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Supervisor: Dr. George D. Spence 
Abstract 

Gas hydrate is an ice-like compound in which water molecules form a 3-D 

network trapping small gas molecules such as methane. Gas hydrates are important 

because they might be a significant future energy resource and because they may play 

a role in controlling global climate. The general objectives of this thesis are to 

determine the lateral variation of gas hydrate saturation in a small region on Cascadia 

Margin and to further understand the processes related to the formation of gas hydrate 

and free gas zone. 

In the first part of this thesis, physical properties of seafloor sediment were 

measured in a region of hydrate occurrence on the middle continental slope offshore 

Vancouver Island. Seafloor sediment resistivity, velocity, bulk density, grain density, 

porosity and water content were measured. The measured physical properties 

complemented those of sediment cores from Ocean Drilling Program (ODP) Sites 

889/890, in which the seafloor sediment is generally missing or incomplete. Porosity 

was found to vary consistently with resistivity and optimum Archie 's Law parameters 

were used to predict seafloor sediment porosity. These parameters may be used in 

future resistivity surveys to provide seafloor porosity estimates. Sediment velocity 

was very close to that of seawater, which indicates that the reflection coefficient (RC) 

calculated from the seafloor bulk density can be safely used to constrain seismic RC. 

Measured bulk density appears to be lower in the deepwater region for the shallow 

sediments. 

In the second part of the thesis, short-offset multichannel seismic (MCS) data 

collected in a tightly-spaced grid ( 400 m line separation) southwest of ODP Sites 

889/890 were analyzed and interpreted. A 120 cubic inch airgun was recorded by a 

24-cahnnel ITC streamer with offsets ranging from 108 m to 292 m. Amplitudes were 

converted to RC values using a multiple/primary ratio method. A single conversion 

factor was calculated from seismic lines over several flat regions that are normally in 

the small slope basins. The seafloor RC determined from the seismic data was high in 
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the shallow water region (1200 m) and much lower in the deep sedimentary basin 

(2200 m), consistent with RC values calculated from bulk density values. This 

difference is mainly due to the tuning effect caused by the thickness variation of a soft 

mud layer covering the seafloor. Constrained by ground truth from measured seafloor 

impedance the seafloor RC derived from amplitude scaling can be safely used for 

transmission corrections in the BSR RC calculations. 

The base of a gas layer below the BSR was clearly resolved on the western 

flank of a local topographic high. Forward modeling based on waveform matching 

showed subtle variations in the velocity and density structure that can generate a 

similar signature at the BSR and the base of free gas zone. Instead of a negative 

acoustic impedance boundary, the base of the free gas zone is positive. It is either 

caused by an interface between normal sediment and overconsolidated sediment or 

between free gas charged sediment and normal sediment. A clear density 

enhancement due to overconsolidation was observed below the BSR m core 

measurements from ODP site 892, where the BSR occurred at 74 mbsf. Unlike Site 

892, however, the sediment bulk density below the BSR at ODP Sites 889/890 did not 

show a similar enhancement. This effect is probably because the BSR depth (225 m) 

at Sites 889/890 is much larger so that the sediment has lost more pore fluid through 

normal consolidation than the corresponding shallower sediment. The effect of 

overconsolidation on bulk density is too small to be resolved. Estimation of the gas 

saturation remains difficult because the velocity decreases dramatically with only a 

few percent of free gas. A maximum gas saturation of 5% pore space is suggested. 

Gas hydrate saturation immediately above the BSR was calculated directly 

from the seismically derived BSR RC, with the assumption of a background velocity 

of 1600 mis and average porosity of 50% at the depth of BSR. For RC ranging from 0 

to 0.12, the gas hydrate saturation is no higher than 30%, typically 10% to 15% of the 

pore space. 
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Seafloor Sediment Coring and Multichannel Seismic Studies of 

Gas Hydrate, Offshore Vancouver Island 

Chapter 1. Introduction 

1.1 Thesis Overview and Objectives 

This thesis presents a detailed geophysical study of gas hydrates in the 

northern Cascadia subduction zone offshore Vancouver Island. By using high 

resolution multichannel seismic data and physical property analyses of seafloor 

sediment obtained in survey PGC 96004, we tried to determine the lateral variation of 

submarine gas hydrate in a small survey region on the Cascadia Margin and to further 

understand the gas hydrate/free gas zone formation mechanism. On the way of 

approaching these primary objectives, we also determined the seafloor physical 

properties, their correlation with seismically derived reflection coefficient, as well as 

the velocity/density structure across the base of gas hydrate stability zone. The study 

was divided into two major parts. In the first part, we tried to determine seafloor 

physical properties from core measurements in survey PGC96004 collected in the 

vicinity of ODP Sites 889/890, for which the shallow sub-seafloor portion is generally 

missing or incomplete. The velocity and density derived from the cores were used to 

determine seafloor reflection coefficients. The second part focused on the gas hydrate 

and free gas zone characterization determined from multichannel seismic data. 

Seafloor and bottom simulating reflector (BSR) reflection coefficients were estimated 

from the seismic data and analyzed in order to estimate hydrate saturation above the 
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BSR and free gas saturation below the BSR. Based on the observation of a secondary 

BSR below the primary BSR, forward modeling was carried out using 1D synthetic 

seismograms to determine the velocity and density structure at and below the base of 

the hydrate stability zone. Two formation models were proposed based on two 

possible velocity and density configurations derived from the forward modeling. 

1.2 Gas Hydrate Chemical Structure, Stability Conditions and Formation Mechanism. 

Clathrate gas hydrate is an ice-like nonstoichiometric inclusion compound 

with water molecules forming a three-dimensional network in which small atoms or 

molecules (guests) can be trapped in the empty voids. The structure differs from ice 

and depends on the guest molecules. Three different structural types have been 

characterized so far. The type I and II structures consist of 46 and 136 water 

molecules per unit cell, respectively (figure 1.1) [Makogon, 1974]. More recently, a 

third structure with hexagonal symmetry (structure H) has been identified, which is 

believed to be composed of 34 water molecules with three different type of cages 

[Ripmeester, 1994 ]. 

Figure 1.1 Unit cell of gas hydrate structures I and II, after Makogon, 1974. 
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The formation of gas hydrates requires two important conditions. The first one 

1s appropriate pressure and temperature (P-T), for the given composition of the 

hydrocarbons or other hydrate forming constituents. Figure 1.2 shows the gas hydrate 

stability zone for pure water and for saline water. The formation of hydrate extracts 

freshwater from the pore fluids and expels salt to surrounding sediment [Hyndman 

and Davis, 1992). With water extraction, the pore may collapse and the surrounding 

sediment may get overconsolidated [Hovland and Whiticar, 1995). The second 

condition is that sufficient gas is provided, which is unfeasible without upward fluid 

migration. The amount of locally biogenerated gas is undoubtedly insufficient. 

Migration of fluid and the gas generation mechanism plays a key role in gas hydrate 

geology as it does in the conventional oil and gas industry. Migrating fluid flows in 

hydrate formations have been recognized by Brooks et al (1994 ). Geological 

structures favorable for rising fluid flow have been observed (faults, diapers, 

landward-dipping bedding). Hydrate-bearing regions concurrently showed intensive 

sediment dewatering due to sediment horizontal compaction in accretionary prisms or 

delayed fluid expulsion in areas of high deposition rate. A conclusion has been drawn 

that migrating methane-bearing fluid is an important factor in gas hydrate formation 

(figure l.3) [Hyndman and Davis, 1992]. 

The model of gas hydrate precipitation from upward migrating fluid flow is 

quite straightforward. Laboratory experiments on gas hydrate phase equilibrium with 

fluid and free gas showed that the solubility of gas decreased sharply with decreasing 

temperature when gas hydrate is present, opposite to the case when gas hydrate is 

absent at higher temperature [Ginsburg and Soloviev, 1997; Zatsepina and Buffet, 
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Figure 1.2 The pressure/temperature phase diagram for methane hydrate stability 
zone. The solid line sea water curve is from the equation-of-state computation for 
artificial seawater by Englezos and Bishnoi[l 988] and Dickens and Quinby-Hunt 
[1994] . Extensive laboratory data for pure water/methane and limited data on the 
influence of CO2 are also illustrated. Estimates of in situ P-T conditions at the base of 
hydrate stability field measured at DSDP/ODP sites agree very well with the 
laboratory data (from Hyndman et al., 1994) 
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Figure l .3 Illustration of the fluid expulsion model of hydrate BSR formation through 
methane removal from rising fluids that are tectonically expelled from an accretionary 
prism (Modified from Hyndman and Davis[ 1992]). 

1997]. Due to this feature, the hydrate zone forms a gas geochemical barrier for the 

methane in upward-flowing pore fluids. Gas hydrate should precipitate at the base of 

the hydrate stability zone or just above it. 

Another hydrate formation mechanism is water segregation by migrating gas 

which is associated with submarine gas-seepage fields. Examples are the gas hydrate 

zone associated with free gas flow discharging on the sea floor in the Gulf of Mexico 

[Brooks et al., 1987] and in the Okhotsk Sea [Ginsburg and Soloviev, 1997]. The 

calculated amount of free gas captured by the hydrate formation zone is five orders of 

magnitude lower than that escaping to the water column in the Okhotsk Sea. It 

appears that the gas does not have time to be stabilized as hydrate [ Zonenshain et al., 

1987]. This formation mechanism is different from that at the northern Cascadia 

accretionary prism. 
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1.3 Gas Hydrate and the Bottom Simulating Reflector (BSR) 

Synthetic pure gas hydrate (methane hydrate) has a very high acoustic 

compressional wave velocity of 3730m/s [Pearson et al., 1983; Sloan, 1990). 

Sediment with pore space fully or partially filled by this high velocity material has a 

higher velocity than normal sediment of the same type. If the region below the gas 

hydrate zone is either normal sediment or low-velocity gas-saturated sediment, then a 

strong negative polarity reflection is expected at the interface. The reflector is bottom 

simulating because its depth is mainly controlled by the geothermal gradient. In the 

absence of a recovery of actual hydrate samples, BSR is cited as the most common 

indicator of the base of the gas hydrate stability zone. 

Unfortunately, in-situ information from the Deep Sea Drilling Program/Ocean 

Drilling Program (DSDP/ODP) on the BSR is very limited. Although early DSDP 

drilling penetrated the BSR in several holes, sampling and downhole logging were not 

sufficient to define the actual nature of the BSR and the P-T conditions in the 

sediment above and below. Much of the available information about the behavior and 

origin of the BSR has come from seismic reflection data analyses [Shipley and Didyk, 

1981; Minshull and White, 1989; Miller et al., 1991; Hyndman and Davis, 1992; 

Hyndman and Spence, 1992; Yuan et al., 1996]. These studies involved forward 

modeling and inversion of seismic reflection data, the calculation of BSR reflection 

coefficients (RCs), reflection waveform modeling, and amplitude-versus-offset 

(A VO) analysis. 
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1.4 Natural Gas Hydrate Occurrence 

Gas hydrate stability conditions are found in shallow sediments in two kinds of 

regions: (I) Continental margins, including continental shelves, at high latitudes 

where low surface temperatures are present ( <0C0
) and (2) submarine continental 

slopes and rises where temperatures are above freezing but pressures are very high (> 

3Mpa). Thus in polar regions, gas hydrate is found where temperature is low enough 

for onshore and offshore permafrost zones to be present. In offshore sediment of outer 

continental and insular margins, gas hydrate is found in water depths exceeding 300 

m to 500 m, depending on bottom water temperature and the local geothermal 

gradient. 

1.4.1 Gas Hydrate in Polar Regions 

Low surface temperatures m polar regions promote the occurrence of 

permafrost and the resulting low temperature at depth leads to the appropriate P-T 

conditions for gas hydrate formation. Gas hydrate is known to be present at the 

Messoyakha gas field of the western Siberian platform and it is believed to occur in 

other permafrost areas in Russia, including the Timan-Pechora province, the eastern 

Siberian craton and the northeastern Siberian and Kamchatka areas. 

Continental gas hydrate is also present in the North American Arctic. Well-log 

responses, consistent with the presence of gas hydrate, were obtained in the 

Mackenzie Delta; Sverdrup Basin, Arctic Platform, and Arctic Islands; and on the 

North Slope of Alaska. At a well between the Kuparuk River and Prudhoe Bay oil 

fields of the North Slope, pressure-core-barrel samples provided conclusive ev,idence 

for the presence of gas hydrate [Kvenvolden and Mcmenamin, 1980]. 
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In addition to the onshore reg10ns of permofrost in the Arctic, offshore 

permafrost is known to occur on the Beaufort Sea shelf of Canada. Studies on subsea 

permafrost and sea-level history have led to the inference that offshore relict 

permafrost may persist beneath any part of the Arctic shelf shoreward from about the 

90-m isoplath [Rogers and Morak, 1980]. The distribution of gas hydrate associated 

with offshore permafrost is probably similar to that of gas hydrate associated with 

onshore permafrost. 

The combined information from Arctic gas hydrate studies shows that in 

permafrost regions, gas hydrate exists at subsurface depths ranging from 130 m to 200 

m. Gas hydrate may also occur in both onshore and offshore regions of Antarctica 

[MacDonald, 1983]. 

1.4.2 Gas Hydrate in Oceanic Regions. 

Coring by the DSDP/ODP and marme geophysical surveys indicate that 

oceanic gas hydrate occurs in less than 10% of the total oceanic area. A compilation 

of worldwide gas hydrate occurrence was first undertaken by K venvolden and 

MacMenamin ( 1980). By 1982, the number of locations where subaquatic gas hydrate 

was identified increased to 18, and by 1990 this number increased to 36. An updated 

gas hydrate distribution map is shown in figure 1.4. 

Among these locations, gas hydrate has been recovered at 14 locations, 

providing irrefuteable evidence of subaquatic gas hydrate occurrence. Among the 

DSDP sites all around the world, gas hydrate has been recovered at nine sites 

(Offshore Peru, Costa Rica, Guatemala, Mexico, southeastern United States, western 
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Figure 1 .4 Worldwide locations of known and inferred gas hydrate deposits in 
continental (permafrost) regions (squares) and in oceanic (aquatic) sediments 
(circles). Locations where gas hydrate has been recovered are indicated (diamonds). 
Modified from Kvenvolden, 1993. 

United States and Canada, two locations from offshore Japan and in the Gulf of 

Mexico). In some cases, only a single example of gas hydrate was recovered, but 

more often gas hydrates were observed in several cores in a given area. For example, 

in the Gulf of Mexico, gas hydrate was recovered at a DSDP site and at 13 piston core 

stations separated by more than 300 km. Offshore from Guatemala, gas hydrate was 

observed in cores at five drilling sites. In the southern Caspian Sea, gas hydrate has 

been found in 24 cores from two areas 40 km apart. 

1.5 Gas Hydrate Issues. 

The gas hydrate became known to chemists around the early part of 19th 

century [Sloan, 1990] and started to draw the attention of the petroleum industry in 
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the 1930s when this substance was discovered to be the cause of pipline blockage 

during transmission of natural gas. It has been increasingly evident that naturally 

occuring gas hydrate is a significant physical-chemical component of the shallow 

geosphere and is a societally relevant issue in three ways: resources, hazard and 

climate. 

1.5.1 Gas Hydrate as a Potential Energy Resource. 

Due to the enormorous amount of methane trapped in gas hydrates and its 

wide geographical distribution, gas hydrate is considered to be a major potential 

energy resource. The energy volume of methane gas hydrate is ten times greater than 

other unconventional sources of gas such as coal beds, black shales and deep 

acquifiers and two to five times greater than the energy density of conventional 

natural gas [MacDonald, 1990]. However, the current expenses of gas recovery 

methods are prohibitively high so that gas hydrate can not be considered a feasible 

energy resource until the energy provided by recovered methane exceeds the energy 

cost of recovery. 

1.5.2 Gas Hydrate As a Geologic Hazard. 

Gas hydrate is considered a geologic hazard because of its possible connection 

to submarine slides and slumps. Lowering of sea level can decrease the stability of 

gas hydrate. In adjusting to the new pressure and temperature conditions, the gas 

hydrate diassociates to produce an enhanced fluidized layer at the base of gas hydrate. 

Submarine slope failure can follow, giving rise to debris flows, slumps, and slides, 

accompanied by the release of methane gas into the water column. 
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1.5.3 Effect of Methane hydrate on Global Climate. 

Methane is a very important trace component of the atmosphere, having a 

current global concentration of 6.9 x 1012 m3, about one-half of the minimum amount 

of methane estimated by the Potential Gas Committee to occur in gas hydrate of 

Arctic permafrost regions [Potential Gas Committee, 1981]. The concentration of 

methane in the atmosphere is increasing at the rate of 1 % per year [Watson et al, 

1990]. Methane is radiatively active and therefore it is a "greenhouse" gas that has a 

global warming potential 20 times larger than an equivalent weight of carbon dioxide 

when integrated over a 100 year span of time [Shine et al, 1990]. 

The eru:th's atmosphere has a wide variety of source sinks for methane, 

including gas hydrate, which exists in equilibrium with its environment and is 

affected by changes in pressure and temperature. The amount of methane trapped in 

gas hydrate is 3000 times that in the atmosphere and its disassociation can produce a 

significant impact on the atmosphere composition. 

1.6 Geographic and Regional Plate Tectonics Setting of the Study Area 

The study area is located on the northern Cascadia accretionary margin, which 

1s dominated by the relative motions of three main lithospheric plates: the large 

Pacific and North America Plates and the intervening Juan de Fuca Plate (figure 1.5). 

Immediately northeast of the survey region are ODP Sites 889/890 and the adjacent 

single channel seismic region for the survey carried out in 1993 (figure 1.6). 

Offshore northern Vancouver Island, the newly formed Explorer plate moves 

at a rate of 10-25 mm a- 1 towards the North America plate [Hyndman et al., 1979; 
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Davis and Riddihough, 1982; Riddihough, 1984]. The Juan de Fuca plate, which lies 

south of the Nootka transform boundary, is subducted orthogonal to the southern 

Vancouver Island margin at a rate of 45 mm a-1 [Riddihough,1984). The geometric 

balance between the subducting Explorer and Juan de Fuca plates is maintained by 

the Nootka transform boundary [Hyndman et al., 1979; Davis and Hyndman,1989]. 

According to the offshore magnetic anomalies, the age of the oceanic crust at the 

deformation front near the study area is about 6 Ma [Riddihough, 1984]. The 

subduction angle of the Juan de Fuca plate beneath the North America plates is about 

3° ~4 ° at the deformation front but steepens to 11 ° beneath the continental shelf. 

Sediment scraped off the Juan de Fuca plate and young terrigenous sediment has 

formed a 60 km wide accretionary prism (figure 1.3) over the past 43 Ma [Davis and 

Hyndman, 1989; Hyndman et al., 1990). 

1.7 Previous Seismic Studies of Cascadia Margin BSR 

Near ODP Sites 889/890 on the lower slope of the Northern Cascadia margin, 

offshore Vancouver Island, Hyndman and Spence [1992) concluded that the BSR was 

produced mainly by a high-velocity zone, with a transitional top and a sharp base 

interface. They also concluded that 20-30% of the pore space was filled with high 

velocity hydrate if the BSR contrast was the sole result of high velocities of gas 

hydrate. A VO analyses could not confirm whether a free gas layer is present below 

the BSR, but a thin layer was allowed in the forward modeling. 

In ODP Leg 146, a strong BSR was penetrated at three different locatiop.s and 

no gas kick or other hazardous event occurred during the drilling process. This result 
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proved that even a strong BSR is not necessarily associated with a high-pressure gas 

reservoir. However, a low pressure gas layer that does not cause any gas kick may be 

present [Ginsburg and Soloviev, 1996]. 

The coarse-elastic accretionary wedge on the northern Cascadia margin and 

the widespread BSR within the accretionary wedge beneath the continental slope 

were well imaged by the 1989 multichannel reflection data [Spence et al, 1991 a, 

1991b; Hyndman et al., 1994]. BSR and finer scale recent sediment strata are also 

well defined by a later multichannel seismic survey (PGC96004). 

BSR reflection coefficients have been used to calculate the gas hydrate 

saturation above the BSR [Fink and Spence, 1998]. The model mostly applied for 

such analysis is the "time-average" model, which is appropriate for the gas hydrate 

saturated sediments. 

1.8 Introduction to the Survey Region 

In September 1996, a collaborative survey (PGC96004) sponsored by the 

School of Earth and Ocean Sciences (SEOS), University of Victoria and the Pacific 

Geoscience Centre (PGC), Geological Survey of Canada, was carried out along the 

continental slope of the northern Cascadia subduction zone. The project was aimed at 

the study of natural gas hydrates offshore Vancouver Island. The survey was carried 

out in four areas (figure 1.5). Area 2 is the primary focus of this thesis. In Area 2, 

water depth ranges from 1250 m to 2200 m (figure 1.6) The central part is a slope 

region with maximum seafloor slopes of about 15°. The western part of this area is a 

deep sedimentary basin, where recent sediment strata provide well-defined reflections 
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on seismic data. The shallow water region is mainly composed of accreted sediments 

which are often completely seismically transparent due to intense deformation [Davis 

and Hyndman, l 989), so that there is generally a lack of seismic reflectivity above 

and below the BSR. The bottom simulating reflector (BSR) is clearly visible in the 

shallow water region. It is generally obscured, however, by reflections from 

stratigraphic horizons in the deep sedimentary basin and in the local small basins in 

the shallow water region. 

A total of about 300 km of 24-channel seismic data and 8 piston cores were 

collected in Area 2. The four piston cores collected from Area l and five from Area 3 

were also analyzed for this thesis. Detailed description of experimental parameters 

for coring are addressed in the beginning of Chapter 2, while seismic data acquisition 

is described at the beginning of Chapter 3. 

In the area immediately east of Area 2 (figure 1.6), single channel seismic 

(SCS) data were collected in 1993 in a direction parallel to the continent margin 

[Fink, 1995; Spence et al, 1995; Fink & Spence, 1998). Line 89-08, 89-10, 89-11 are 

multichannel reflection lines shot in 1989 as part of the site survey for ODP Leg 146 

on the northern Cascadia convergent margin [Spence et al, l 99 la, 1991b; Yuan, 

1994] . Line 89-08 coincides with Line 12 in Area 2 and Line 89- l O runs in a cross­

line direction over the topographic high. 
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Chapter 2. Physical Properties of Seafloor Sediments 

Introduction 

In Cruise PGC96004, coring was carried out in an effort to determine the sea 

floor sediment properties. The measurement of sea.floor density and seismic velocity 

derived from the cores allowed us to calibrate the seismically derived seafloor RC, 

which then provided a reliable means of calculating the BSR RC. A secondary goal 

was to search for evidence of seafloor carbonate cementation. Previous evidence of 

carbonate cementation, based on high seafloor RC derived from SCS data in the 

adjacent region to the east, was discussed by Fink [1995) 

A total of 18 piston cores were recovered in the four survey areas in water 

depths ranging from 500 m to 2200 m. Several gravity cores, sampled by a trigger 

corer attached to the main coring complex, were also collected. There were 8 cores 

recovered from Area 2 (figure l.6), 5 cores from Area 1 (figure 2. la) and 5 cores 

from Area 3 (figure 2. 1 b ). 

Recovered piston cores, with lengths from about 5 m to 8 m, were cut into 

sections of 1 m in length for storage convenience. Most of the core sections were well 

preserved, except that some of the thick sand layers (20-30 cm) in several sections 

were liquified due to transportation and vibration during core splitting. Sand layers in 

several sections were severely dewatered due to drainage and damage to the liners at 

the time of coring. Physical properties from these layers were not used in subsequent 

analyses. 
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Physical property measurements were carried out in the sediment lab at the 

Pacific Geoscience Centre (PGC) of the Geological Survey of Canada (GSC) . The 

work was partitioned into two stages. The first part, from October to November 1996, 

focused on cores 4, 5, 8, 12, 14, 16 and 18 which had high recovery quality . The 

second part, from late June to late July 1997, completed the analysis of the rest of the 

cores. Measured and derived physical properties were resistivity (voltage readings, 

then converted to resistivity and formation factor), compressional wave velocity, bulk 

density, grain density, water content and porosity. For the convenience of data 

analyses, data from the earlier and later stage are referred as data set I and data set II 

in this thesis . 

2.1 Core Physical Property Measurement 

2.1.1 Resistivity Measurement 

Resistivity measurements were carried out at an interval of 10 cm on each core 

section. Liquified sand layers and seriously disturbed sediment samples gave 

unstable values. The data from these layers were not used in further data analyses. 

The resistivity measuring equipment consisted of three components: an 

electrical probe, a constant current supply and a high precision voltmeter. The 

resistivity gear used in this measurement was built at PGC based on a design by Dave 

Heffler (Atlantic Geoscience Centre, 1992). 

The probe contained four pins made from standard gold plated electrical 

connector strips separated by 0.1 inch (0.254 cm). The pins could be inserted into the 

sediment to a depth of 3 mm. A 163.84 Hz ± 5V AC square wave generator was 
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connected to the outer two pins through two 4.99K( 1 % ) current limiting resistors. The 

electronic components were only accurate to about 10% so that system calibration 

was required if long term accurate readings are required. The inner two pins were 

cabled to a Fluke model 45 digital voltmeter. The voltmeter readings were logged 

manually. Equipment calibration was carried out with 5-ohm and 1-ohm calibrating 

resistors. Because neither the voltage nor resistance of these two calibrating resistors 

varied sufficiently to give errors comparable with other error sources, no equipment 

static shift correction was applied. 

Sediment resistivity was normally converted to formation factor for further 

analyses. The formation factor is defined as: 

R ff = ,am 111, ( 2 .I ) 

R u aw atu 

where R sampte and R seawarer are sediment and seawater resistivity, respectively. 

Two methods were used to convert the sample voltage readings to formation 

factors, as discussed below. 

Method I: Calculating resistivity directly from raw voltage reading. 

Sample resistivity R sampte was calculated with: 

m Volt ,0 mpl, 

R rn mp1, = C ( 2.2) 

where the conversion factor C=0.417 x 51 .5=20.5 1s an equipment-dependent 

constant. 
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Seawater resistivity was calculated with: 

R = 1 
., a(b+ cT+dT 2+eT 3 ), 

( 2 .3) 

where a=4.2914, b=0.6766097, c=0.0200564, d=0.0000001104259 and 

e=0.00000069698 and T is temperature in Celsius. Sediment formation factor was 

then calculated from equation 2.1 . 

The resistivity of standard seawater, with salinity of 34.999%0, was measured 

as the samples warmed up from 7°C to 20°C (figure 2.2). The measured values were 

compared with the theoretical values from equation 2.3. The measured resistivity 

values were very close to the theoretical values for temperature less than 14°C, but at 

greater temperatures the measured values were larger, deviating from the theoretical 

values by 4% at 20°C (figure 2.2) . Due to the difference between theoretical and real 

values at temperatures higher than 14°C, as well as the uncertainty in conversion 

factor selection, we employed the second method defined below. 

Method 2: Calculating Formation Factor directly from voltage readings: 

Rather than convert the voltage readings to resistivity and then to formation 

factor, voltage readings of standard seawater were used directly to calculate formation 

factor with the following formul a: 

ff = m VO lt rnmpl, . 
m Vo lt ,, • .,.,,, 

( 2 .4) 

The resistivity (voltage reading) of standard seawater was measured with 

exactly the same equipment. The shape of the container simulated the liner containing 
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the sediments. The initial temperature was set to 5°C, roughly the storage 

temperature. The seawater was heated up naturally to the room temperature, 

approximately 22°C. The water sample was covered by plastic film to reduce 

evaporation. However, at temperatures greater than 19.5°, the rate of warming was 

significantly reduced and evaporation may have been a very important error source 

due to longer exposure to the air. No seawater resistivity data were collected for 

temperatures greater than 19.5°. To cover the entire temperature range of sediment 

resistivity measurement, which was from 6°C to 23°C, an empirical formula was 

interpolated from the seawater resistivity measurements: 

m Vo It ,,d stawatu 

6 .8 3 3 s 3 - o .9 6 s 6 s r + o .o 3 3 6 s r 2 

l - 0.11872T +0 .00167T 2 +O .OOOI IT 3
' 

( 2 .5 ) 
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where m Voltsrd_seawater IS the voltage readings of 34. 999%0 standard seawater at 

temperature T . Figure 2.2 shows the resistivity converted from this equation, using a 

conversion factor of 20.5. This regression equation was only used for temperatures 

greater than 19.5°. 

Unfortunately, temperatures were not recorded for resistivity measurement in 

data set I, although it was recorded about 15 minutes later during the velocity 

measurement. The seawater warm-up process was recorded to obtain the temperature 

15 minutes before the sediment velocity measurements. This procedure assumed that 

the seawater sample and the sediment followed the same warm-up process, although 

that of sediment should be slower due to its lower thermal conductivity. 

The recorded seawater warming-up process is shown in figure 2.3. From 8°C 

to 14°C, which corresponds to the data set I temperature range, the seawater warmed 

up at the rate of 2°C per 15 mins. Thus 2 degrees was subtracted from the velocity 

temperatures to give the temperature of the resistivity measurement. 

Temperatures of the seawater resistivity measurements were measured with a 

Radioshack thermometer, which was also used in measurements on the sediment 

samples. A more accurate digital Beckman thermometer was also used in the seawater 

measurements. Temperatures from the Radioshack thermal meter were generally 

0.5°C lower. This error caused less than 1 % errors in calculating of sediment 

formation factors, well within the measurement error range. 
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Figure 2.3 Standard seawater warming up process. Temperature difference between resistivity 
and ve locity measurement in data set I was 2°C, corresponding to a time difference of 15 
minutes between them. 

2.1.2 Compressional Velocity Measurement 

Compress ional velocity measurements were made on each core at an interval 

of 10 cm, offset from the location of the resistivity measurements by 3.75 cm. The 

probe consisted of a transmitter arm and a receiver arm separated by 7 .5 cm. The 

transmitter arm was connected to a 10 Hz square wave generator and the receiver arm 

was connected to channel 2 of an oscilloscope. The square wave generator also sent 

signals into channel 1 of the oscilloscope to display a reference zero time. The time 

difference between the reference zero time on channel 1 and the first break on channel 

2 provided the one-way travel time between the probes and was picked manually to 

calculate the compressional wave velocity. This method was discussed by Courtney et 

al [1993] . .,,,... 
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Before measurement on each section, the travel time in double-distilled water 

was measured to calibrate the distance between the two probes. This compensated for 

the variation of sediment velocity with temperature, and also for possible variation in 

probe distance with temperature. The compressional velocity of the sediment samples 

was calculated with: 

V =~xV P samplt f P wa ttr' 

1amp le 

( 2 .6) 

where Vpsample and Vpwater are the compressional velocity of sample and double 

distilled water respectively. The pure water velocity values used in conversion from 

sample travel time to velocity followed the measurements done by Clark [ 1966], as 

shown in Figure 2.4. 

In practice, some of the cores were seriously cracked. These cracks did not 

affect the bulk density measurement because most of the density samples could be 

taken between cracks, but they significantly reduced the sample velocity and scattered 

the acoustic energy. When the first break was too weak to pick due to cracks, a very 

small amount of free water was added to fill up the cracks to improve signal 

transmission. The effect of adding water to cracks has small effect on the sample 

velocity for the similarity of their velocity. 

2.1.3 Bulk Density, Grain Density, Porosity and Water Content Measurement 

The volume samples were taken with a 9.718 cm3 volume sampler at an 

interval of 10 cm on each core. The volume samples were dried with a •Fisher 

IsoTEMP Oven 338 running at 96°C for 24 hours. The mass of both wet and dried 
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Figure 2.4 Pure water compressional wave velocity [Clark 1966]. Black dots and 
solid line are rp.easured pure water velocities and theoretical curve. 

samples were measured with a Mettler AE 163 balance. The related formulae used in 

calculating the bulk density, grain density, porosity and water content are listed below 

(Westbrook et al, 1994): 

M .,,, _samfJlt 

P w_samplt = V ' 
sampltr 

( 2 .7) 

M port _fluid = M . ,_,am p/, - M xro in' ( 2 .8) 

V - M P"" -"'"'" 
pore_fluid -

P ,,ore _ fluid 

( 2.9) 

M -M W == w_.ramplt ,tra,n 
dry 

M grain 

( 2 .IO) 



V grain = V Jampltr - V port_ fluid' 

w "'" 
M - M 

If _ Jamf'lt gra, n 

M .,_,ample 

,I, = V port_ fluid 
'f' V , 

,ampler 

P,.,a,n 
M 
~ 

V grain 

( 2 .I I ) 

( 2 .I 2) 

( 2.13) 

(2 .14 ) 

The meaning of the symbols used in these formulas is listed in table 2.1: 

Symbols Parameter 

P pore_ water Pore fluid density, about I 024 kg/mj. 

p ..,_,amp/, Density of wet sample. 

P grain Density of mineral grain . 

M pore_fluid Mass of pore fluid . 

M W..,fampl, Mass of wet sample. 

M grain Mass of dried sample. 

V poreJluid Volume of pore fluid . 

V sampltr Volume of sampler, 9.718cm3 . 

V grain Volume of mineral grains. 

w ..,,, Water content by percent of wet mass. 

W dry Water co ntent by percent of dry mass. 

¢ Porosity 

Table 2. 1 Symbols used in formu la 2. 7 to 2. 14. 

27 



28 

2.2 Source of measurement errors and data editing. 

Dewatering was the major source of the systematic error in the results . Pore 

fluid leakage from some core sections, mostly those sections with thick sand layers, 

was observed. Evaporation was also suspected to be the another important way of 

losing pore fluid. Fluid migration within a core section (for example: core 3) tends to 

expel pore fluid upward so that the sediments in the top of a core section had a higher 

porosity. 

2.2.1 Porosity and Density Errors 

The error in porosity measurement caused by the dewatering can be estimated 

from the difference in the water content (percent of dry mass) between data sets I and 

II (figure 2.5 i-j). The values of water content (percent of dry mass) in data 

sets I and II were roughly centreed at 59% and 52% of dry mass from 2 mbsf to 5.5 

mbsf, respectively. The percentage of lost water (of total water mass) can be roughly 

calculated with: 

w = Ml 
d i D - M ' 

I I 

W =M 1(1-x/100) 
d2 D - M ' 

I I 

( 2 .15) 

where Wd, and Wd2 are average water contents in data set I and II, D1 and M1 are the 

mass of wet samples and mass of pore fluid before dewatering, x is the percentage of 

lost water. It turned out from the calculation that about 11.8% of pore water was lost 

through leakage and evaporation. 

Dewatering also led to increased bulk density values. For typical glacial clay 

with original porosity of 65%, bulk density increased from 1630 kg/m3 to 1760 kg/m3
, 
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while porosity was reduced to 59% if 11.8% of pore fluid reduction was assumed. 

This was estimated by comparing samples with different porosity but the same 

lithology (silty clay) . 

2.2.2 Resistivity Errors 

The increase in pore water equivalent salinity, resulting from dewatering, led 

to the fairly large systematic error in resistivity measurements. The ratio between the 

resistivity of non-dewatered and dewatered sediment can be written as: 

jJ_ = l2 
L , 

P2 I 

( 2 .16) 

where p1 and P2, L1 and L2 are resistivity and conductivity of normal and dewatered 

sediments, respectively [Atkins, 1990). Conductivity can be calculated from 

equivalent conductivity, which is directly related to the equivalent salinity of pore 

fluid : 

L =1t •C 110 -3, (2.17) 

where A and Care equivalent conductivity and equivalent concentration. The unit of /4 

is ohm-1m2
. The relationship between /4 and C is: 

)., = ~ (I - /J✓C) , ( 2 .I 8 ) 

where Ao is the limit equivalent conductivity and /3 is a factor which is a constant for a 

given pair of solvent and solute. For a NaCl solution, fJ and Ao are 2.68 and 0.013245, 

respectively. Equivalent concentration C of pore fluid can be approximately 

calculated with the assumption that the solute is NaCl only. The C values for non­

dewatered and dewatered pore fluids are 0.6126 and 0.6968, respectively. 
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Putting the formulas above together, the ratio p/p2 can be written as [Atkins, 

1990]: 

Pt - 1-/Jfa: 
Pi - I - /J-Jc: ' 

( 2 .I 9) 

The result shows that the resistivity values decreased at least 12.3%. 

The formula used in calculating the equivalent conductivity is for extremely 

dilute NaCl solutions ( <0.05 Mol/L), in which the relationship between A and C is 

nearly linear. As C increases, Ao increases faster so that for NaCl solution such as the 

pore fluid, a larger decrease in resistivity values should be expected. 

2.2.3 Velocity Errors 

The velocity measurement gear was not able to pick the first breaks 

automatically with a single threshold amplitude. First arrivals were picked manually 

and by different operators in the two measurement stages. 

The velocity values for data sets I and II showed a systematic difference in 

dominant values of ~3%. This may be partially due to operator difference, but the 

increase in velocity for data set II most likely arises from the increase in bulk density 

due to dewatering. Velocities for data set I were less than water velocity at the 

seafloor. This result may be due to a number of factors such as changes of elastic 

parameters due to decompaction after bringing the sediment samples up from depth 

and short-term resetting of sediments in the cores due to gravity and vibration from 

handling. To determine reliable velocities of the seafloor in this area, we suspect that 

measurement should be done on-board ship within a few hours of core recovery. 



31 

Without such measurements, we consider that the 3% systematic difference between 

data sets I and II is probably a reasonable estimate of the absolute errors in velocity 

measurements. 

2.3 Physical Property Analyses. 

Before proceeding to physical property analyses, the following issues should 

be kept in mind: 

1: Data set I generally was of high quality and was measured within 1-2 

months of sediment collection. Data set II was measured about 6 months later than 

data set I. Data set II was subj ected to long-term dewatering and hence the empirical 

relationships between these physical properties interpolated from data set II may be 

subject to error, though they were still quite consistent if only relative values in data 

set II were examined. 

2: Values from seriously cracked clayey silt and silty clay or values from 

extremely liquified thick fine sand layers were not used in the analyses. 

2.3 .1 Index Physical Property Variation with Depth 

Index properties include bulk density, porosity, water content (as percentage of 

dry and total mass), grain density, and dry density . Their variation with depth was 

compared with the topmost part of core data at ODP Site 889/890. 

Figure 2.5 and 2.6 show the index property variations with depth from data set 

I, II and ODP Sites 889/890. ODP Site 889/890 was about 1 km east of Area 2, 

surrounded by the PGC96004 coring sites 11 , 12, 13, 14, 15&19 (figure 1.6). C'Ore 13 

was very close to ODP Site 889A and core 12 was located 1.2 km east of the site. 
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Cores from hole 889A, hole 889B and hole 890B were recovered over the interval 

from 20.0 mbsf to 346 mbsf, 206.4 mbsf to 386.5 mbsf and seafloor to 47.8 mbsf, 

respectively. Index properties of cores 12 and 13 were directly comparable with core 

lH of hole 890B, which spanned the interval from 0.0 mbsf to 7.3 mbsf. However, 

core 1 H at Hole 890B was not perfectly recovered and index properties were 

measured at an interval of more than 1 m. The measurement spacing on cores from 

survey PGC96004 was generally 10 cm and sediment samples were seldom missing 

so that the results, especially those from cores 12 and 13, provided higher resolution 

information relative to ODP Sites 889/890. In figure 2.5, physical properties for cores 

12 and 13 are indicated by a separate symbol. 

I. Porosity, Bulk Density and Grain Density. 

In a gas-free sediment sample, the volume of voids occupied by pore fluid is 

expressed as porosity (void volume/sample volume). The porosity of unconsolidated 

silty clay on continental shelves and slopes normally varies from 38% to 73% 

[Hamilton et al., 1982]. The porosity values in data set I (figure 2.5a) ranged from 

35% to 72%, which is very consistent with the data set compiled by Hamilton. 

Porosity in data set II varied over a larger range from 30% to 84% with lower porosity 

in the deeper part of a section and higher porosity in the shallower part, relative to the 

earlier measurement. Since individual core sections were stored vertically, upward 

pore fluid migration resulted in a dry lower part and a wet upper part. Hence the 

values from the early measurement run were considered more reliable than the later 

run in terms of variation of absolute values versus depth. However, provided that the 

salinity of pore fluid remains constant in the core sections, the two sets of 
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measurement were treated equally when empirical relations between the physical 

properties were examined. 

The variation of porosity P versus depth Z follows an approximate exponential 

function, known as Athy' s Law: 

( 2 .2 0) 

where ¢0 is the surface sediment porosity and L is the characteristic decay length. 

Seismic velocity and thermal conductivity data are also consistent with this law since 

both primarily depend on porosity. In the Cascadia Basin, the regional trend for the 

upper 2.7 kilometers of sediments corresponds to a surface porosity of 60% and 

exponential decay constant of 1.5 km [Davis et al. , 1990]. At Site 889, there are three 

sets of parameters used in fitting the porosity profile for the upper 400 m of 

sediments, as listed in table 2.2 [Westbrook et al., 1994]. 

Unit Range( mbs f) ¢t(%) L(km) 

Unit I 0.0- 128.0 58.7 4.0 

Unit II 128.0-300.0 57.0 1.785 

Unit III >300.0 25 .1 5.0 

Table 2.2 Three sets o f parameters used in fitting the porosity-depth function at Site 889/890. 

Neither the parameter used for the regional deeper sediment or those from 

ODP Sites 889/890 satisfactorily fit the topmost sediment data in the same region or 

the same location so that a new value for the surface porosity and decay constant were 

employed. A surface porosity of 65% and a decay constant of 60 m were used to fit 

the porosity variation in data set I (figure 2.5a). Because the surface sediment 

porosity used for the deeper trend is 60%, the measured near-surface porosity values 

are greater than the inferred regional values for the upper 5.5 m of the sediments, 
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corresponding to the intersection of the shallow trend and the deeper trend. This leads 

to the conclusion that shallow seafloor sediments are subjected to a different more 

rapid compaction process than the deeper sediment. 

Bulk density varied significantly in the topmost 2 m of sediment, ranging 

from 1300 kg/m3 for soft mud (silty clay) to 1800 kg/m3 for fine and very fine sand 

(figure 2.5 c,d). In data set I, the bulk density converged to 1650 kg/m3 below a depth 

of 2 m, where clayey silt and silty-clay were the dominant lithology . This result is 

quite consistent with that from ODP site 889A (figure 2.6 b) in which the surface bulk 

densities were 1670 kg/m3 to 1750 kg/m3
. 

Grain density for both data sets I and II varied over the range from 2600 kg/m3 

to 2800 kg/m3 (figure 2.5 e-f). Typical values were 2700 kg/m3
, which is consistent 

with the average value at Sites 889/890. 

II . Water Content 

Water content (as percentage of either dry mass or total mass) of data set I 

(figure 2.5g, i) was also consistent with that of ODP site 889 data (figure 2.6d, e). 

Below 2 mbsf, water content in terms of total mass and dry mass in data set I 

converged to 35 % and 55%, respectively. Water content in data set II showed a more 

dispersed pattern due to non-uniform dewatering process. 

2.3 .2 Velocity 

The velocity of the topmost sediments is important when studying reflection 

and refraction of sound waves incident on the sea floor. In the deep sedimentary basin 

where seafloor is mainly covered by soft mud, velocities can be equal to or slightly 

lower than that of seawater [Hamilton, 1982]. On continental shelves and slopes, 
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seafloor velocities are generally slightly higher than that of seawater except for a soft 

mud layer at the very surface that has a lower velocity. 

The measured sediment velocities averaged 1450m/s and 1500m/s for data set 

I and II, respectively (figure 2. 7). It is clear that seafloor sediment velocities are very 

close to the seawater velocity, and that reflection coefficients at the seafloor must be 

mainly dependent on contrasts in bulk density . 
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Figure 2.7 Sediment compressional wave velocity versus 
depth. Open circles and black dots are velcities from data 
set I and data set II, respectively. 

2.3 .3 Prediction of Porosity from Resistivity 

Archie' s Law give the empirical relationship between sediment resistivity (or 

formation factor) and porosity. It can be written a : 

R = R ,1, - m 
rnm ,,t, fJO reftuid a 'f' ' ( 2 .21) 
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or: 

( 2 .2 2 ) 

where a. and m are tortuosity and cementation coefficients. For ODP Site 889/890 

data, porosity spanned a large range from 40% to 72%, and the best-fit parameters 

were a.=2.07, m= 1. 7 6, with a correlation coefficient of 0. 7 [Westbrook, 1994]. 

However, after correction to the pore fluid salinity, the Archie's Law parameters for 

Site 889/890 were very close to those derived for ODP Site 888, namely a.= 1.41 and 

m=l.76 (figure 2.8). 

Archie's Law parameters for data sets I and II were derived in a least-square 

sense. The best fit parameters were determined by performing a linear correlation of 

LogFF vs. ¢. The correlation factors were 0.78 for data set I and 0.85 for data set II. 

The optimum Archie's Law parameter was a.=1.40, m=l.84 for data set I and a.= 1.10, 

m=l.84 for data set II (figure 2.8). The systematic difference between data sets I and 

II was mainly caused by the loss of about 11.8% pore fluid in data set II. For absolute 

measurement of resistivity or formation factor, we thus consider data set I to be more 

representative of the true values. 

Given the optimum parameters for Archie's Law, porosity may be predicted 

from measurements of resistivity alone. The measured and predicted porosity from 

both the earlier and later measurements demonstrates excellent correlation (figure 

2.9). Correlation factors of 0.90 or greater were achieved for 9 of the 18 cores. 
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Figure 2.8 Formation factor vs. sediment porosity for data set I and II. Open circles 
and black dots are data set I and II, respectively. Temperature correction was applied. 
Data set II is consistent with Archie's Law for ODP Sites 888, Sites 889/890. 

2.4 Suggestions for improvement in Methodology of Physical Property Measurement 

Based on the error analyses of physical property measurements, the following 

recommendations are made for possible improvements in future lab work. 

1: Measurements should be done as soon as possible. If possible, on-board 

work should be done at least to a subset of the cores to provide reasonable constraints 

on data from laboratory measurement. Though data set I was measured about one 

month after coring, some dewatering may have occurred, but much less severe than 

that for data set II. 

2: Core cracking was one of the maJor sources of error in velocity 

measurement and a minor one in other property measurements. Vibration during core 

splitting operation caused part of the cracks. Better core splitting tools are required. 
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3: Automatic first-break picking equipment is highly recommended if more 

than one person is involved in the measurement. 
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Chapter 3. Seafloor and BSR Reflection Coefficient Study 

3.1 Data Acquisition 
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In Survey PGC96004, the seismic source used was a 120 cubic inch (2.0 L) 

Bolt l500C airgun. Compressed air, at a normal pressure of 1800 PSI, was supplied 

from a large capacity Sulzer compressor (120 cu.ft. per minute) provided by the 

Pacific Geoscience Centre. The airgun was triggered by the navigation system which 

maintained a constant shot interval of 24 m. This corresponded to a firing rate of 

approximately 6 shots per minute, assuming a ship 's speed of 4.8 knots. The airgun 

was at an estimated depth of 4 m and the estimated gun position was about 10 m 

behind the ship. 

The receiver array was a 24-channel ITC streamer, with a group interval of 8 

m and offsets from 106 m to 290 m. Each group of receivers consisted of three 

hydrophones separated by 1 m. Data were acquired through a Geometrics Strataview 

24-channel digital system. The sample rate was 2 ms and the record length was 4096 

ms with a deep-water delay of 500 ms. 

The on board differential GPS (DGPS) output was utilized by the navigation 

system. The estimated absolute precision of DGPS was about 5 m. Bathymetry data 

were picked automatically at an interval of 5 s from a 12 kHz transceiver, using the 

sea water velocity depth profile in this survey region. Both time and location in 

longitude/latitude were recorded. 

3.2 Seismic Data Processing. 

3.2. l Data Processing Flow. 
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Data processing was carried out usmg IT A511 se1srruc data processing 

package of LANDMARK Graphics. The maJor steps m the processing flow are 

shown in table 3. l. 

Steps Description 

I. Data Format Conversion. SEG2 to SEGY. 

2. Data Format Conversion . SEGY to ITA. 

3. Header Manipul ation. Geo metry related header words mani pul ati on. 

4 .CMP Sorti ng. Four-fold C MP gathers. 

5.Super CMP Sorting. Six adjacent CMP gather were grouped and traces were 

sorted accord ing to offsets, 24 traces per gather. 

6. Bandpass Filteri ng. IO - 25 - 90 - 110 Hz 

? .Predict ive Deconvolu tion . Operator length : 256ms, Predictive d istance: I 6ms . 

8.Spherical d ivergence correction. Proportional to travel time. 

9. Veloci ty Analyses. At each 20 super CMP gathers . 

10.NMO correcti ons. Velocity fro m velocity analyses were used. 

I I .Stacking. Super CDP stacking. 

12. Ki rchhoff migration . Veloci ty grid was used. 

Table 3.1 Se1sm1c data processing fl ow. 

The raw survey data in SEG2 format were converted to SEGY format before 

importing to ITA. The survey geometry only resulted in a 4-fold CMP gather. To 

enhance the accuracy of velocity analyses, six adjacent CMP gathers were grouped to 

give a 24-channel super CMP gather. The bin width for a super CMP gather was 24 

m. In regions where the seafloor has a very steep slope (15 degrees), the near and far 

offset travel times varied over a rather large range. For a constant water depth of 1300 

m, the normal moveout difference between the near offset of 106 m to the far offset of 

290 m was 11 ms. The difference increased to about 40 ms for downdip shooting and 
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-24 ms for updip shooting. As a result, the reflection of seafloor as well as other 

reflectors below the seafloor was not well defined in these slope areas on either 

stacked sections or migrated sections. 

The predictive deconvolution was aimed at removing the bubble pulse which 

reverberated at a period of 100 ms for the 120 cu. in airgun. Peg leg multiples were 

also attenuated. A spherical divergence correction, which was proportional to travel 

time, was applied for amplitude recovery. Velocity analyses were used only for 

stacking purposes and could not be used for actual velocity estimations because of the 

small shot-receiver offsets. Kirchhoff migration generated rather good subsurface 

images over the flat portions of the lines. 

Several typical seismic lines in Area 2 are displayed in figure 3.1. A portion of 

Line89-08 overlapping line 12 is also shown for comparison. Note that the BSR 

generally was not present in the small slope basins over the shallow water region 

where sediment layers were well defined. The BSR in the deep sedimentary basin was 

rather clear, but its amplitude was clearly contaminated by diffractions. The zone 

below the BSR was normally blank because of severe deformation in the accretionary 

wedge sediments. 

3.2.2. Offset Dependent Receiver Ghost 

Destructive interference between the ghost signal reflected from the sea 

surface and the direct wave can cause notches in certain band of the signal spectrum. 

The maximum destruction band (notch in amplitude spectrum) can be estimated with: 

( 3 .I) 
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where Ds is the depth of receivers and V w is the sea water velocity. 

Due to the variation of receiver depth, the notch frequency varied from 100 Hz 

to 75 Hz from near offset to far offset (figure 3.2 b). This result indicated an 

increasing receiver depth from about 7.5 mat near offset to 10 mat the far offset. By 

comparison, the estimated shot depth of 4 m corresponded to a notch frequency of 

more than 175 Hz. The predictive deconvolution was very successful in removing the 

ghost and flattening the amplitude spectrum. A prediction distance of 16 ms would 

not affect the near offset but might affect the far offset ghost (figure 3.2 a). The 

stacking process tended to enhance the primary reflection and to smear the ghost 

reflection, thus_ reducing its relative amplitude. However, this also had the effect of 

reducing the bandwidth of the stack section to less than 75 Hz (figure 3.2 b). 

3.3 Seafloor and BSR Amplitude Picking 

Event horizons for the seafloor, BSR and seafloor water bottom multiple 

(WBM) were picked interactively from the stack sections. The WBM was only 

recorded for water depth less than 1500 m or 2.0 s two-way-time (TWT). Amplitude 

picking was done by selecting the maximum positive amplitude for the seafloor and 

the maximum negative amplitude for BSR and seafloor WBM over time windows of 

60 ms and 30 ms, respectively. The time windows were centreed at the time of the 

picked horizons. The seafloor reflection had good quality and amplitude picking was 

done for nearly all of the sections (figure 3.3 a), except for part of the slope region. 

BSR amplitude picking was difficult in regions where strong sediment reflections 

were present, mostly in the deep sedimentary basin and the local small basins over the 
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shallower water region of the survey area. At locations where very localized faults 

occurred, the BSR was well defined, but the amplitude was clearly contaminated by 

interference with diffractions. BSR amplitude picking was done only for those traces 

where BSR continuity was well defined and the amplitude was not contaminated 

(figure 3.3 b). 

3.4 Calculation of Reflection Coefficients 

3.4.1 By Multiple/Primary Amplitude Ratio. 

The seafloor reflection coefficient can be calculated with [W amer, 1990; 

White, 1977]: 

RC = CI• A,[ _mu/tip!, 

,1 A 
sf_ prima ry 

( 3.2) 

where A sf_mutripte is the amplitude of seafloor water bottom multiple, Aprimary is the 

amplitude of the seafloor primary reflection and C 1 is a spherical divergence 

correction factor (figure 3.4). If a spherical divergence correction has already been 

applied in data processing, the C 1 equals 1.0. 

The reflection coefficient of the BSR is calculated from seafloor reflection 

coefficient, simply by taking the ratio of the BSR and seafloor amplitude. In addition, 

transmission loss at the seafloor must be considered. For a unit incident wave 

amplitude, the amplitude of downward-going transmitted wave at the seafloor is 1-

RCsr . The amplitude of the upward-going transmitted wave at the seafloor can be 

written as l +RCsr because the reflection coefficient becomes negative when the 
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propagation direction is reversed. The amplitude ratio between the seafloor primary 

and BSR primary can be written as: 

so that: 

As1 = RCs1 

Absr (I - RC sf) RC bsr (I + RC sf ) ' 
( 3.3) 

RC = Absr • RC ,r 
bsr A sf (] - RC ,J 1 ) ' 

( 3 .4) 

ss s -1 R 

SF 

BSR. 
Multiple-primary method:: 

Ast-mul=-Ast-prim *RCst 

Absr=(Ast/RCs1)*(1-RCs1)*(1 +RCst}*RCbsr 

Figure 3.4 Seafloor and BSR RC calcu lati on using multiple/ 
primary method . 

According to Warner (1990), there are three premises m this method of 

reflection coefficient calculation: 
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1. Receiver offset is small compared to water depth so that wave propagation 

is nearly vertical. In this sense, the calculated reflection coefficient is the vertical 

reflection coefficient. 

2. Seafloor is a simple interface between liquids and elastic solid half space 

such that no energy is lost due to non-elastic processes. 

3. Seafloor is flat and smooth so that there is no need to consider defocusing 

and scattering due to topographic variations. 

After NMO correction, the stack section 1s zero-offset so that the first 

condition is satisfied. 

The second premise 1s not strictly satisfied . From physical property 

measurements of sediment cores collected in this region, the seafloor is generally 

covered by a layer of soft mud with a maximum thickness of 2.5 m over the deep 

sedimentary basin and a density as low as 1300 kg/m3
• Below this layer is normal 

denser glacial clay with a bulk density of about 1600-1650 kg/m3
. The transition from 

the seafloor to the denser layer is normally a uniform gradient. 

Topographic effects on amplitude cannot be ignored on the slope region. The 

slope of the seafloor is about 15° so that less energy was received within the receiving 

aperture when shooting updip than when shooting downdip. Scattering due to small­

scale topographic variations ( <<A) should be considered as a very important source of 

energy loss, too. It is difficult, however, to determine this part of the loss 

quantitatively because of the unknown seafloor roughness. Topographic effects will 

be discussed in detail later. 
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3.4.2 By Amplitude Scaling 

A conversion factor between seafloor amplitude and reflection coefficient is 

needed for the entire area. This factor can be obtained by scaling the seafloor 

amplitude using the reflection coefficients calculated by the multiple/primary method 

in a region where the effects of defocusing and scattering effect are minimized. 

This method assumes that the source amplitude remains constant over the 

entire survey and there is no gain control applied to the seismic data. This assumption 

is valid because the gun pressure was maintained at a constant level of 1800 PSI 

during most of the survey except airgun pressure was extremely low (600 PSI) due to 

air leakage over the east part of line 11, near the cross point of L89-10 and L89-08. 

Selection of seismic lines used to calculate the conversion factor is crucial for 

this method. The assumptions mentioned above are also used as the selection criteria 

for seismic lines used in the conversion factor calculation. Figure 3.5 shows the 

seafloor raw amplitude and reflection coefficient using multiple/primary ratios on a 

trace-by-trace basis for line 17 (figure 3.1 d) and for line 24 (figure 3.1 g). In the 

shaded region, where both seafloor and WBM amplitude are nearly constant, the 

seafloor is smooth. The average seafloor amplitude was 740 for line 17 and 640 for 

line 24, while the WBM amplitude was 156 for line 17 and 118 for line 24. A 

conversion factor of 0.000286 was finally obtained. 

Reflection coefficients calculated from the bulk density data provide 

additional constraints on this method. The seafloor raw amplitude near core 18 

located on the flat portion of line 17, which was one of the lines selected for the 

conversion factor calculation, was about 820, giving a reflection coefficient of 0.234. 
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It is consistent with the value calculated from bulk density of core 18, where a value 

of 0.25 was obtained corresponding to an average seafloor density of 1720 kg/m
3

. The 

difference of only 6% indicates that we can safely calculate the seafloor reflection 

coefficient by amplitude scaling. 

The BSR reflection coefficient RCbsr is calculated from the BSR amplitude 

using the following formula: 

RC = A C (3 .5) 
bu bu ( j _ A ,r 2 • ( 2 ) ' 

where C is the seafloor amplitude conversion factor 0.000286 as determined from the 

primary-multiple analyses of seafloor amplitude. Transmission loss correction is 

applied. 
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Figure 3.5 Seafloor amplitude conversion factor calculation. Flat seafl oor with rather con51ant 
seafloor and WBM amplitude is chosen. A factor of 0.000286 is obtained . 
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3.5 Distribution of Reflection Coefficients 

The seafloor reflection coefficients derived from amplitude scaling span a 

large range from 0.07 to 0.4 (figure 3.6 a) . A total of 8262 reflection coefficients were 

determined and approximately 50% of these values were uniformly distributed from 

0.11 to 0.20, while only less than 1.5 % were greater than 0.34. 

For BSR reflection coefficients, a total of 3095 values were derived from 

amplitude scaling, corrected for transmission loss. BSR reflection coefficients span a 

range from 0.01 to 0.14, with more than 50% from 0.03 to 0.08 and less than 1 % 

greater than 0.13 (figure 3.6 b). 

The spatial distribution of seafloor reflection coefficients derived from 

amplitude scaling is shown in figure 3.7a. High reflection coefficients mainly appear 

in the region where water depths are less than 1400 m, especially on the west flank of 

the local topographic high located at (126°53.?'W, 48°40.2'N). A region of low 

reflection coefficients appears to be correlated with this topographic high. The inline 

direction amplitude/reflection coefficient trough near the intersection of L89-10 and 

L89-08, at the easternmost part of line 11, is located where the air gun pressure was 

only 600 PSI due to air leakage. The low amplitude region centreed at ( 126°52', 

48°39') is bounded by the east part of line 20 and line 25. This corresponds to a small 

slope basin (e.g., see figure 3. le, line 22, SCMP 2200-6200). In the deep sedimentary 

basin, where the bulk density is the lowest (core 17), the seismic reflection coefficient 

is normally lower than 0.17. 

Seafloor reflection coefficients derived from a trace-by-trace WBM method 

(figure 3.7 b) also show a low reflection coefficient region over the local topographic 
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high. The slope basin bounded by line 20 and line 25 shows higher values than that 

derived from amplitude scaling. This result is unlikely to be reliable because the bulk 

density of surface sediments in this basin should be less than that in the rest part of 

the shallow water region. A comparable difference in the reflection coefficient 

calculation by the two different methods was also noted by Fink ( 1995) and Fink & 

Spence (1998). 

The overall pattern of BSR reflection coefficients by amplitude scaling and 

transmission correction (figure 3.8) is similar to that of raw amplitude (figure 3.9). It 

is rather u~iform over the entire shallow water part and has some correlation with 

topography. Some localized high values appear between 1300 m and 1400 m 

bathymetry contours and over the local topographic high. The correlation, however, is 

not as strong as that in the adjacent 1993 survey region to the northeast [Fink & 

Spence, 1998) . 

3.6 Topography and Roughness Effects on Reflection Coefficient Calculation 

Dipping seafloor causes increased and decreased seafloor amplitude when 

shooting downdip and updip, respectively. However, this effect seems to be small. 

Assuming a water depth of 1300 m, the aperture angles in which energy can be 

received by the receiver array are 4.11° for a flat region, 3.78° for downdip shooting 

and 4.30° for updip shooting. The total received energy for downdip shooting is 8% 

less than over the flat region, while it is 5% more for updip shooting. This leads to the 

same amount of reflection coefficient variation. Defocusing and focusing effects over 
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the shallow region can be ignored since the major part of this region is flat except for 

the small hill with a height of about 100 m and an in-line length of about 1200m. 

Scattering due to small-scale topographic variation ( <<A) should be 

considered as another source of energy loss. The reflection coefficient derived from 

the multiple-primary method is a coherent energy reflection coefficient rather than a 

real seafloor reflection coefficient. If we consider the reflection coefficient calculated 

from sediment bulk density as "real" and those derived from seismic method as 

"coherent", the roughness of seafloor can be estimated using: 

RC 2 2 2 
_ c = exp (-2k a co s 0), (3.6) 
RCb 

where RCc and RCb are coherent and real reflection coefficients, respectively, k is the 

dominant wave number, cr is root-mean-square (RMS)roughness of seafloor and 0 is 

the incident angle of coherent energy [Clay & Medwin, 1977]. 

RCc is the seismic reflection coefficient and RCb can be derived from bulk 

density measurement. The dominant seafloor reflection coefficient over the shallow 

water region is about 0.20. The real reflection coefficient RCb can be estimated by 

averaging the bulk density reflection coefficient at cores 12, 13, 14, 16, 18 and 19 

over the shallow water region. A value of 0.239 is obtained. For the case of vertical 

incidence, 0 is 0°. The incident wave number is 2n/A, where A is the wavelength 

(20m for 75 Hz in seawater). The calculated RMS seafloor roughness over the 

topographic high is 0.95 m. 
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Extremely high reflection coefficient values (>0.4) appear sparsely over the 

shallow water region, especially on the west flank of the local topographic high, 

where the reflection coefficients are generally higher than the rest of the region. This 

feature is very similar to that observed by Fink & Spence ( 1998). These high values 

were interpreted as indications of seafloor carbonate pavement with velocity and bulk 

density as high as 3000 mis and 2290 kg/m3, much higher than normal seafloor 

sediment. The reflection coefficient generated by such a layer, if no tuning effect is 

considered, could be as high as 0.63. The formation of carbonate pavement could be 

enhanced by bottomward migrating fluid flow, which carries more methane to the 

water column [Fink, 1995]. However, there is only weak evidence of subsurface 

carbonates from the core observations in this region. The piston core barrels were 

severely bent at two locations (cores 15 and 17), and some carbonate nodules were 

collected at core 11. (although detailed chemical analyses of the nodules have not 

been carried out yet). 

3.7 Correlation of Seafloor Seismic and Seafloor Density 

Core 17 was located in the deep water sedimentary basin with water depth of 

2200 m, similar to that at ODP Site 888 (2500 m). The average upper 4 m of core l 7 

has a similar bulk density and lithology (soft mud) as that at ODP Site 888. 

Affected by the generally present soft mud, surface bulk density measurements 

of sediments in the shallow water region varies from 1330 kg/m3 to about 1500 kg/m3
, 

with higher values over the small hill. Over the small hill, the soft mud layer covering 

the seafloor was generally less than 5 cm in thickness because it was not seen at all in 
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the cores. Over the deeper water region, this layer was thick enough to survive the 

pore fluid sampling at the top of each core sections. 

Seafloor reflected amplitude variation with the thickness of this soft mud layer 

can be simply calculated. Assume the incoming wave has a simplified form of: 

A=A0 cosa1t, (3.7) 

The general reflected wave on a surface covered by an intermediate density 

layer can be written as: 

Ax= RC 1A0 cos alt+ RC 2A0 (l -RC 1)(I + RC 1 ) • co s(a1t +9 ), (3 .8) 

where RC, and RC2 are the reflection coefficients at the two boundaries as shown in 

figure 3.10, Ag is the comprehensive reflected amplitude function at the seafloor, A0 

is the absolute amplitude of incident wave. cp is the phase lag of the wave reflected 

from the bottom of this soft mud layer which is defined as: 

2Dm 
rn =-- • 2,r 
Y' /4 , (3.9) 

where Dm is the thickness of the soft mud layer. 

Assuming the incoming amplitude is 1, it then can be simplified to: 

RC 
8 

= [ RC 1 + RC 2 A0 (1 -RC 1

2
) cos 9]cos a1t -[ RC 1 (1 - RC 1

2 )sin 9]sin a1t, (3.10) 

where RCg is the seafloor reflection coefficient function at time t. If we assume that 

the densities of the soft mud layer and the sediment below are 1300 kg/m3 and 1600 

kg/m3
, respectively, both RC, and RC2 are approximately 0.12, the formula above can 

be further simplified as: 

RC
8 

=(0 .12+0.119co s 9)cosa1t-0.ll9 sin9 sina1t, (3.11) 
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Figure 3. 10 Calculati on of reflected amplitude with the presence of 
soft mud layer, assuming incident amplitude is unit. Incident angle 
is exaggerated for clarity. Reflected amplitude is the resul t of inter­
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The values for the amplitude terms for coswt and sinwt for di fferent thicknesses are 

listed in table 3.2. The reflected waveforms are shown in figure 3.11 a, assuming the 

frequency of the incident wave is 75Hz with a wavelength of 20 m. The maximum 

waveform amplitudes for the different thickness are shown in figure 3.11 b. The 

maximum refl ection coefficient value was set to 0.24, representing the mean value of 

reflection coeffi cients from cores in the shallow water portion of the survey area. 

Very thin layers less than 1.0 m do not reduce the reflection coefficient 

dramatically. The minimum value occurs at ¼ wavelength (5 m), fo r which the 

reflected wave fro m the bottom of this soft mud layer is 180° out of phase with the 

seafloor refl ection. Similar seafloor reflection coefficients as in the deep water 

sedimentary basin occur between the 2 m and 3 m curves. This calculated thickness is 
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very consistent with that measured from core 17 (2.5 m). This result can explain why 

the reflection coefficient is generally higher on the topographic high region than in 

the deep water sedimentary basin. Figure 3 .12 shows the seismograms for the 

different thickness of this layer, using a more realistic input wavelet determined by 

averaging seafloor waveforms from 100 stacked traces. Seismogram was calculated 

using Hampson Russell A VO package. 

Thickness(m) Phase Lag 0.12+0.119 cosqi 0. 119 sinqi Amplitude 

0.1 0.0628 0.2386 0.007 0.2387 

0.5 0.314 0.2329 0.0367 0.2358 

1.0 0.6283 0.2 16 0.0698 0.2270 

1.5 0.9427 0.1905 0.096 1 0.2 133 

2.0 1.2566 0.1567 0.1129 0.193 1 

3.0 1.8849 0.0832 0.113 0. 1403 

4.0 2.5133 0.0238 0.0698 0.0737 

6.0 3.7699 0.0238 -0.0698 0.0737 

8.0 5.0265 0.1567 -0.1129 0. 1931 

Table 3.2 Amplitude of reflected wave at different thickness of soft mud layer. 

3.8 BSR Depth Variation in Area 2 

The BSR has been used to infer heat flow m continental margm settings 

[Yamanoto et al. , 1992] because its depth below seafloor 1s controlled by the 

geothermal gradient. BSR depth generally increases with water depth because the 

increasing pressure allows gas hydrate formation at higher temperature. 

The BSR time-depth variation in Area 2 is shown in figure 3.13 . On the 

shallow part, BSR depth is normally 250-270 ms below seafloor, while in the deep 
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sedimentary basin the depth is typically 300 ms. A 300 ms-anomaly region is clearly 

seen over the local topographic high. This increased BSR depth indicates a localized 

region of low heat flow (Ganguly et al, 1998). The low heat flow may be partially due 

to topographic disturbance of thermal gradients, but may also reflect the 

underthrusting of colder sediments beneath the topographic high (Davis et al, 1990; 

Ganguly et al, 1998). 

3.9 Tying Seismic Reflection Coefficient from MCS and SCS Data 

In figure 3 .14, seafloor reflection coefficients (by amplitude scaling) over the 

track of MCS Line 89-10 were projected from the interpreted reflection coefficient 

grid of the thesis survey (figure 3.7) and from the SCS reflection grid of Fink (1995). 

Reflection coefficients from Lines 32 and 33, which were run parallel to Line 89-10, 

were also plotted. The consistency between the interpolated values and those from 

Line 32 and Line 33 indicates the reliability of the interpolation program. Some 

differences exist but are expected because the values projected from the interpolated 

grid involve averaging in directions both parallel and perpendicular to Line 89-10. 

Interpolation in the direction parallel to Line 89-10 is about 400 m, compared to a 

shot spacing of 24 m on Line 32 and Line 33. MCS and SCS reflection coefficients 

show some rough correlation north of latitude 48.68°. On the rest of the line, SCS 

reflection coefficients increase southward while the MCS reflection coefficients keep 

rather constant except for the low value at 48 .655° and 48.645°. These very high RC 

values were present only on a single line in the 1993 survey. Perhaps there were line 

location or airgun pressure problems in the 1993 SCS survey. 
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3.10 Possibility of Seafloor Carbonate Pavement 

There was no direct visual evidence of seafloor carbonate from the cores 

collected in the regions where its presence was suggested based on earlier studies. 

The highest seismic reflection coefficient values in Area 2 were about 0.4. These 

values were sparsely distributed and show little spatial continuity. However, we still 

can not totally rule out the possibility of localized occurrences of high velocity 

carbonate pavement. The bending of coring barrel at core 15 might be evidence in the 

favor of its existence. Also, high frequency seismic data, collected in May 1997 in 

the same region using a deep towed acquisition system, clearly showed a strong 

reflector about 10 mbsf [Walia et al, Cruise Report, 1998]. A possible explanation is 

that the earlier formed carbonate pavement is covered by recent seafloor sediment and 

the cores were not long enough to reach its depth. 
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Chapter 4. Gas Hydrate and Free Gas Zone Characterization 

Introduction 

A generally accepted massive gas hydrate velocity is about 3730m/s [Pearson 

et al., 1983; Sloan, 1990, Whalley, 1980], so that hydrated sediments usually have 

higher P-wave velocity than that of normal sediment. In this chapter, the amount of 

gas hydrate will be estimated from the P-wave velocity enhancement, which can be 

derived from the BSR reflection coefficient. 

The free gas saturation below the BSR is difficult to estimate because a small 

quantity of free gas (e.g. 1-2% of the pore space) can reduce sediment velocities 

significantly, while a further increase in gas saturation has a much smaller effect 

[Domenico, 1976]. However, an upper limit of free gas saturation is available from 

the lowest velocity of free gas charged sediments. 

The western flank of the shallow water reg10n m Area 2 has a similar 

deposition environment as that at Site 889/890. Accreted Neogene and Pliocene 

sediment is overlain by undeformed Quaternary slope sediments which thin 

westward. In the vicinity of a local fault zone in this region, a reflector about 16 - 30 

ms below the BSR was observed. In this chapter, the results of forward modeling 

based on waveform fitting are presented. Two possible velocity and density 

configurations near the BSR were obtained, suggesting the presence of either an 

overconsolidated sediment layer just below the BSR or a second free gas layer 

separated from the first one by an impermeable sediment layer. 
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4.1 Free Gas Saturation Estimation. 

For porous media, Geertsma [ 1961] obtained the P-wave velocity as a function 

of frequency of the propagation of the elastic wave field, as well as for the limiting 

case of zero and infinite frequencies . The P-wave velocity and S-wave velocity for 

partially gas-saturated oceanic sediment at infinite frequency can be used to estimate 

velocity from gas saturation or vice versa. 

Figure 4.1 shows the variation of computed velocities and Poisson's ratio in 

marine sediment (50% porosity) at ~200 mbsf with methane gas saturation in 

percentage of pore space [Yuan et al, 1996]. The hatched area indicates the most 

likely methane gas saturation of 0-5%, according to the velocity measurement from 

VSP and velocity analyses on multichannel seismic data. The dramatic decrease of 

Vp with only a few percent free gas makes estimation of free gas saturation difficult. 

We can safely conclude, however, that the gas saturation should be less than 5% of 

pore space. 

4.2 Gas Hydrate concentration Estimation 

The concentration of gas hydrate above the BSR was estimated using a simple 

time-average approach, following Yuan et al (1996). The velocity of fully hydrate­

saturated sediment can be obtained for the combination of pure gas hydrate and 

sediment matrix. This velocity is then combined with the velocity of water-saturated 

sediment (zero hydrate saturation) to determine the overall velocity [Lee et al, 1993; 

Wood et al., 1994]. 
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The fully hydrate-saturated sediment velocity, V hysed, can be written as: 

I ¢ 1- ¢ 
--=--+--v V V ' 

h_ned hyd ratt matri.r 

( 4 .I) 

where V hydrate is the P wave velocity for pure gas hydrate and is taken to be 3730mls 

[Pearson et al., 1983; Sloan, 1990], V mallix is the P wave velocity of the sediment 

matrix, taken to be 4500 mis [ Davis and Villinger, 1992] and ~ is the sediment 

porosity. According to porosity measurements at ODP Site 889/890, the typical 

porosity ranges from 45% to 55% at the depth of the BSR and the calculated V hysed are 

4120 mis and 4040 mis, respectively. The velocity of partially hydrate-saturated 

sediment, V p. can be written as: 

I S 1- S 
-=--+--
v p vh yud V,,J ' 

( 4.2) 

where Y sed is the water saturated sediment velocity and S is the volume of hydrated 

sediment. 

The sediment velocity above the BSR can be estimated from the BSR 

reflection coefficient by assuming a reasonable velocity for gas-saturated sediment 

below the BSR. Assuming no density contrast across the BSR, the reflection 

coefficient is: 

R C = V2-V 1, ( 4.3 ) 
V2 + VI 

where v1 and v2 are velocities above and below the BSR. This equation can be 

rearranged to give: 

= V • , - RCb,, 
V p gs,d I+ RC ' 

bu 

( 4.4) 
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where V gsed is the velocity of gas-charged sediment. Its velocity was taken as 1515 

mis based on the average value for the three VSP data points below the BSR. The gas 

hydrate saturation is then written as: 

S = (-' - • I+ RC bsr __ I_) • vhyud vsed , ( 4.5) 
V gsed I - RC bsr v sed V St d - vh ysed 

The calculation of S depends very much on the value of Ysed, which represents 

the background velocity for water-saturated sediment with neither hydrate nor free 

gas. The selection of this velocity is mainly based on the velocities determined from 

MCS velocity analysis of Yuan ( 1996) in which the velocity ranges from 1600mls to 

1670mls. 

Background velocity selection gives a lower limit of the BSR reflection 

coefficient. At this velocity lower bound, it is assumed that there is no free gas in the 

sediment pore space. Background velocities of 1600 mis and 1640 mis gave BSR 

reflection coefficient lower bounds of 0.025 and 0.04, respectively. Because 0.04 is 

the typical BSR reflection coefficient values derived from low frequency MCS data 

on L89-08, the background velocity should be around 1640mls. Small changes in 

background velocity only slightly change the hydrate saturation. For a typical BSR 

reflection coefficient of 0.06, 1600mls gives a saturation of 10% while 1640mls gives 

6.6%. The variation of saturation with reflection coefficient based on the two 

background velocities is shown in figure 4.2. 

The hydrate saturation immediately above the BSR in Area 2 was calculated 

with a background velocity of 1600mls, Ygsed of 1515mls and Vhysed of 4120mls 

(figure 4.3). Based on thi s parameter selection, gas hydrate saturation typically ranges 
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from 5% to 15% of pore space. A reflection coefficient of 0.025 corresponds to zero 

hydrate saturation. The distribution pattern has some correlation with topography, 

with high values (> 12.5%) concentrated over the local topographic high and its 

western flank . But this correlation is much weaker than that appeared in the adjacent 

region to the east surveyed in 1993 [Fink & Spence, 1998], where high saturation was 

very much concentrated over a local topographic high. 
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Figure 4 .2 Gas hydrate saturation variation with BSR reflection coefficient, assuming a 
velocity of 1515 mis below the BSR. Solid and dashed lines are saturation functions 
based on background velocities of 1600 mis and 1640 mis, respectively. Shaded region 
is the BSR reflection coefficient variation range in Area 2 (figure 3.6b). Gas hydrate 
saturation should be roughly no more than 30%. Saturation using 1600 mis background 
velocity is about 3% higher than using 1640 mis background velocity. 

4.3 Forwarding Modeling of Gas Hydrate and Free Gas Distribution Across BSR 

The typical BSR reflection coefficient in Area 2 ranges from 0.04-0.10, which 

requires a decrease in seismic impedance of 10-20%. Hyndman and Spence (1992) 

pointed out that the acoustic impedance contrast could be matched by a number of 

models with and without a gas layer below the BSR. For example, a BSR reflection 
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coefficient of 0.10 offshore Peru was obtained by modeling a hydrate layer with 10% 

pore space occupied by gas hydrate and sufficient free gas beneath to reduce the 

velocity to as low as 1394 mis[ Miller et al. , 1991]. 

Forward modeling of three gas hydrate and free gas configurations across the 

BSR were done by Hyndman and Spence in 1992. They are ( 1) a gas hydrate layer 

with a sharp base and a gradient top; (2) a layer with partially gas-charged porosity 

and only a small amount of overlying hydrate, and (3) a hydrate layer with a sharp 

base and a sharp top. Only the gradational hydrate layer model with a half thickness 

of greater than 15 m gives a reasonable fit in vertical incident waveform, reflection 

coefficient, velocity structure and amplitude-versus-offset (A VO) characteristics. 

4.4 Observation and Modeling of Secondary BSR below Primary BSR 

The typical BSR reflection is a single symmetrical wavelet with a reversed 

polarity relative to the seafloor reflection, indicating a sharp and negative acoustic 

impedance contrast across the BSR. Figure 4.4 shows a portion of Line 10 in Area 2 

where a typical BSR reflection was observed. 

On the western flank of the small hill on the local topographic high in Area 2, 

a reflector which has the same polarity as the BSR is well resolved from CDP 10710 

to 11520 about 30 ms below BSR (figure 4.5). This reflector is rather flat on the 

migrated section. The maximum thickness of 30 m occurs around CDP 10860, where 

seafloor and BSR penetrating faults are probably present, and reduces to zero around 

CDPl 1520. The length is about 550m. This reflector is unlikely to be a litholog~c 
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boundary because it is sub-parallel to the BSR and reflections in this deformed 

accretionary zone appear to be at high angle to the BSR and seafloor. 

4.5 Forward Modeling on the Secondary BSR, Determination of Velocity and Density 

Structure 

The reversed polarity of the secondary BSR indicates a negative acoustic 

impedance boundary. By matching the waveform of synthetic seismic data with the 

real seismic data, we tried to examine the velocity and density structure across this 

zone. 

4.5. 1 Model Preparation 

A seawater velocity of 1480 mis was selected, consistent with that from L89-

08 [Yuan et al., 1994] and direct water column velocity measurements from a seismic 

survey near Site 889 in May, 1997 [Chapman and Walia, Cruise Report, 1998]. The 

velocity-depth function below the seafloor followed the vertical seismic profiling 

(VSP) interval velocities at Sites 889/890 [MacKay et al, 1994]. The VSP velocity 

function included interval velocities as low as 1520 mis below the BSR, which was 

interpreted to be the effect of free gas. The shallowest VSP interval velocity was at 

67 mbsf (figure 4.6 a). A velocity of 1500mls, about the same as that of seawater, was 

assigned to the seafloor sediment and the velocity from 0 to 67 mbsf was linearly 

interpolated, following the velocity variation of the sonic log. The thickness between 

the primary and the secondary BSR was set to 22.5m, using a velocity of 1500mls. 

The velocity function was uniformly blocked into 3 m-thick layers for the 

convenience of thickness adjustment. 
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The negative acoustic boundary indicated by the secondary BSR can be 

produced by two velocity configurations, ( 1) A high velocity zone over a normal 

background velocity or (2) a normal background velocity zone over a low velocity 

zone. In both of the two velocity configurations, following the VSP measurements, 

the sediment velocity immediately drops to 1500 mis for the free gas charged 

sediment from 1760 mis of hydrated sediment, giving a typical BSR reflection. Below 

the BSR, in configuration ( l ), the velocity first increases to 1750 mis and then 

decreases to a normal background velocity of 1650 mis; in configuration (2) , the 

velocity first increases to normal background velocity then decreases to a low velocity 

of 1500 mis. 

The bulk density profile fo llowed the core bulk density variation trend at Site 

889/890. Because there was no sediment recovered from 0mbsf to 20.2mbsf at Hole 

889A, an average seafloor bulk density of 1600 kg/m3 derived from the measurements 

on those pi ston cores was assigned to the seafloor. The values between were linearly 

interpolated. A constant bulk density of 1920 kg/m3 was used across the primary and 

secondary BSR with the assumption that the density between them did not vary. The 

density values were blocked into 3 m thick layers and were smoothed by ignoring 

large fluctuation in thin layers ( <3 m). 

The input wavelet was extracted by averaging 100 stacked traces of the 

seafloor reflection in the region where the secondary BSR was resolved. It had a 

dominant frequency of 75Hz and was roughly minimum phase. The time response, 

amplitude spectrum and phase spectrum are shown in figure 4. 7. Synthetic seismic 

data were calculated using Hampson Russell A VO modeling package. 
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Figure 4.7 Time response, amplitude spectrum and phase spectrum of the wavelet 
used in forward modeling. Wavelet was extracted statistically from the real seismic 
data where the second BSR was observed. 
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4.5.2 Modeling Results: Upper bound of Thickness, Velocity and Density Contrast at 

the Secondary BSR 

Both of the two velocity configurations gave rather good waveform matches to 

the real seismic data (figure 4.8). To evaluate the effect of bulk density variation on 

the secondary BSR, a slight bulk density decrement at the depth of the secondary 

BSR, from 2020 kg/m3 to 1920 kg/m3
, was used in the first velocity configuration. A 

slight bulk density decrease did not have much effect on the general waveform, while 

the amplitude of the secondary BSR was slightly increased. Further tests on the 

waveform variation with the thickness of the layer below the primary BSR showed 

that the waveform simulated that of the seafloor for thickness equal to or less than 12 

m. A 15 m thickness generates a rather broad waveform in which the primary and the 

secondary BSR are still separable (figure 4.9). 

4.6 Interpretations of Velocity and Density Structures Across BSRs 

Based on the two velocity and density structures determined from the forward 

modeling, there are two corresponding interpretations. 

4.6.1 Single Free Gas Zone and An Overconsolidated Layer 

For velocity case 1, in which the velocity drops to background sediment 

velocity from higher values, we propose the presence of an overconsolidated sediment 

layer which is located immediately below the primary BSR and which terminates at 

the secondary BSR. The thickness of this layer is increased by periodic formation and 

dissociation of gas hydrate. At the time of hydrate formation, water is extracted-from 

the sediments, which leads to higher density and velocity [Hovland et al, l 995]. 
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Further hydrate formation and dissociation can only increase its density and hence 

velocity because the compaction process is non-reversible. The top portion of this 

over-consolidated layer is gas-charged so that it has lower velocity than either 

hydrated sediment or background sediment, while the bottom portion has higher 

velocity than background sediment so that a negative acoustic boundary is generated. 

As the base of the hydrate stability zone migrates upward, this layer can get thick 

enough so that its base can be resolved as a separate reflector. 

The periodic hydrate formation and dissociation may be controlled by the local 

seafloor-BSR penetrating fault zone. Active faults are good fluid migration channels. 

The activity of the fault zones enhances local fluid migration rates and promotes the 

dissociation of hydrate by increasing the local thermal gradient. The fluid migration 

rates may rebound to normal when the faults are closed, so that hydrate may form 

again in the zone which it used to occupy (figure 4.10 a). 

As evidence of water extraction by gas hydrate formation from sediments, an 

unusually high water content clay layer up to 2m thick has been recovered within the 

gas hydrate stability zone in ODP Leg 146 at Site 892. [Westbrook et al., 1994]. This 

sediment was first believed to have been severely disturbed by the drilling process, 

but was later described as "soupy" or "mousse-like" because of the excessive water 

content. The pore fluid within this layer was also found to be Cl-depleted. They were 

therefore concluded to have contained gas hydrate, which had dissociated during the 

drilling process. 

Water-depleted sediment was clearly observed at Site 892D. At 67.7 mbsf at 

Site 892, roughly the BSR depth, gamma ray attenuation porosity evaluation 
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(GRAPE) measurements and index property measurements show a consistent sharp 

increase of bulk density from 1700 kg/m3 to 2000 kg/m3
, accompanied by a porosity 

decrease from 55% to 42%, as shown in figure 4.11 . The sediment in this zone is 

highly fractured according to the core description. 
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Figure 4.11 GRAPE density, core bulk density and porosity at Site 892. Water depleted 
sediment was clearly observed al Hole D. Al 67.7mbsf, roughly the BSR depth, GRAPE 
density measurement and core bulk density measurement show consistent sharp incre­
ment of from 1.7g/cm3 lo 2.0g/cm3, accompanied by sharp porosity decrement from 
55% to 42%. The sediment in this zone is very seriously fractured according to the core 
description. 
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The density contrast across the BSR at ODP Sites 889/890 is not as clear as 

that at Site 892. There does exist a fairly large change of bulk density from 1900 

kg/m3 to 2100 kg/m3 at 249 mbsf (figure 4.6 b), which is about 25 m deeper than the 

seismically determined BSR depth. If this density change indicates the actual base of 

the gas hydrate zone, the velocity derived from the VSP used in estimating the BSR 
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depth should be generally 10% higher. This is unlikely to be true because VSP 

velocities are believed to be the best velocity measurements and because an excellent 

match was obtained between synthetic seismic data and the real seismic data at the 

drilling site. 

The difference of density contrast at the two sites can be explained with their 

depth. The BSR appears at only about 74 mbsf where sediment normally has higher 

water content and lower bulk density. Water can be extracted more easily at this depth 

than from the sediment at a depth of 250 mbsf, where water content is lower and the 

bulk density is higher. Thus the deeper the BSR is, the less the corresponding density 

contrast. 

4.6.2 The Presence of A Second Free Gas Zone 

For velocity case 2, in which velocity drops from background sediment 

velocity to a low velocity compared with the free gas zone below the primary BSR, 

we propose the presence of a second free gas zone which is separated by a 

impermeable sediment layer from the first gas zone. In this case, the top of the second 

free gas zone is marked by the secondary BSR, while the bottom is not well 

constrained due to lack of reflection from the zone below (figure 4.10 b). 

This reflection sequence is to some extent similar to that at Blake Ridge, 

where numerous reflections within a thick low velocity zone below the primary BSR 

indicates that free gas is trapped in numerous stratigraphic layers. The BSR itself is 

not the sole indicator of free gas, but simply marks the shallowest level at which free 

gas may be present. Compared with the 30 m-thick zone offshore Vancouver lsland, 
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the free gas below the BSR at Blake Ridge may distribute in a series of zones over a 

250 m-thick layer [Holbrook et al, 1996). 
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Chapter 5 Conclusions 

Following the above discussion on the physical property analyses, seafloor and 

BSR reflection coefficient calculations, free gas and hydrate saturation estimation and 

forward modeling of a secondary BSR, we can draw the following conclusions: 

1: The porosity-depth function for the topmost 6-7 m of sediment is different 

from the deeper trend. The exponential decay constant for porosity reduction is only 

60 m for the shallow layer, in contrast to a value of 1500 m for the accretionary 

wedge sediments down to a depth of several kilometers. The shallow layer should be 

treated as a different unit which has not yet undergone the compaction process as that 

of deeper sediment. 

2: Porosity is reliably predictable from resistivity (formation factor) 

measurements using Archie's Law. Archie 's Law parameters from Site 888 and Site 

889/890 are very close to the optimum parameters for data set I. 

3: The contrast in seismic velocities at the seafloor is very small, as 

determined from the core velocity measurements. The reflectivity at the seafloor is 

mainly caused by the bulk density contrast between seawater and seafloor sediments. 

Average bulk density is 1650 kg/m3 for the shallow water region and 1300 kg/m3 for 

the deep water region. The corresponding reflection coefficients calculated from bulk 

densities are 0.23 and 0.11, respectively. In the shallow water region, the difference 

between average seismic reflection coefficient (0.20) and the bulk density reflection 

coefficient may be due to scattering. For 75 Hz frequency, simple scattering models 

predict a value of 0.95 m for the length scale of seafloor roughness . The difference of 
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seismic reflection coefficients between shallow-water and deep-water regions may be 

due to an intermediate-density layer at the seafloor, which is only ten's of centimeters 

in thickness in the shallow-water region but up to 2-3 m thick in the deep-water 

region. 

4: The high seafloor reflection coefficients on the west flank of a local 

topographic high may indicate enhanced fluid flow in this region. 

5: The BSR reflection coefficients have a slight correlation with the 

topographic high (not as strong as that in the adjacent survey region to the east as 

reported by Fink & Spence ( 1998)). Strong correlation with topographic highs is not a 

universal observation. Typical values range from 0.025 to 0.12, with the majority 

values of from 0.03 to 0.08, which corresponds to hydrate saturations between 5% 

and 15% of the pore space. The hydrate saturation, derived from the BSR reflection 

coefficient by using velocities from 1600 mis to 1640 mis for background sediment 

and a velocity of 1515 mis for gas charged sediments, has maximum values of more 

than 15% on the local topographic high and its west flank. Free gas saturation remains 

difficult to estimate, but we can safely conclude that gas saturation should be less than 

5% of the pore space. 

6: A secondary BSR was observed about 16-30 ms below the primary BSR in 

a restricted region where local seafloor-BSR penetrating faults are present. Forward 

modeling shows two possible velocity configurations, which corresponds to an 

overconsolidated sediment layer and a second free gas zone. The waveforms of the 

primary and secondary BSR merge to a simple polarity-reversed version of the 

seafloor reflection if the distance between them is less than 12 m. 
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