
, to

mass, dry mass and dry volume were measured on push-core samples of ~10 cm
calculate porosity, as described in Blum (1997) and Riedel et al. (2006). Wet mass was
measured immediately after the sample was collected, whereas dry mass and volume
were measured after the sample was heated at 105 + 5°C (without vacuum) for 24 hours
and allowed to cool in a desiccator. Several biases in free water core porosity
measurements must be corrected. There is a bias towards higher porosities, because dry
mass and volume were measured on sediments that had been heated to 105°C, a
temperature high enough to release some of the bound water in smectite clay (Winters,
2000). Although clays may be somewhat less resistive than the granular component of the
sediment matrix, they are usually sufficiently resistive relative to the pore fluid to be
included as part of the matrix in electrical resistivity analyses. Other corrections applied
were for porosity rebound (Hamilton, 1976; Goldberg et al., 1986) and for residual salt
left behind by the evaporated pore water (Blum, 1997). There is also a potential sampling
bias, towards lower porosities because porosity could be measured more frequently from
more competent (generally less porous) core samples, which have a higher probability of
recovery. Since gas hydrate dissociates into water and gas upon core recovery, porosity

measurements from core MAD analysis measure in situ gas hydrate as part of the

subsequent core pore volume.
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3.1.3 Log Density Porosity

Log density-derived porosities are obtained from the LWD density log by linear
interpolation of the formation bulk density p; between the density of water p,,, taken to be

1.03 g/cm’, and the average grain density p, measured in the core MAD analysis:
g

(p=ﬂb_. 3.1)

An average grain density trend was estimated from core at each site, and values ranged
from 2680 to 2780 kg/m’. The variance in grain density measurements gave standard
deviation estimates of 30 to100 kg/m’ that varied from site to site. Note that for the
porosity estimate to exclude bound water, the average grain density must include the clay
component of the sediment matrix. A log measurement of formation electron density is
obtained, based on the reduction in gamma ray flux between a source and a detector on
the sonde. The source (*’Cs) emits gamma rays into the formation, which are then
Compton-scattered by electrons in the formation. A fraction of the emitted gamma-rays
are scattered towards a gamma ray counter on the logging tool. The ratio of received to
emitted gamma-rays depends on the formation electron density, which is closely
proportional to the formation bulk density, because of the well known relation between
atomic number and atomic mass. High concentration of certain elements with unusual
electron density responses can result in error (Hearst et al., 2000); however, this is not
expected to be a problem for the sediments studied. The measurements are calibrated by
empirically relating gamma-ray count (i.e., formation bulk density) to core bulk density

in a known reference.
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The vertical resolution of the density tool used on IODP Expedition 311 was ~15
cm, and the depth of investigation ~10 cm. Even for LWD measurements, the density log
must be excluded or used with caution in zones with poor hole conditions, especially
where the hole radius is greater than the depth of investigation of the tool. These washout
zones can be identified with the caliper tool, which measures hole diameter. The main
sources of uncertainty in a high quality density porosity measurement are the statistical
uncertainty in the gamma-ray count used to calculate the density, and the uncertainty in
the grain density (discussed above). This combined uncertainty is estimated as + 0.03
porosity units (A. Malinverno, pers. comm. 2006). Since the density of pure gas-hydrate
(pr = 0.92) is similar to that of pore water (p,, = 1.03) with near seawater salinity, the
density porosity calculated from Equation 3.1 measures gas hydrate nearly as part of the
pore volume. Even at high gas hydrate concentrations, the assumption that water (instead
of gas hydrate) fills the pore space has only a small effect on the calculated porosity (e.g.,

Riedel et al., 2006).

3.1.4 Log Neutron Porosity

The neutron porosity tool functions by emitting a high energy neutron beam into
the formation. As the neutrons pass through the formation, they interact with the ambient
atoms, slow down, and are eventually captured. A lower energy neutron detector on the
tool detects neutrons that have been slowed by the formation (epithermal neutrons).
Neutrons lose the most energy when they collide with atoms of the same mass, so the
neutron tool is most sensitive to formation hydrogen concentration (Hearst et al., 2000),
and therefore to a first order, water content. The ratio of emitted to detected neutrons is

empirically related to porosity through calibration to a known reference, ideally with
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similar response to that of the formation studied. Two factors known to cause errors in
the neutron porosity measurement are fluid chlorinity and hydrocarbon content. The
chlorine atom has an unusually large (neutron) capture cross section, but its effect can be
accounted for if the chlorinity is known. In high enough concentrations, the presence of
hydrocarbons can cause a positive bias in neutron porosity: since hydrocarbons represent
a large amount of hydrogen, they can significantly increase the formation bulk hydrogen
concentration if the other main hydrogen component is from the formation water content.

Clay minerals, when present in large enough concentration, can contain a
significant amount of bound water that is measured by the neutron porosity tookas pore
space, rather than sediment matrix. For this reason, in clay-rich sediments, porosity
estimates from neutron logs are generally greater than those from density porosity (given
a choice of average grain density in Equation 3.1 that includes clay). With knowledge of
the clay content from cores, a correction for bound water content can be applied to the
neutron log. The neutron porosity logs shown in Figure 3.5 have been corrected for
bound water content by the Expedition 311 Scientists (Riedel et al., 2006), but still have a
bias of ~0.06-0.08 greater porosity than the density porosity, probably due to an
incomplete correction for bound water content, or other biases that were not adequately
accounted for (e.g., chlarinity, hydrocarbon content).

Core porosities seem to generally be greater than log density porosities and less
than log neutron porosities, but much closer to the density porosity than to the neutron.
However, both the density and neutron porosity logs show similar structure, with more
scatter in the neutron porosity. Since gas hydrate is mainly composed of (solid) water, it

has a similar hydrogen concentration to that of water, so, to first order, the neutron
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porosity measures gas hydrate as part of the pore volume. However, both the methane in
gas hydrate and the free gas below the BSR act to slightly increase the measured neutron
porosity, because methane has a greater hydrogen concentration than the pore water.

The vertical resolution of the neutron porosity tool used on IODP Expedition 311
was ~30 cm. The depth of investigation is highly dependent on the hydrogen
concentration, and is probably less than 20 cm, given the high porosity sediments studied
here. For both WL and LWD measurements, the neutron porosity is very sensitive to hole
conditions.

The Archie analysis is first undertaken using the log density porosity in Sections
3.2 and 3.3. The density porosity is generally more reliable than the neutron porosity,
since the calibration of the neutron porosity contains additional uncertainties related to
the effect of unknown amounts of hydrocarbon (including gas hydrate and free gas) on
hydrogen concentration, and the high sensitivity of the neutron porosity measurement to
hole conditions. The log density porosity is preferred to the core porosities, since the
former is measured in the same hole as the LWD resistivity, and because log
measurements have more concentrated vertical sampling than core measurements.
Section 3.4 considers the sensitivity of results to the different porosity measurements

available.

3.2 Determination of Archie Parameters

Archie’s law for purely (saline) water saturated sediments is given in Equation
2.3, where R, can be calculated from the equation of state of seawater (Fofonoff, 1985)
or other saline fluid compositions, if the in situ pressure, temperature, and salinity are

known. The pressure is taken to be nearly hydrostatic, and the temperature is estimated
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from the seafloor temperature and the thermal gradient, and the salinity taken from a
smoothed fit through core salinity measurements at the same site (Figure 3.6). In zones
inferred to be gas-hydrate-free (i.e., fully water-saturated), the measured core salinity can
be assumed to be equal to the in situ salinity. Empirical Archie parameters a and m can
then be estimated from a cross-plot of F and ¢ (Pickett plot) for sediments containing no
gas hydrate, in areas with good log quality. Gas-hydrate-free zones are chosen from the
undeformed slope basin sediments of holes U1327A and U1329A, where little or no gas
hydrate was interpreted (no large spikes in resistivity are observed; as well, slope basin
sediments have less time to accumulate gas hydrate in the pore space since they were
deposited more recently than the accreted sediments), and from sediments below the
inferred BSR in holes U1325A, U1326A, and U1327A (Figure 3.7). Although the sub-
BSR zones probably contain a small amount of free gas, which could affect R, and ¢,
these zones plot along the same trend in the Pickett plot as the assumed gas-hydrate-free
slope basin sediments, so the effect of free gas (in small concentrations) on Archie
parameter estimates is small. Also, Hyndman et al. (1999) showed that the porosity-
resistivity relation in slope basin and accreted sediments are not significantly different.
Here, Archie parameter estimates are obtained by fixing the cementation exponent m to
1.76, a value representative of deep sea sediments (Westbrook et al., 1994). A best fit to
the F versus ¢ data from the gas hydrate-free zones (Figure 3.7) gives an estimate for a of
1.39 + 0.18 (one-standard-deviation), which is similar to the value obtained by Hyndman
et al. (1999) from core porosity and resistivity at ODP Site 889/890. Others (e.g., Riedel
et al., 2006) have estimated Archie parameters by fixing a to unity, so that at 100%

porosity, R,, = R,. Although this approach has a valid physical basis, fixing m = 1.76 and
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Pickett Plot - Density Porosity
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Figure 3.7 Formation factor versus density porosity for no-hydrate intervals of the IODP
Expedition 311 well transect. The data points are taken from no-hydrate slope basin
sediments and sub-BSR zones. The bold solid line is the best fit, givinga=1.38 and m =
1.76. The uncertainty in a is + 0.18, shown by the grey lines. For comparison, Hyndman et
al. (1999) and Collett (2000) calculated Archie parameters of a =1.41, m =1.76, and a =
0.97, m = 2.81. The Hyndman et al. (1999) trend lies almost directly along the trend for

these data.
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searching for the best a gives a better fit for these data. The uncertainty in the Archie
relation, arises mainly from the uncertainty in the Archie coefficient a; this uncertainty
reflects the effect of data noise on the correlation between the porosity and resistivity
measurements. Here, this includes random scatter (measurement error) in both the density
and resistivity logs, as well as error related to the average grain density in the porosity
calculation (Equation 3.1). An estimate of » = 1.94, calculated by Pearson et al. (1983) is
used here for the Archie saturation exponent. A sensitivity analysis of the saturation
exponent shows that varying n by + 0.20 changes the gas hydrate saturation estimate by
only £ 0.01, on average. However, inspection of Equation 2.5 or 2.6 shows that gas
hydrate saturation estimates themselves are more sensitive to » at higher gas hydrate
saturations. From a physical perspective, choosing a value for » similar to that of m
implies the assumption that the effect of gas hydrate formation on the electrical resistivity

is similar to that of simple effective porosity reduction.

3.3 Gas Hydrate Saturation from Resistivity

With estimated empirical Archie parameters a, m, and n, Equation 2.6 can be
solved for S;. The critical unknown parameter in Archie’s relation is the in situ pore fluid
resistivity R,,, which can be calculated from the equation of state of seawater (Fofonoff,
1985), if the in situ pore water salinity is known, assuming that the pore fluid
composition is similar to that of seawater. In gas hydrate-free zones, the in situ salinity
can be taken as the measured core salinity. However, if gas hydrate was initially present
in the core, it would have dissociated upon recovery, thereby freshening the pore water
and contaminating the in situ salinity (Kastner et al., 1995; Hesse, 2003), which is the key

parameter in determining R,,. A lower estimated in situ salinity would result in a higher
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R,,, which in turn would erroneously reduce gas hydrate saturation estimates. The main
difficulty is in estimating the in situ salinity, before gas hydrate dissociation upon core

recovery. In this thesis, two methods are proposed to solve this problem.

3.3.1 Core Baseline Salinity Method

A first solution is to assume a reference no-hydrate salinity profile at each site,
corresponding to the highest salinity measurements smoothed over depth (Figure 3.6).
This trend is referred to as the core baseline salinity C. In this case, lower-than-baseline
core salinity measurements are assumed to be due to freshening by gas hydrate
dissociation upon core recovery, and C. is used in the calculation of R, from the
equation of state of seawater (Fofonoff, 1985). This approach assumes that there is no
pervasive gas hydrate present in the pore space, only local concentrations such as in
sandier horizons; i.e., core salinity measurements can sample pore fluid that has not been
freshened by gas hydrate dissociation.

Once R, has been calculated from C,;, a qualitative approach to identify gas
hydrate zones is to compare the measured resistivity R, to the resistivity R, that would
have been measured if the sediment were fully water saturated (Figure 3.8). R, is
calculated from Equation 2.5, solved for S, = 0. In Figure 3.8, zones above the BSR with
R; > R, are interpreted to contain gas hydrate. To obtain quantitative estimates of gas
hydrate saturation, S, is calculated from Equation 2.6 (Figure 3.9), with upper and lower
bounds on S;, determined from the primary uncertainty associated with the estimated
Archie coefficient a. In Figure 3.9, these results are smoothed by taking a running
average over a 10 m interval. The uncertainty in the Archie coefficient a accounts for an

average estimated uncertainty in Sy, of + 0.07 (one-standard-deviation).
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The important systematic uncertainty in this method is related to the implicit
assumption that C., is an accurate estimate of the in situ salinity. At most sites, this
assumption is probably valid, since the core baseline salinity is near that of seawater
(Figure 3.6), i.e., assuming that a gas-hydrate-free core sample gives near-seawater
salinity is generally reasonable. However, the core salinity measurements at Site U1327
exhibit an anomalous freshened baseline salinity trend, relative to the other sites (and
nearby cold vent Site U1328, see Riedel et al., 2006). At U1327, the pervasive freshening
can either be attributed to gas hydrate dissociation upon core recovery or some other
source of fresh water, for example, clay dehydration from deep within the accrétionary
prism. The core baseline salinity method attributes the regional freshening at U1327
(from seawater to baseline salinity) to sources other than gas hydrate dissociation. If all
or most core samples were in fact freshened by pervasive gas hydrate, this regional gas

hydrate would go undetected if the core baseline salinity method is used.

3.3.2 In Situ Salinity Method

An alternative approach that makes no assumptions about in situ salinity is that of
Hyndman et al. (1999). With additional assumptions, both gas hydrate saturation and in
situ salinity can be estimated: they solve Archie’s equation (Equation 2.6) for S,

simultaneously with

C
R =R_|—=|, 3.2
w SW[CW} ( )
and
l—S,,:g‘ﬂ. (3.3)
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where Rj, is the resistivity of seawater (dependent on pressure and temperature, but with
fixed seawater salinity concentration Cy, taken to be 35), C. is the core fluid salinity
concentration (after dissociation of any in situ gas hydrate), and C,, the in situ fluid
salinity, which is unknown. The physical basis for Equation 3.3 is the salinity dilution
due to gas hydrate dissociation upon core recovery. Hyndman et al. (1999) assumed the
simplification n = m; their equation is modified here to allow for different values of » and
m (Riedel et al., 2005):

|
R %ﬂ—l)
s, =1—("f—cw;€—} , (3.4)
. ,

core L%
where R, is the measured resistivity. For exactness, this calculation requires C,.. to be
measured from the same physical sample in which the resistivity was measured.
However, the resistivity data is from nearby downlole logs (from a different hole, at the
same site). The best approximation available is to take C.,. as the core baseline salinity
trend C, (this is somewhat different from the approach of Hyndman et al. (1999),
discussed in Section 3.6). This yields the gas hydrate saturation profiles shown in Figure
3.10, averaged vertically, over a 10 m window. The in situ salinity method gives
systematically higher gas hydrate saturation estimates than the core baseline salinity
method. To understand the reason for the bias, the in situ salinity method is examined in
more detail.

Having solved for S, in Equation 3.4, Equation 3.3 provides a means to calculate
the in situ salinity C,,, which can then be compared to C,; to determine if there is regional

salinity dilution, in the recovered core, due to pervasive gas hydrate occurrence, i.e., to

determine whether or not the core baseline salinity trend is a good estimate of the in situ
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salinity (Figure 3.11). It is first observed that in areas with high gas hydrate saturation, C,,
calculated by the in situ salinity method, is much higher than C, and even reaches
unreasonable amounts in some places. This occurs because C,. is taken in Equation 3.4
to be the core baseline salinity trend C.,, whereas, in reality, core salinity measurements
C.ore in these anomalous regions actually show fresher pore waters that do not lie on the
background trend (Figure 3.11, e.g., U1327, 120-138 m below the seafloor (mbsf)). In
other words, if the gas hydrate saturation was calculated at the depth of a freshened core
sample, using the actual measured core salinity, rather than the higher core baseline
salinity trend, by Equation 3.3, S, and C, would be less. The end result is an
overestimation of S, in areas with higher-than-background gas hydrate saturation, as
observed in Figure 3.10. The method of Hyndman et al. (1999) is limited in areas with
heterogeneous gas hydrate distributions, because it requires the actual core salinity
measurement C,,. from the same sediment in which the resistivity was measured.
However, it does provide a basis for the estimation of an in situ baseline salinity trend
C,s: in areas with background levels of gas hydrate saturation S, (whether or not they are
zero), measurements of C.,. lie on the core baseline salinity trend C;, and the approach
provides an accurate estimate of both S, and C,, because C., in this case, is
approximately equal to the measured Cor. So, although the overall S, and C,, profiles
calculated from the in situ baseline approach have inaccurate zones, their baseline trends
C,» are representative of the true in situ salinity. The in situ baseline salinity trend C,
can therefore be compared to the core baseline salinity trend C to determine if there is
regional core freshening from gas hydrate dissociation. At Sites U1325, U1326, and

U1329, C,; is well estimated by C., to within the uncertainty of the Archie parameters
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(Figure 3.11); i.e., taking C,; as the in situ salinity is a good approximation at these sites.
At U1327, C,; is estimated to be slightly higher than C,, indicating a small amount of
regional freshening from dissociation upon core recovery. At U1327, the gas hydrate
saturation is therefore recalculated from the core baseline salinity method, but by using
C,» (a better estimate of in situ salinity) instead of C,,; (Figure 3.12). This gives slightly

higher S, estimates.

3.3.3 Procedure for Estimation of Gas Hydrate Saturation

Used together, the core baseline salinity method and the in situ salinity‘method
provide a means to estimate gas hydrate saturation that uses justifiable assumptions about
the in situ salinity. The flow chart in Figure 3.13 summarizes the proposed procedure,
outlined below.

First, a salinity profile C,, should be calculated from the in situ salinity method,
and plotted with the core baseline salinity trend (estimated from the core salinity
measurements). If the core baseline salinity trend C., is a good estimate of the in situ
baseline salinity trend C, (estimated as the baseline of the C,, profile), then the core
baseline salinity method should be used to estimate gas hydrate saturation. If C¢; is not a
good estimate of C,;, then the core salinity baseline method should still be used to
estimate gas hydrate saturation, but C,; should be used instead of Cc to calculate the
pore fluid resistivity R,,.

In essence, the core baseline salinity method is accurate in estimating gas hydrate
saturation if the in situ salinity used in the calculation is correct, and the in situ salinity

method provides a means to estimate the true in situ salinity.
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Calcuate a salinity profile
from the in situ salinity
method (equations 3.2-3.4).

|

Is the calculated salinity Estimate a new baseline

profile in agreement NO salinity trend from the
with the core baseline P calculated salinity profile.

salinity trend?

YESl l

Calculate gas hydrate saturation from the core
baseline salinity method, using the appropriate
baseline salinity trend. -

Figure 3.13 Flow chart for determination of gas hydrate saturation from Archie analysis of
downhole resistivity data. This approach accounts for uncertainties in Archie parameters

and uncertainties in the in situ salinity.

3.4 Uncertainty in Porosity

So far, gas hydrate saturation has been calculated by using the porosity
determined from the LWD density log. The methods described in Sections 3.2-3.3 are
applied here to neutron porosity and core porosity measurements, in order to determine

the sensitivity of Sy estimates to the type of porosity measurement.

3.4.1 Neutron Porosity

New Archie parameters are calculated for the resistivity vs. neutron porosity
relation from a cross plot of these measurements in gas hydrate-free zones (Figure 3.14),
giving a = 1.74 + 0.32, for m fixed at 1.76. This unusually high value for a further

suggests that the neutron porosity log values have a positive bias about the true porosity
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Pickett Plot - Neutron Porosity

Formation Factor

02 03 04 05 06 07 08 059
Porosity
-+ 1327 slope basin 1s.d. ermr.
* 1329 slope basin trend
* 1325 sub-BSR — — Hyndman et al., 1999
* 1326 sub-BSR vttt Collett, 2000

* 1327 sub-BSR

Density porosity

Figure 3.14 Formation factor versus neutron porosity for no-hydrate intervals of the IODP

Expedition 311 well transect. The data points are taken from no-hydrate slope basin

sediments and sub-BSR zones. The bold solid line is the best fit, givinga = 1.74 and m =

1.76. The uncertainty in @ is + 0.32, shown by the grey lines. For comparison, Hyndman et
al. (1999), and Collett (2000) calculated Archie parameters of @ = 1.41, m = 1.76, and a =
0.97, m=2.81. Thebest fit using the density porosity gavea=1.39,m=1.76.
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(possibly related to an incomplete correction for bound water content). Furthermore, the
sub-BSR zones used in the Archie parameter estimation could potentially have
anomalously high porosity values, due to the influence of free gas below the BSR on the
hydrogen concentration. These zones are kept in the analysis because they significantly
add to the range of porosities sampled in the empirical calibration.

Following the protocol outlined in Section 3.3.3, in situ salinity profiles C,, are
calculated from the in situ salinity method at the four sites (Figure 3.15). At Sites U1325,
U1326, and U1329, the core baseline salinity C,; is interpreted to be a good estimate of
the true in situ salinity, so the core baseline salinity method is used at these sites to
calculate gas hydrate saturation (Figure 3.16). At U1327, C,,; is again estimated to be
slightly higher than C_, therefore C,; (the better estimate of in situ salinity) is used to
calculate S, from the core baseline salinity method. The uncertainty in a accounts for an
average uncertainty in S, of + 0.09. Neutron porosity-based calculations of S; generally
agree with those obtained from the density porosity, to within the calculated uncertainty,
because the bias in porosity is accommodated by the porosity-specific Archie parameters.
This highlights the importance of using empirical Archie parameters calibrated to the
specific type of measurement made.

As a check, the Archie analysis is repeated for the neutron porosity, using a
neutron porosity profile that is shifted, so that its mean at each site is equal to the mean
density porosity at that site. This approach eliminates some of the biases inherent in the
neutron porosity measurement, while preserving structure in the log that might not be
present in the density porosity profile. This test gives gas hydrate saturation profiles at all

sites that are in agreement with both the density porosity-based estimates and the
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previous estimate from the (non-shifted) neutron porosity, to within the uncertainties
estimated from the Archie parameters.

The general conclusion from the neutron porosity analysis is that it yields gas
hydrate saturation estimates that are similar to those obtained from the density porosity
analysis, but with larger uncertainties. Gas hydrate saturation estimates using neutron
porosity are not particularly sensitive to the bias towards higher porosities present in the
neutron log, so long as the Archie parameters are also calibrated to those biased porosity

measurements.

3.4.2 Core Porosity

To determine the Archie parameters for the log resistivity versus core porosity
data, an average log resistivity value for the one meter interval corresponding to the core
sample depth was calculated for each core sample in gas hydrate-free zones. The spatial
correspondence is only approximate, since the core and log data are from different holes,
~50 m apart. The resistivity versus porosity data are shown in a Pickett plot (Figure 3.17).
With m fixed to 1.76, the best fit to a is 1.43 + 0.27, a value close to that obtained using
the density porosity. Note that the statistical uncertainty in a is greater than for the log
density porosity based relation, probably mainly reflecting the fact that the resistivity and
core porosity are measured in different holes.

The log resistivity data and core porosity trend are used to calculate S;, following
the procedure outlined in Section 3.3.3. Because core porosity measurements are not
available at each log sample, a core porosity trend is calculated at each site (Figure 3.5),
as a smoothed profile (a least-squares fit) through the core porosity data, using Athy’s

law, emulating compaction and porosity loss with depth (Athy, 1930):
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Formation Factor

Pickett Plot - Core Porosity

0
02 03 04 05 06 07 08 09
Porosity
=1327 slope basin 1s.d. ermr
*1329 slope basin trend
*1325 sub-BSR — — Hyndman et al., 1999
*1326 sub-BSR "7ttt Collett, 2000

Density porosity
Neutron porosity

*1327 sub-BSR

Figure 3.17 Formation factor versus core porosity for no-hydrate intervals of the IODP

Expedition 311 well transect. The data points are taken from no-hydrate slope basin

sediments and the sub-BSR zones. The bold solid line is the best fit, givinga=1.43 and m=

1.76. The uncertainty in a is = 0.27, shown by the grey lines. For comparison, Hyndman et

al. (1999), and Collett (2000) calculated Archie parameters of @ = 1.41, m = 1.76, and a =

0.97, m=2.81. The best fit using the density and neutron porosity gavea =1.39, m = 1.76,
and a = 1.74, m = 1.76, respectively. The Hyndman et al. (1999) trend lies almost directly

along the trend for these data.
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o(z)=p,e*'", (3.5)

where z is the depth below seafloor, ¢y is the porosity at the seafloor, and L is a
characteristic decay constant. Equation 3.3 is then used to calculate the in situ salinity
profile C,, from which the in situ baseline salinity trend C,, is estimated. C,; is
compared to the core baseline salinity trend C.p, to assess whether or not Cc is a good
estimate of the true in situ salinity (Figure 3.18). C,,; profiles calculated for Sites U1326
and U1327 give trends with slightly greater in situ salinity than C.. The gas hydrate
saturation Sj, is then calculated from the core baseline salinity method, using C,,; at Sites
U1326 and U1327 and C,; at Sites U1325 and U1329 (Figure 3.19). Uncertai‘ntieS in
Archie parameters account for an average uncertainty in S, of + 0.08.

Gas hydrate saturation calculated from core porosity and log density porosity are
generally in good agreement, since S, profiles calculated from these two porosity
measurements have uncertainty bounds that overlap in most areas (Figure 3.19). One
exception is at Site U1327, where S, calculated from the core porosity is on average 0.09
greater in the interval of accreted sediments above the BSR (90-225 mbsf). The
difference at this site occurs because the porosity profile observed in the log is not well
represented by the smoothed Athy-type porosity-depth relation applied to the core data.
While there is no significant overall bias between the log density porosity and the core
porosity trend, there are local biases at certain depths (Figure 3.5): in the accreted section
above the BSR (90-225 mbsf), with the exception of the high porosity unit at 120-138
mbsf, the log density porosity is almost exclusively lower than the core porosity trend.

Since the Archie parameters (calculated for an average porosity-resistivity relation) are
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similar for the core and log density porosity, S, and C,, are biased towards higher values
in this interval, because of the local porosity bias.

Although the results from the core porosity analysis are reasonable, gas hydrate
saturation estimates based on log density porosity measurements are preferred, for the
following reasons. Core porosities are disadvantaged, because (1) they need to use a trend
that is smoothed over depth to match the sampling of the resistivity log, (2) they have
been measured in samples from different holes than the resistivity data, leading to
additional uncertainty caused by inter-hole variability, and (3) because the porosity is
measured onboard the ship, after core recovery, rather than in situ. -

The log density porosities have the disadvantage that the porosity is not measured
directly. Porosity is estimated from log density, assuming first that the formation bulk

density is well related to the measured electron density, and second that the average grain

density used in an adequate approximation.

3.5 Summary

The goal of the resistivity study was to estimate gas hydrate saturation from the
electrical logs and porosity estimators, using Archie analysis, while rigorously addressing
uncertainties in (1) Archie parameters, (2) in situ salinity, and (3) in situ porosity. In the
resistivity analysis, a method was developed to obtain (as accurate as possible) estimates
of in situ salinity, and gas hydrate saturation estimates were reported with uncertainties
related primarily to Archie parameter estimation. The analysis of the different available
porosity measurements showed that a bias in porosity does not significantly affect the gas
hydrate saturation estimate, so long as the Archie parameters have been properly

estimated. The most reliable porosity measurement was concluded to be the log density
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porosity, because it is well calibrated to the core porosities, and was measured in the
same hole as was the resistivity. Uncertainties in the density porosity measurement arise
mainly from the statistical uncertainty in the gamma-ray count used to calculate the
density, and the error induced by using an average grain density in mapping bulk density
to porosity. However, assuming that these sources of error produce random, unbiased,
noise in the data, they are inherently included in the Archie parameter uncertainties, and
have therefore been accounted for.

Considering the estimates from density porosity to be the most accurate, gas
hydrate saturations averaged over a 10 m window (Figure 3.12) show distributed gas
hydrate occurrence in many intervals (S, ~0.09 £+ 0.07 at U1326, 170-200 mbsf; S, ~0.10
+ 0.07 at U1325, 190-230 mbsf; S, ~0.11 + 0.07 at U1327, 140-225 mbsf), with average
concentrations of 5-15% of the pore space, over depth intervals of 20 to 100 m. However,
despite the interpreted distributed gas hydrate occurrences, the general agreement
between the salinity baselines C., and C,; indicate that core salinity measurements can
sample pore water that has not been freshened by gas hydrate dissociation upon core
recovery. This finding suggests that on the scale of individual log or core measurements,
it is possible to sample gas-hydrate-free zones, but at 10 m scale, gas hydrate occurrence
is distributed. One possible exception is at Site U1327, where the estimated C,, is
slightly higher than C, indicating a minor amount of regional freshening of core
salinities from gas hydrate dissociation upon core recovery. C,; is greater than Ce, by less
than ~1.5%o salinity units, corresponding to a background gas hydrate pore space
saturation of less than 3%. Based on the estimate of C,; at the BSR, the difference

between the background freshening measured in core (~22%o salinity) and the salinity of
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seawater (35%o salinity) is attributed mostly to regional freshening form deeper sources
of fresh water (~90%), with the rest of the freshening (~10%) attributed to gas hydrate
dissociation upon core recovery.

Additionally, intervals of very high gas hydrate saturation of over 40% of the pore
space are observed at Sites U1326 (73-94 mbsf) and U1327 (120-138 mbsf). These were
documented during IODP Expedition 311 (Riedel et al., 2006), and were interpreted to be
high porosity sandy turbidite units, in which large amounts of gas hydrate has formed.
The correlation between these coarser-grained turbidite units and high gas hydrate
saturation is the principal observation supporting the hypothesis that gas “hydrate
occurrence is largely controlled by sediment grain size and associated formation

parameters, such as permeability (Riedel et al., 2006).

3.6 Comparison with Previous Interpretation

The gas hydrate saturation estimates from this study at U1327 differ significantly
from the previous downhole resistivity study at nearby ODP Site 889 of Hyndman et al.
(1999). They estimated 25-30% gas hydrate pore space saturation in the 100 m interval
above the BSR (compared to the 5-15% estimated in this study). This discrepancy is
mainly attributed the porosity measurement used in the analysis, and the formulation of
Archie’s equation used to estimate gas hydrate saturation.

Hyndman et al. (1999) used a smoothed fit to core porosities in their analysis,
whereas here, the best results are taken to be those obtained from the log density porosity.
In this analysis, using a smoothed core porosity trend yielded 15-25% gas hydrate pore
space saturation in the 100 m interval above the BSR at U1327. The difference is that in

the 100 m above the BSR, the core porosity is (locally) biased relative to the log density
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porosity (discussed in Section 3.4.2). Since the resistivity is the same, the porosity bias
must, to first order, be compensated for by an equivalent volume of gas hydrate (since the
Archie parameters are very similar), resulting in higher gas hydrate saturation estimates.

The second reason for the discrepancy is that Hyndman et al. (1999) estimated Sj,
directly from the in situ salinity method, whereas in this study, Cy, is estimated from the
in situ salinity method and used as the salinity profile in the core baseline salinity
method, to calculate S;. As discussed in Section 3.3.2, the in situ salinity method, used on
its own, overestimates S, in areas where core salinities are freshened relative to C. This
occurs because the in situ salinity method is only truly accurate if the resistivity dnd core
salinity are measured on the same physical sample. This difference accounts for a
difference in S, of 0-0.08 in the 100 m interval above the BSR.

Finally, a minor contribution to the difference in the results is that the
simplification » = m adopted in the Archie analysis of Hyndman et al. (1999) accounts for
and increase in gas hydrate saturation of ~4% (Riedel et al., 2005). All these factors
combined account for a difference of 14-22% gas hydrate saturation, which is
approximately the difference between the reported estimates at U1327/889.

Gas hydrate saturation estimates from a field resistivity experiment (CSEM) near
Site U1327 (Yuan and Edwards, 2000) indicate that gas hydrate saturation in this area are
17-26% of the pore space. This result is also moderately different from the concentrations

reported in this study, at Site U1327.
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Gas Hydrate Concentration from Seismic Velocity

Seismic velocity information can be used to estimate gas hydrate concentration
(e.g., Yuan et al., 1996; Helgerud, 2001), since the presence of gas hydrate sign;ﬁcantly
increases the bulk sediment velocity. Section 2.2 outlined three approaches to estimating
gas hydrate concentration from velocity data: (1) porosity-velocity relations and effective
porosity reduction, (2) time-averaging equations, and (3) rock-physics modeling. In this
chapter, these methods are applied to velocity data at the locations of the IODP

Expedition 311 transect across the Northern Cascadia gas hydrate area.

4.1 Downhole and Seismic Data

A large amount of velocity information has been collected over the Northern
Cascadia gas hydrate area, including WL sonic logs at Sites U1325, U1326, U1327 (and
ODP Site 889), and U1329, Vertical Seismic Profiles (VSPs) at Sites U1327 and 889, and
normal moveout (NMO) velocities from MCS line 89-08, along the transect of wells

drilled during IODP Expedition 311.
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4.1.1 Sonic Log Measurements

IODP Expedition 311 downhole velocity data were measured by WL logging with
the dipole sonic imager (DSI) tool. The DSI measures P- and S-wave transit times
between a sonic transmitter and an array of eight receiver groups at 15 cm spacing
(Riedel et al., 2006). P- and S-wave transit times (slowness) are used to compute P- and
S-wave velocity, with the data processing done in real time. The vertical resolution of the
tool is 107 ¢cm, and the depth of investigation is ~10 cm.

The quality of the sonic log is highly dependent on borehole conditions, and
requires good contact between the tool and the borehole wall. Unfortunately, the caliper
arm broke off during the expedition (due to excessive ship heave), and borehole radius
information was not recorded in the wireline holes. The quality of the sonic logs is
therefore somewhat unknown, although the logs seem to generally be of good quality
(Riedel et al., 2006), and in agreement with VSP and MCS velocities. A further setback
caused by the loss of the caliper arm was that log porosity measurements were not made
in the wireline holes (as they require a caliper arm). P-wave velocities from IODP

Expedition 311 sonic logs are shown in Figure 4.1.

4.1.2 VSP Measurements

The well seismic tool (WST) was used at Site U1327 to produce a VSP. A
geophone on the WST recorded the full waveform generated by a seismic source (a 1.68
L (105 in’) Generator-Injector air gun) just below the sea surface. The WST was pressed
against the borehole wall at 5 m intervals, and the air gun was fired between 7 and 15
times at each geophone depth (station). The measured VSP had 16 stations between 181

and 276 m below the seafloor. The VSP data were used to compute a velocity-depth
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profile by the Expedition 311 scientists (Riedel et al., 2006), using the following
procedure. (1) The recorded waveforms at each station were stacked to improve the
signal-to-noise ratio, and the one-way traveltime was taken as the median of the first
break arrival time of the P-wave at each station. (2) Corrections to one-way traveltime
picks were applied for source depth (~2 m below the sea surface) and offset (~50 m). (3)
The one-way traveltime vs. depth data were then inverted to obtain interval velocities,
using a Bayesian technique that included a smoothness constraint (Malinverno and
Briggs, 2004). The interval velocity vs. depth profile from the VSP at Site U1327 is

-

shown in Figure 4.1.

4.1.3 MCS Velocity Measurements

Prior to IODP Expedition 311, a detailed velocity analysis was conducted at the
proposed drilling locations, on MCS lines 89-08 and 89-10, which transect the four
studied well sites. The lines were shot by Digicon Geophysical Corporation in 1989. The
survey was collected using a DSS-240 recording system. The airgun array source was a
tuned array with a total volume of 125 L (7820 in®). Shots were recorded by a 3600 m
streamer with 144 hydrophones, towed 183 m behind the vessel. The shot point interval
was 50 m, for a bin spacing of 12.5 m, and 36-fold multiplicity. The record length was 14
s at a 4 ms sampling interval. The seismic sections are presented by Spence et al.
(1991a), and a general discussion of the data is found in Spence et al. (1991b).

The processing flow applied before the velocity analysis was: (1) true amplitude
recovery by spherical divergence corrections, (2) minimum phase Butterworth filtering to
suppress high and low frequency noise, (3) gapped deconvolution to improve temporal

resolution, and (4) dip moveout (DMO) correction in common-offset space (Hale, 1984).
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The DMO correction allows for a NMO velocity analysis that accounts for non-horizontal
reflectors.

Semblance NMO analysis accompanied by examination of constant velocity
gathers was used for root mean square (RMS) velocity picking. RMS velocity picks were
converted to interval velocities using the Dix equation (Dix, 1955), and two-way-
traveltimes were converted to depth using the computed interval velocities. Calculated
NMO interval velocities at the four sites of the well transect are shown in Figure 4.1.
Common-depth points (CDPs) used in the analysis were within ~2.5 km of the drill sites.
Interval velocities computed by Yuan et al. (1996) at ODP Site 889 are shown at Site
U1327 for comparison.

There is generally good agreement between log, VSP and MCS velocity
measurements at the well sites (Figure 4.1), with the exception of (1) a high velocity unit
seen in the U1326 sonic log at 60-90 mbsf, not observed in the MCS velocities (explained
by the location of Site U1326 being offset from MCS line 89-08), and (2) Site U1325,
where log velocities are consistently lower than MCS velocities. However, the poor
quality of the waveform measurements below 140 mbsf at U1325 suggests that velocity
measurements below this depth may be affected by borehole enlargement (Riedel et al.,
2006). For this site, MCS velocities are therefore preferred over log velocities. Higher log
velocities compared to MCS velocities in U1326, below the BSR (~240 mbsf) can
possibly be explained by the formation of a gas hydrate annulus around the borehole in
the gas zone (Hyndman et al., 2001; Riedel et al., 2005). This might occur because cold
drilling fluid (seawater) lowers the sediment temperature back into the stability field of

gas hydrate. Alternatively, the base of the GHSZ might be lower than the seismically
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inferred BSR depth, as low salinity anomalies are also observed beneath 240 mbsf
(Riedel et al., 2006, see Figure 3.4). The generally good agreement between the different
(and independent) measurements of sediment velocity adds confidence to the accuracy of
the measurements.

Figure 4.2 shows the different velocity data (log, VSP, and MCS) collected at Site
889/U1327. Sonic log measurements were made in holes 889A, 889B, and U1327E, and
VSPs were shot in 889B and U1327D. The MCS velocity picks are those shown in Figure
4.1 (Site U1327), and were made on lines 89-08 and 89-10, within ~2.5 km of Site
U1327. The general trend observed in all the WL sonic logs and from the MCS velocities
is an increase in velocity from ~1500 m/s near the seafloor to ~1750 m/s at 150 mbsf,
below which the velocity remains approximately constant until the BSR (~225 mbsf). A
sub-BSR velocity decrease is observed in the sonic logs of 889B and U1327E, as well as
in the MCS velocities. The VSP profile from holes 889B is taken from Hobro et al.
(2005), who inverted the first break traveltime data to obtain velocities. Both VSPs are in
reasonably good agreement with MCS and sonic log velocities, with the exception of the
observed sub-BSR velocities in the U1327 VSP. The low velocity zone at ~260 mbsf can
either be explained by a separate free gas zone well below the BSR at ~225 mbsf, or a

deeper BSR at ~255 mbsf at this particular site.

4.1.4 Porosity Measurements

As discussed in Section 2.2, the use of sediment velocities to determine gas
hydrate saturation requires knowledge of the formation porosity. For the velocity log
analysis, it is preferable if the porosity is measured in the same hole as the velocity, so as

to avoid discrepancies from inter-hole variability. Unfortunately, since the caliper arm
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Figure 4.2 Compilation of log, VSP, and MCS velocity data at Sites 889 and U1327. WL
sonic logs were recorded at 889A, 889B, and U1327E, and VSPs were taken at 889B and
U1327D. The MCS velocities shown are NMO picks for this general area, taken from line
89-08 and line 89-10 (just SW of the map area shown). The sonic logs show minimal inter-

hole variability, whereas the two VSPs differ significantly.
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broke off the wireline tool string (Riedel et al., 2006), log porosity measurements were
not made in the same holes where log velocities were measured. The approach taken here
is to fit (in a least-squares sense) a smoothed porosity-depth profile to the LWD log
density porosity at each site (Figure 4.3), using an Athy’s Law type exponential decrease
in porosity with depth (Athy, 1930, Equation 3.5). The use of the smoothed profile causes
a loss in vertical resolution, but reduces uncertainties from inter-hole variability. The
choice of a density porosity trend over a core porosity trend is justified by consistency in

methods between the resistivity and velocity analyses.

4.2 Porosity-Velocity Relations and Effective Porosity Reduction

As discussed in Section 2.2.1, gas hydrate saturation S;, can be estimated using an
effective porosity reduction model (Equation 2.7), if an empirical relation between
porosity and velocity can be established in sediments containing no gas hydrate.
Furthermore, because of the empirical nature of the approach, it is crucial that the
porosity-velocity relation used be estimated from sediments similar to those for which
gas hydrate saturation is to be estimated. In that respect, it is preferable if the porosity-
velocity relation be derived from sediments in the same region. The two areas that respect
the aforementioned criteria, and that could provide a reference porosity-velocity relation
are (1) the Cascadia Basin, seaward of the deformation front, and (2) the Northern
Cascadia accretionary prism, in areas far beneath the base of the GHSZ and the
underlying free gas zone (Figures 1.3 and 1.4). Unfortunately, most wells drilled in
Northern Cascadia have been in areas where no reliable reference velocities could be
measured: drilling has generally been in areas where a BSR is observed seismically, and

seldom deeper than the gas zone. The only candidate well site, where no-hydrate/no-gas
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velocities and porosities have been measured, is Cascadia Basin Site 888, drilled during

ODP Leg 146.

4.2.1 Cascadia Basin Site 888 Reference

The sediments of the Cascadia Basin are nearly undeformed because they have
not yet entered the accretionary prism. They could provide a reference porosity-velocity
relation, because gas hydrate is not thought to occur seaward of accretionary prism
deformation fronts: according to the fluid expulsion model, it is the deformation-related
fluid expulsion process occurring in accretionary prisms that provides the methans: source
for gas hydrate occurrence (Hyndman and Davis, 1992). From a mineralogical
perspective, <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>