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uncorrected (A) and corrected (B) base of hydrate stability
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ABSTRACT

Bottom Simulating Reflectors (BSRs) may represent free gas trapped below gas hydrates
or a diagenetic transition such as that of opal-A to opal-CT in biosiliceous sediments.
Determination of the origin of BSRs is important because they potentially result from vastly
different geological processes. Gas hydrates represent a potential future hydrocarbon
source and their dissociation, whether anthropogenic or natural, can result in sediment
destabilization. Potential subsequent methane release may contribute to past and future
climate change. This study investigates the origin of a segmented BSR imaged on
industry-acquired 3D seismic reflection data offshore Newfoundland. The BSR cross-cuts
Pliocene and younger contourite drift deposits of the Sackville Spur. The results show that
depths to the prominent primary BSR and two deeper, poorly defined BSRs correlate to
the theoretical base of hydrate stability depths for hydrates of variable thermogenic gas
composition. Gas below the BSR is inferred based on a correlative low velocity zone on
the F-09 well log. Effective medium models of these velocities predict minimal free gas
concentrations of 0.5% and overlying gas hydrates concentrations of 2 to 10%. Free gas
between and underlying the BSRs create amplitude, frequency and phase anomalies
along the stratigraphic beds that intersect the BSRs. Based on these observations, the
Sackville Spur BSRs are caused by hydrate accumulations. The top of an opal-A to opal-
CT diagenetic front is interpreted to occur 365-660 m below the BSR. This diagenetic front
is recognized as a high amplitude, faulted, late Miocene reflection that is generated by a
dramatic increase in bulk density observed on well logs. Seismic stratigraphic analysis of
the 3D volume shows post Miocene deposition was dominated by drift development on
the flanks of Flemish Pass. The onset of sediment failures in the Pleistocene correlates to
less drift development and increased deposition in the base of Flemish Pass. There is no
direct spatial association between the BSRs and MTDs although the onset of pockmarks
and failure scarps are stratigraphically equivalent, suggesting hydrate dissociation and
sediment failure may have a common triggering mechanism. The Sackville Spur gas
hydrate deposit represents a potential geohazard and must be considered during future
development of the Mizzen hydrocarbon field.
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CHAPTER ONE: INTRODUCTION

1.1 STATEMENT OF PROBLEM
Seismic reflections that cross-cut stratigraphic reflections, mimic the seafloor,

and do not represent acquisition artifacts are known as bottom simulating reflectors
(BSRs). BSRs represent acoustic impedance contrasts that primarily result from two
post depositional processes: 1) trapping of free gas below solid gas hydrates, and 2)
changes in the physical properties of siliceous sediments at the diagenetic transition of
silica from opal-A to opal-CT through to microcrystalline quartz. Gas hydrates represent
a geological hazard, a potential future energy source, and may contribute to past and
future climate changes. In contrast, diagenetic boundaries provide information on the
lithology and physical properties of the sediments. The high risk associated with
exploratory drilling further underscores the need to distinguish hydrocarbon-related
BSRs from those created by silica diagenesis. Despite the importance of distinguishing
the origin of BSRs, determining the cause is often challenging and requires additional
information beyond seismic datasets.

A BSR offshore Newfoundland, first identified in 1985 on industry 2D seismic
lines (Campbell et al. 2002), is fully imaged on modern 3D seismic data. The origin of
this BSR, which transects late Cenozoic sediment drift deposits of the Sackville Spur,
has been debated. Mosher (2011) related it to the presence of gas hydrates based on its
phase reversal, the geometric nature of the cross-cutting relationship, and its correlation
with the base of hydrate stability depths. However, consultants hired by the operators of
the lease block attributed the BSR to the diagenetic transition of silica (E. Stacey
personal communication, 2011) and compared it to a high amplitude, cross cutting
reflector (CCR) imaged on various seismic profiles from Davis Strait off western
Greenland (Pegrum et al. 2001). The Davis Strait CCR was originally interpreted as a
water on gas contact and as such was targeted in the Qulleqg-1 exploration well
(Christiansenetal.2001) . Exami nat i on dnflicatedtteattheddtdpdi s si de
was not related to hydrocarbon accumulations but instead was produced by the
diagenetic transition of opal-CT to microcrystalline quartz (Pegrum et al. 2001;
Christiansen et al. 2001). The high risk and expense associated with exploratory drilling
thus further underscores the need to distinguish hydrocarbon related BSRs from those

created by silica diagenesis.



This study investigates the origin of the Sackville Spur BSR through assessment of
seismic attributes along key horizons and through comparison of BSR depths and
modelled hydrate stability depths. Seismic to well correlations provide valuable lithologic
information and ages for the sediments transected by and underlying the BSR and
ultimately allow for a detailed stratigraphic evolution of the Sackville Spur. The
combination of these various observations, and improved calculation of the hydrate
depth fields, provide key factors for distinguishing between hydrate and diagenetic silica
BSRs within the North Atlantic. The results of this study reveal that the Sackville Spur
BSR is caused by gas hydrates. This has direct implications for hazards and exploration
risks in the immediate region, but also has implications for the interpretation of BSRs
throughout the Atlantic margin.

1.2 OBJECTIVES
The central hypothesis of this thesis is that the Sackville Spur BSR is caused by

gas hydrates. This study will use geophysical and geologic observations to test the
hypothesis, and improve our understanding of the local seismic stratigraphy. If the
hypothesis is not falsified, the study will estimate the concentration and composition of

the gas hydrate and free gas in the sediments.

The main objectives of this thesis are:

(1) To describe the seismic stratigraphic setting of the Sackville Spur BSR

(2) To determine the origin of the Sackville Spur BSR

(3) If present, estimate the concentration of gas hydrate and underlying free gas

(4) Provide key indicators for distinguishing between gas hydrate versus silica
diagenetic BSRs

1.3 THESIS ORGANIZATION
This thesis follows a traditional monograph style and is divided into seven chapters.

Chapter 2 provides background information on the formation, detection, and significance
of gas hydrates versus those for silica diagenesis. A brief review of the regional geology
and local stratigraphy around the Sackville Spur is provided in Chapter 3. Chapter 4

details the methodological approaches with emphasis on seismic data interpretation and

base of hydrate stability calculations. Chapter 5 provides the results of the seismic



interpretation and hydrate stability calculations. Combining the new and previously
published results, Chapter 6 provides a detailed interpretation for the stratigraphy of the
Sackville Spur, along with evidence to the genesis of the Sackville Spur BSR. The
conclusions and implications for future work on the BSRs in the North Atlantic are

summarized in Chapter 7.



CHAPTER TWO: GAS HYDRATES AND SILICA DIAGENISI S

2.1 THE BASICS
Gas hydrates are naturally occurring ice-like solids composed of a lattice of

hydrogen bonded water molecules that encase a guest gas molecule. A subgroup of
clathrates, which are compounds formed by the inclusion of molecules of one kind into
the crystal structure of another compound, gas hydrates were first noted in 1811 by
English chemist Sir Humphrey Davy (Davy 1811). Hydrates remained a scientific
curiosity until the 1930's when hydrate blockages began to impede flow in oil and gas
pipelines (Hammerschmidt 1934). The need to prevent such blockages led to significant
research into understanding and predicting the conditions under which hydrates form. In
1967, Russian scientists were the first to discover a large naturally occurring gas hydrate
deposit in the Siberian permafrost. This discovery was followed in the 1970's with the
direct observation of gas hydrates in the Black Sea as reported by Russian scientists
Yefremova and Zhizhchenko (1974).

Today the thermodynamic conditions required for hydrate formation are generally
well defined and include regimes dominated by low temperature, typically less than 25°C
and high pressure, normally greater than 0.6 MPa (Sloan 1998). These conditions occur
naturally in the first few hundred metres of sediments of the world's outer continental
margins. At such locations the zone of hydrate stability extends from the seafloor to the
depth at which temperatures become too high for hydrate formation. Below this zone,
water and free gas occupy the pore spaces.

Silica diagenesis is another post depositional process that modifies sediments on
the w o r Icdninental margins. When siliceous sediments go through diagenesis, opal-
A transitions to opal-CT and can subsequently transition to quartz. Opal-A represents
the siliceous oozes composed of the tests of silica-secreting organisms such as diatoms
and radiolarians. As an amorphous mineral phase, opal-A is unstable during diagenesis
(Hein et al. 1978). It dissolves at increased burial depths and opal-CT as porcellanite
and chert is subsequently precipitated (Williams and Crerar 1985). This diagenetic
transition reduces porosity and in turn increases the density and seismic velocities of
sediments leading to a BSR on seismic profiles.

Silica diagenesis and the formation of gas hydrates are the result of two very
different post-depositional processes. The following overview highlights the importance

of distinguishing between them.



2.2 GAS HYDRATE PROPERTIES
Like all clathrates, there is a lack of bonding between the guest and host

molecules that comprise gas hydrates. Instead, the hydrate structure is
thermodynamically stabilized through non-bonded interactions between the guest and
water lattice (Sloan 1998). Gas hydrates most commonly form with one of three
repeating unit hydrate crystal structures, sl, sll and sH. The crystal structures differ in the
number and sizes of the cages and their unit cells. Sloan (1998) proposed that the size
of the gas molecules in the pore spaces dictates the hydrate crystal structure that will
form in a particular deposit. Without the proper sized guest molecule the hydrate
structure is not stable and hydrates will not form. Figure 2.1 relates the type of hydrate
that forms when different guest molecules are present.

Methane, ethane,

6 b ioxi
Water molecule ‘cage’ @ — carbon dioxide....
1282
5 5126
16 8 Propane, iso-butane,
’ ’ natural gas....
512 5124 “

Gas molecule

(e.g. methane) @ 2
—_—

Methane + neohexane,
methane + cycloheptane....

Structure H

Figure 2.1 Gas hydrate formers and crystal structures. Modified after Sloan (2003).

The sl hydrate unit cell is a cubic lattice composed of 46 water molecules that
form six large, and two small cages. The sl hydrates contain smaller guest molecules
such as methane (CHa4), ethane (CzHs), carbon dioxide (CO2) and hydrogen sulfide
(H2S). Methane occupies around 95% of the large and 85% of the small cages (Sloan,
1998). The sl hydrates predominate in Earth's natural environments with biogenic
methane the most common guest molecule. The sl hydrates have a diamond lattice with
cubic framework composed of 136 water molecules that contain eight large cages and

16 smaller cages (Sloan 1998). The sll small cage is the same as that of the sl hydrates.



Common sll formers include larger guest molecules such as propane (CsHg). Where
larger gas molecules are thermogenic in origin, sll hydrates commonly form during
hydrocarbon production (Sloan 1998). The third and least commonly observed hydrate
crystal structure are sH hydrates, which have a hexagonal framework and require a
mixture of very large and small gas molecules; of which the small must be present for sH
hydrates to form. sH hydrates can occur in nature but are more commonly encountered
in hydrocarbon production environments (Sloan 2003). The geometric parameters of the

three crystal structures are summarized in Figure 2.1.

2.2.1 Physical Properties

Gas hydrates contain ~80% (mol) water in solid form and ~15% (mol) gas, which
suggests gas hydrates have physical properties similar to those of ice. Indeed the
presence of gas hydrates in the shallow sediments is akin to that of ice and just as ice
would, gas hydrates act to cement and strengthen the host sediment (Stoll and Bryan
1979). Studies on hydrate bearing sediments from the Eastern Nankai Trough showed
that sediments with 63% hydrate saturation experienced brittle failure when exposed to
compressional triaxial stress while hydrate free sediments deformed ductilely (Yoneda at
al. 2015). Yoneda et al. (2015) concluded that with increasing hydrate saturation the
stiffness of the sediment increases.

The hydrate-ice analogy is generally true except for thermal conductivity (Stoll
and Bryan 1979) and thermal expansivity (Sloan 1998). Unlike ice, the thermal
conductivity of bulk hydrates is anomalously low; about one fourth that of ice (Waite et
al. 2007). The thermal conductivities of hydrates are more like that of glass given that
the hydrate guest molecules disrupt and slow the transfer of heat through the hydrate
(Giavarini and Hester 2011). A comparison of the physical properties of hydrates versus
ice are included in Table 2.1. Of note is the similarity of properties between the sl and sl|

hydrates.



Table 2.1 Comparison of the properties of ice, sl and sl hydrate crystal structures (Gabitto and
Tsouris, 2010).

Property Ice (Iy,) Structure Structure IT
Water molecules number 4 46 136
Lattice parameters at 273 K, nm a= 0452, ¢ =0.736 1.20 1.73
Dielectric constant at 273 K 94 ~58 58
Water diffusion correlation time, us 220 240 25
Water diffusion activation energy, kJ/m 58.1 50 5
Isothermal Young’s modulus at 268 K, 10° Pa 9.5 8.4 (est.) 8.2 (est.)
Poisson’s ratio 0.33 ~0.33 ~0.33
Bulk modulus (272 K) 8.8 5.6 NA
Shear modulus (272 K) 3.9 24 NA
Compressional velocity (V, ), m/s 3870.1 3778.0 3821.8
Shear velocity (V;}, m/s 1949 1963.6 2001.1
Velocity ratio (comp./shear) 1.99 1.92 1.91
Linear thermal expn., at 200 K, K* 56107° 77107° 52107°
Adiab. bulk compress. (273 K), 107" Pa 12 14 (est.) 14 (est.)
Heat Capacity, ] kg~ K- 3800 3300 3600
Thermal conductivity (263 K), Wm~' K 2.23 0.49 + 0.02 0.51 = 0.02
Refractive index, 638 nm, —3°C 1.3082 1.3460 1.350
Density, kg m—? 916 912 940

A comparison with ice is useful but in the marine environment gas hydrates
replace water in the pores and it is this contrast that helps detect them. A comparison of
hydrate and water bearing sediments shows the thermal diffusivity of water is half that of
gas hydrates (Sloan 1998). As a result hydrate bearing sediments change temperature
more rapidly than hydrate free sediments (Stern et al. 2000). Hydrate bearing sediments
store less heat than water bearing sediments as the specific heat of hydrates is half that
of water (Sloan 1998; Stern et al. 2000). Another important characteristic of hydrates is
that their dissociation is an endothermic process. When hydrates dissociate, heat is
absorbed from the surrounding sediments and in turn the sediments cool. Conversely,
the formation of hydrates is an exothermic process, leading to positive system enthalpy
(Stern et al. 2000; Waite et al. 2007).

2.3 GAS HYDRATE PHASE BOUNDARIES
Gas hydrate equilibrium calculations are used to determine the temperature and

pressure at which gas hydrates form from a water/gas mixture. The water can occur in
solid or liquid phases and gas in the vapour phase. Based on laboratory experiments,
researchers determined gas hydrate phase boundaries for various mixtures of water,

including salts and other impurities, as well as for various gas compositions (Sloan



1998). These various phase boundary lines define the temperatures and pressures at
which hydrocarbon gas co-occur with various water phases. Above the gas hydrate
phase boundary, water, with gas in solution, is present in the liquid phase while below

the phase boundary, the water and gas mixture forms solid hydrate Figure 2.2.
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Figure 2.2 Gas hydrate phase diagram. Red line represent the phase boundary for a methane

and salt water mixture (Sloan 1998).

Predictions of phase boundaries and in turn gas hydrate stability regimes were originally
developed, and are most commonly used, to predict and prevent hydrate formation in
gas pipelines (Carroll 2003). As the study of subsea gas hydrates has developed,
researchers have used hydrate equilibrium calculations to model the predicted base of
the gas hydrate stability zone in its natural setting (Dickens and Quinby-Hunt 1994;
Majorowicz and Osadetz 2003; and Le6n et al. 2009).



2.3.1 Gas Hydrate Formation

At its most basic level and much like a classic petroleum system, formation of
natural gas hydrates requires a number of fundamental components. First, there must be
sufficient gas in the system. Natural gases may be dissolved in the pore water or present
as free gas in the pores. Secondly, there must be sufficient porosity for the hydrates to
form and finally, the pressure and temperature regime must be favourable for their
formation. The temperature and pressure regime can be thought of as a thermodynamic
trap (Max and Johnson 2014).

Currently, three models of gas hydrate formation are proposed in the literature.
The first is in-situ formation by biogenic methane (Kvenvolden and Barnard 1983). This
mode creates uniform and extensive deposits with maximum hydrate concentrations of
3% (Klauda and Sandler 2005). The second model is formation by upwardly migrating
free gas (Paull et al. 1994). The free gas may travel along faults or fissures or may
represent dissociated hydrates. With continued deposition and subsequent subsidence
temperatures at the base of the hydrate stability zone increase and eventually become
too high for the hydrates to be stable. The hydrates dissociate and the free gas migrates
upward until temperatures once again become favourable for hydrate formation (Figure
2.3). The third and final formation mode is a process by which upward rising methane-
under-saturated water becomes methane saturated at lower pressures. As the saturated
waters pass through the hydrate stability zone, hydrate formation occurs without an
underlying free gas zone (Hyndman and Davis 1992).
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Figure 2.3 Proposed model for hydrate formation by upward migrating gas and hydrate recycling

(Paull et al. 1994). BGHS represents the base of gas hydrate stability.

The presence of gas and migrating fluids are important for hydrate formation. But
available porosity is also critical. Sandy sediments allow for increased hydrate formation
relative to muds while faults can create secondary porosity and form focused areas of
high hydrate concentrations. Faults may also provide conduits to more permeable
sediment layers (Milkov and Sassen 2002).
In an overview of gas hydrate research Malone (1985) identified four types of
naturally occurring hydrate deposits. The first are disseminated deposits that have low
hydrate concentrations. These hydrates rapidly dissociate in core samples brought to the
surface. Their presence is indicated in cores by reduced sediment temperatures as a
result of hydrateds endothermic heat of dissoc
the majority of the o0cel®98p Hdydratgnddulastreprestrg posi t s (
the second type of hydrate deposit. The nodules can measure up to 5 cm in diameter
and the methane or other guest gases (such as ethane and propane) may be

thermogenic in origin. Layered hydrates separated by thin layers of sediment form the
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third type of natural hydrate deposit. These layers represent porous versus non porous
units. The final type of deposit is massive hydrates, which in marine environment are
found at the seabed in areas with high methane flux such as at mud volcanoes. Massive
hydrates can be 3-4 m thick with more than 95% hydrate (Malone 1985).

2.4 GEOPHYSICAL INDICATO RS OF GAS HYDRATES
Gas hydrates easily dissociate at standard atmospheric pressures and

temperatures. Difficulty in recovering samples has led scientists to rely heavily on

geophysical indicators to identify, characterize and assess gas hydrate deposits (Riedel

et al. 2010). Gas hydrates can act to cement grains and increase the rigidity of the

sediment. Given the proper saturation and distribution, the presence of gas hydrates

increases the sonic velocity through the affected sediments. On downhole resistivity logs
gas-hydrate bearing sediments present as resistivity highs owingtohy dr at e 6s hi gh
resistance to electrical current. These geophysical indicators are useful but are limited to

deposits through which well logs were acquired. A more universal indicator of gas

hydrates in marine sediments is the observation of a bottom simulating reflector on

seismic reflection profiles.

2.4.1 Bottom Simulating Reflectors

Seismic reflections that cross-cut stratigraphy and parallel the seafloor are known
as bottom simulating reflectors (BSRs) and are observed on continental margins
throughout the world (Kim et al. 2013; Mosher 2011; Riedel et al. 2010; Berndt et al.
2004; Lee et al. 1994).

A gas hydrate BSR forms when sub-seafloor temperatures become too high for
hydrates to form and gas and water fill the pore spaces. If present in significant
guantities, gas hydrates will act as a seal trapping the underlying free gas. A strongly
negative acoustic impedance contrast results from elevated velocities in the hydrate
bearing zone and reduced velocities in the underlying free gas bearing sediments. This
negative acoustic impedance contrast results in a high amplitude, phase reversed

reflection on seismic profiles (Haacke et al. 2007).
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Figure 2.4 Phase reversed gas hydrate BSR.

The diagenetic transition of minerals, most notably the transition of opal-A to
opal-CT in siliceous sediments, may also form a BSR. At increased burial depths,
biogenic opal-A dissolves and opal-CT or porcellanite is subsequently precipitated
(Williams and Crerar 1985). This diagenetic transition increases the density and velocity
of the sediments, creating a positive acoustic impedance contrast that is imaged on
seismic profiles as a high amplitude, positive phase BSR (Figure 2.5). In rare conditions,
gas trapping below diagenetic boundaries has produced a phase-reversed diagenetic
BSR (Cant 1986).
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Figure 2.5 Positive phase diagenetic BSR.
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2.5 SILICA DIAGENESIS
Unlike gas hydrates, which are primarily temperature and pressure dependant,

silica diagenesis is complex and is controlled by composition, temperature, burial depth,
time, pore water chemistry and sediment permeability (Hein et al. 1978; Williams and
Crerar 1985). That said, sediments rich in biogenic silica are the key ingredient to the
development of diagenetic fronts. Sediment composition can also influence the
diagenetic reaction rate with the formation of opal-CT inhibited in the presence of clay
minerals and accelerated in the presence of carbonates (Williams and Crerar 1985). The
dissolution of carbonate provides the proper alkalinity to promote silica diagenesis and
seawater provides the magnesium required for the diagenesis. In clay rich sediments the
clay minerals compete with the seawater alkalinity (Kastner et al. 1977). The silica
transformation typically occurs in sediments older than Miocene age (Riech and von Rad
1979) and at temperatures ranging from 35°C to 56°C although temperatures as low as
2°C have been reported (Meadows and Davies, 2010).

In a global assessment of biogenic silica diagenesis, Neagu (2011) noted a
correlation between the presence of silica diagenetic fronts and the development of
polygonal fault systems. Polygonal faults are defined as a network of layer-bound
extensional faults with throws generally from 10-100 m and arranged in a polygonal
structure like that observed in mudcracks (Cartwright and Dewhurst 1998). These faults
develop in sediments that experienced subsidence and burial in a passive margin setting
(Neagu 2011). Various hypothesis for the genesis of polygonal faults have been
proposed with the latest by Cartwright (2011) who proposed that polygonal faults are
formed through diagenetically induced shear failure.

2.6 HYDRATE AND DIAGENTIC SILICA CASE STUDIES AND OCCURANCES
The United States Geologic Survey (USGS) compiled a map of all documented

gas hydrate deposits both inferred and recovered. Along the Atlantic margin of North

America, the only recovered gas hydrates are offshore the southern US at Blake Ridge.
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Figure 2.6 Global gas hydrate occurrences as compiled by the USGS in 2014 (USGS 2014)

2.6.1 Blake Ridge Gas Hydrates
Gas hydrate BSRs were first identified by Markl et al. (1970) in sediments of the

Blake Ridge on the southeastern passive continental margin of North America (Figure
2.7). The Blake Ridge BSR covers 55,000 km? and is observed in water depths of ~800-
4000 m and occurs ~190 and 450 m sub-seafloor in Miocene and younger drift
sediments (Borowski 2004). The seismic character of the Blake Ridge BSR is variable,
ranging from a high amplitude continuous reflection to one inferred from underlying high
amplitude events (Figure 2.7) (Lee et al. 1994). Collett and Ladd (2000) showed that
Blake Ridge BSR depths are coincident with theoretical base of hydrate stability depths.

Abundant gas hydrates deposits at Blake Ridge were confirmed from direct
sampling in DSDP/ODP wells as well as from geochemical proxies (Borowski 2004) and
downhole wireline logs. In particular, resistivity log values (Figure 2.7c) are distinctly
elevated in the sediments overlying the BSR (Collett and Ladd 2000).
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Figure 2.7 The location and areal extent of the Blake Ridge BSR within the western Atlantic (A).
A red star identifies the location of a seismic profile through the gas hydrates (B) showing the
character of the BSR. The resistivity log from Site 995 (B) shows elevated values through the gas
hydrate bearing sediments (UNIT 2). Modified after Collett and Ladd (2000).

2.6.2 BSRs along Canadian East Coast Margin

Mosher (2011) identified seven BSR locations along the passive margin of
eastern Canada in a margin wide study of available seismic profiles, (Figure 2.8). The
BSRs occur between 250 and 445m sub-seafloor in water depths of 620-2850m. The
BSRs are associated with Cenozoic contouritic drift deposits, which are typically
primarily composed of muddy and silty sediments with fewer sandy horizons (Faugéres
and Stow 2008). Mosher (2011) attributed these BSRs to the presence of gas hydrates.
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Figure 2.8 Locations of BSRs (circles) along the eastern margin of Canada as identified by
Mosher (2011). The large red circle shows the location of the Mohican BSR while the red star
shows the Sackville Spur BSR location. Modified after Mosher (2011).

Of the seven locations identified by Mosher (2011), the Mohican Channel BSR is
the only location at which the BSR and associated gas hydrate deposits were studied in
detail. The BSR transects Pliocene and younger drift deposits. Using velocity information
from wide-angle seismic profilesLeBlanc et al. (2007) showed that the Mohican Channel
BSR, which occurs in water depths of ~2000 m and is present ~290 m below the
seabed, is associated with an overlying high velocity zone ~100-150 m thick and an
underlying low velocity zone. In later work, Schlesinger et al. (2012) used wide angle
and reflection seismic data to model a 90-110 m thick high velocity zone above the BSR
(~220-330 m below the seafloor) with velocity increases on the order of 200-300 m/s.
While below the BSR, a 30-150 m thick low velocity zone with velocities decreases on
the order of 130 m/s was modelled (Schlesinger et al. 2012). The increased velocities
are interpreted to reflect the presence of solid gas hydrates which act to cement the
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sediment grains while the reduced velocities below are assumed to represent the
presence of free gas within the sediment pore spaces at the base of the hydrate stability
zone (LeBlanc et al. 2007; Mosher 2011; Schlesinger et al. 2012). Hydrates were
successfully sampled in 2016 on the Scotian margin marking the first reported hydrate

recovery on the Canadian Atlantic margin (Campbell and Mac Donald 2017).

2.6.3 Silica D iagenesis in the North Atlantic

The opal-A to opal-CT transition along the eastern North Atlantic was
investigated in cores from the Deep Sea Drilling Project (DSDP) collected along the New
Jersey margin (Thein and von Rad 1987) and in the Labrador Sea (Bohrmann and Stien
1989).

On the New Jersey margin, Site 605 from Leg 93 and Sites 612 and 613 from
Leg 95 were drilled in 2194 m, 1404 m and 2323 m of water respectively. The silica
diagenetic front was encountered at sub-seafloor depths of 350 m, 325 m, and 443 m
respectively. These sub-seafloor depths correspond to Eocene sediments aged 49 to 52
Ma (Thein and von Rad 1987). The silica transition along the New Jersey margin, as
determined from DSDP cores, occurs as a relatively sharp boundary marked by a
change from unsilicified or weakly silicified radiolarian, diatomaceous, clay bearing
nannofossil chalks without opal-CT to underlying porcellanitic nannofossil chalks and
limestones with opal-CT (Thein and von Rad 1987). The appearance of opal-CT
corresponds not only to a prominent lithological boundary where major compositional
characteristics change but also to a change in the physical properties of the sediments.
The appearance of opal-CT is typically associated with increases in downhole sonic
velocities as well as increases in grain and bulk densities and reductions in the porosity
and water content (Thein and von Rad 1987; Meadows and Davies 2010). These
changes in physical properties result in the Eocene aged A° seismic reflector identified
by Tucholke and Mountain (1979) that occurs throughout the western North Atlantic.

When sampling Eocene to Holocene aged sediments in the southern Labrador
Sea for Ocean Drilling Program Site 647 (Leg105), siliceous sediments were first noted
in abundance in Miocene through Oligocene sediments (Bohrmann and Stien 1989). The
opal-A to opal-CT diagenetic front is found in earliest Oligocene to late Eocene strata
while opal-CT was transformed into authigenic iron-rich smectites in early to middle
Eocene aged sediments (Bohrmann and Stien 1989). Riech and Von Rad (1979) noted
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that in the Atlantic, porcellanites (opal-CT) are rare in Pliocene and Miocene aged
sediments with increasing occurrence in pre-Miocene sediments with a marked
maximum at ~50 Ma in the early to early middle Eocene. Globally, Pliocene and younger
porcellanites are rarely observed and where they occur they are associated with an
abundance of diatoms, reactive volcanogenic material, elevated heat flow, or
hydrothermal solutions (Riech and von Rad 1979).

Biogenic silica production and/or preservation in the Atlantic was strongest in the
early to middle Eocene (Riech and von Rad 1979). Similar Eocene cherts were sampled
in drillholes from the eastern North Atlantic, Caribbean and equatorial Pacific (Thein and
von Rad 1987). This abundance of silica is attributed to multiple factors that remain
under debate (Miller et al. 2009). The early and middle Eocene was a period of
unimpeded equatorial circulation between the Tethys, Atlantic, Caribbean and Pacific
oceans. This circulation caused coastal upwelling which provided additional sources of
silica (Riech and von Rad 1979). The higher sedimentation rates favoured the
preservation of skeletal opal at the seafloor. A rapid depression of the CCD allowed
carbonate-rich sediments to accumulate in deep waters (Penman et al. 2016). Increased
volcanic activity in the late Paleocene to early Eocene increased nutrient-phosphorous
and silica supply to the surface waters. In addition, the tropical to sub-tropical climate of
the circum-Atlantic, especially during the Paleocene and Eocene (Frakes 1979), caused
extensive chemical weathering at lower latitudes that mobilized silica and may have
triggered explosive silicoplankton productivity (Thein and von Rad 1986).

On the other hand, Miller et al. (2009) attributed the development of a large
Antarctic ice sheet at the Eocene-Oligocene transition to increased ocean circulation that
in turn resulted in increased latitudinal and vertical thermal gradients. These increased
thermal gradients led to increased wind driven upwelling and eddy turbulence, which
triggered increased nutrient recycling that in turn resulted in a rapid diversification of
diatoms in the Oligocene (Falkowski et al. 2004). Conditions with high turbulent mixing
are favoured by diatoms over other eukaryotic phytoplankton (Katz et al. 2005). The
lowered CCD allowed for preservation of the diatom tests which allowed significant

Eocene-Oligocene biogenic silica deposits to develop in the Atlantic.

2.7 SIGNIFICANCE
Distinguishing between gas hydrates and silica diagenetic fronts is primarily

important because gas hydrates represent a significant hydrocarbon resource, a
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potential geohazard and may play a key role in past and future climate change. While
silica diagenesis changes the properties of the sediment and in some cases may
represent a drilling constraint; drilling through hard cherts can require specialized bits

(Nierenberg and Peterson, 1971).

2.7.1 Potential Geohazard

A geohazard is a geological state or condition that can lead to widespread
damage or human fatalities. Where gas hydrates act to cement and stiffen the host
sediments, hydrate dissociation acts to weaken the sediment. In the marine
environment, this weakening can result in sediment instability and potentially lead to
sediment failure and sub-marine landslides. Although it is difficult to directly link hydrate
instability and slope failure, various authors have proposed hydrate dissociation as a
potential cause for massive seabed failures (Vanneste et al. 2014; Owen et al. 2007,
Lee 2009). Sediment instability and failure, even on a local scale, can have catastrophic
consequences for seabed infrastructure. Hovland and Gudmestad (2001) noted that
warm pipelines at or just below the seabed as well as heavy structures on the seabed
have the potential to modify the thermodynamic regime in the shallow sediments leading
to hydrate dissociation and in turn sediment and infrastructure destabilization.

One significant risk associated with natural gas hydrates occurs when drilling
offshore through hydrate saturated sediments. Given thatt he wel | 6 s casing an:
preventers are not set until such a depth that consolidated sediments are encountered,
the well is particularly vulnerable through the hydrate bearing zone. Drilling induced
hydrate dissociation resulting from sediment depressurization as well as formation
heating by drilling and friction present significant potential hazards (McConnell et al.
2012). In a worst case scenario, drilling induced hydrate dissociation can lead to the loss
of well control due to the introduction of shallow gas as well as failure of the shallow
portion of the borehole through the loss of sediment competence. There is also potential
for the loss of well control due to over-pressurized free gas below the hydrate bearing
zone (Hovland and Gudmestad 2001). In 2001 a Joint Industry Project in the Gulf of
Mexico was established to assess hazards of drilling through hydrate bearing sediments.
In Leg 1, clay dominated sediments with low hydrate saturations (saturations were
estimated to vary between 1-20%) were drilled (Ruppel et al. 2008). Experience from
that drilling revealed that cool drilling fluids circulated at a constant and relatively low

rate allowed heat to dissipate to the ocean reducing viscous heating of the drill pipe
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enough to maintain formation temperatures below that of hydrate dissociation
(Birchwood et al. 2008).

In the second leg of the Joint Industry Project, hydrate bearing sands with high
hydrate concentrations were targeted (Frye et al. 2009). It was found that the higher
hydrate concentrations (20-40%) did not pose a risk to drilling and instead acted to
cement the well allowing for better control in the shallow section (Collet et al. 2012). In
these more highly saturated sediments, the hazard is the pressurized free gas
underlying the hydrates. On seismic profiles, the typical bright spots and elevated
amplitudes associated with gas can be masked by the overlying hydrate deposits
(McConnell et al. 2012). To mitigate drilling risks, sediments with high hydrate
saturations, which typically do not have significant regional extent, are identified in the
predrilling hazard assessment phase and subsequently avoided during drilling.

2.7.2 Role of hydrates in climate change

The stability of natural gas hydrates is sensitive to temperature and to a lesser
degree pressure. Increases in oceanic temperature and changes in sea-level modify the
thermodynamic conditions in the shallow sediments and may cause hydrates to
dissociate. Dickens et al. (1995) and Dickens (2011) argued that this process was
responsible for the Paleocene-Eocene thermal maximum. They propose that increased
bottom water temperatures destabilized the sediment hosted hydrates causing a release
of methane into the ocean. This methane was rapidly oxidized to carbon dioxide which
provided a positive feedback that further increased global temperatures (Dickens 2011).
It is currently unclear what would cause the initial rise in seabed temperatures but one
possible process may be a change in ocean circulation. Phrampus and Hornbach (2012)
observed shallow BSRs on seismic profiles on the southern US Atlantic margin that,
along with thermal models from the continental shelf, suggest hydrate dissociation is
actively occurring at the seabed. They proposed that the shoaling BSR is induced by
increased seabed temperatures resulting from changes in the flow of the Gulf Stream.
They associated these changes with increased temperatures along the western North
Atlantic margin over the last 5000 years. Similarly, Westbrook et al. (2009) proposed that
hydrate dissociation related to warming of the West Spitsbergen current by 1°C over the
last 30 years is responsible for the more than 250 active plumes of methane emanating

from the seabed on the West Spitsbergen continental margin.
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2.7.3 Resource Potential

Gas hydrates represent a significant storehouse of methane both in permafrost
regions and on continental shelves. Hydrates act to concentrate hydrocarbons with one
cubic metre of hydrates containing as much as 180 standard cubic metres of methane
gas (Sloan 1998). Global values of methane gas volumes housed in gas hydrates range
from 5 x 10 m? (Buffett and Archer 2004) through 4 x 10'® m3 (Wood and Jung 2008) to
1.2 x 10" m® (Klauda and Sandler 2005). In terms of global resource potential, Boswell
and Collett (2011) estimated 2.4 x 102 m? of total recoverable gas in hydrate deposits.

Research wells to test the viability of gas hydrate production were drilled in the
Nankai Trough offshore Japan and in the permafrost hydrate deposits of the Mackenzie
Delta of the Northwest Territories. Gas hydrate production tests, first undertaken in 2002
at the Mallik well, used a hot water circulation method to increase the sediment
temperature and dissociate the gas. Water was heated to 80 °C then circulated through
the sediments surrounding the well. A total of 470 m® of methane gas was produced over
a five day period (Moridis 2005). This hot water method was not ideal as significant
energy was required to heat the water to the proper temperature. A second less energy
intensive depressurization method was tested in 2007. This method pumped water out of
the well reducing the pressures at depth and dissociating the gas hydrates through
pressure-drawdown. After overcoming issues with sand obstructing flow through the
pumps, 13 000 m® of methane was produced in 2008 over 5.5 days (Uddin et al. 2012).

In 2013, Japan successfully extracted methane gas from marine gas hydrate
layers in the Eastern Nankai Trough through depressurization of the hydrate reservoir
(JOGMeC 2013). In this 2013 test, methane gas flowed unimpeded for six days with an
average production of 20 000 m? a day. Once pressures dropped to 4.5 MPa the sand
obstructed flow through the pumps and the test was terminated (Cyranoski 2013). With
the onset of shale gas in recent years, Canada and the United States have significantly
reduced their efforts in extracting methane from gas hydrates. In contrast, research
continues in Asian countries where the energy requirements from the growing middle
class are creating increased demands for domestic fuel sources.

Gas hydrate reservoirs have been proposed as a potential method for
sequestering and storing carbon dioxide. Given the current global concerns on the rising
amount of anthropogenic CO, and CHzs in the atmosphere, various authors have
proposed that CO; be stored as gas hydrates (Ersland et al. 2009; Castellani et al. 2013;
Jadhawar et al. 2006). Husebg et al. (2009) suggest that methane produced from
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hydrate reservoirs be replaced by CO.. In theory, this is an appealing proposition given
that CO, and methane both produce sl hydrates, thus minimizing the amount of
sediment volume change. The lack of volume change maintains the competence of the
formation hence reducing the risk of sediment failures. Also, unlike conventional natural
gas production, no water is produced when removing methane and replacing it with
carbon dioxide (Husebg et al. 2009).
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CHAPTER THREE: BACKG ROUND GEOLOGY

3.1 STUDY LOCATION
The Sackville Spur is an elongated contourite drift that extends off the

northeastern tip of the Grand Banks offshore Newfoundland Canada (Figure 3.1). North

of the Spur, water depths increase relatively rapidly into Orphan Basin, while to the

south the regional gradient is significantly lower as water depth increase into the

relatively shallow Flemish Pass (Figure 3.1). The Spur is deposited and shaped by the

cold Labrador Current that flows south along the Labrador coast and then splits in

Orphan Basin (Kennardetal. 1990). The <curr ent lhcontinuesieastaaroynd br a n ¢
Flemish Cap while the secondary branch flows over the Spur and south through Flemish

Pass (Figure 3.1). Throughout the Cenozoic, the Labrador Current transported sediment,
winnowed the fines and created the sand and silt dominated Sackville Spur sediment

drift (Kennard et al. 1990). Campbell (2014) noted that drift deposits generally correlate

to significant c¢ h a nhatdnssonie cases arenfarmeg bynadcient taulte n d
and fracture zones. The Sackville Spur marks a significant change in the margin or shelf
break trend, from an E-W orientation in Orphan Basin north of the Spur to N-S in

Flemish Pass south of the Spur (Figure 3.1). This change in margin trend owes itself to

the underlying crustal Cumberland Belt Transfer Fault Zone formed during Mesozoic

rifting (Grant and McAlpine 1990).
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Figure 3.1 A map of the study location offshore Newfoundland Canada. Bathymetry is indicated
by 200-m contours. The generalized flow pattern for the modern Labrador Current is shown in

blue while the red arrows represent the margin trend north and south of the Spur.

3.2 BACKGROUND GEOLOGY
The basement on the Newfoundland margin consists of rocks accreted onto

North America during the closing of the Paleozoic lapetus and Rheic oceans (Grant and
McAlpine 1990). Representing the most northern reaches of the Appalachian Orogen,
these Precambrian to Paleozoic rocks are ordered into four zones along the
Newfoundland margin; the Dunnage, Gander, Avalon, and Meguma zones. The Avalon
zone, which underlies the study area as well as much of the Grand Banks, contains a
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thick unit of Upper Precambrian sedimentary and volcanic sequences overlain by
Cambrian shales (Williams and Hatcher 1982, 1983).

3.2.1 Rift History

The modern continental margin offshore Eastern Canada evolved through
Mesozoic extension associated with the opening of the Atlantic Ocean. This extension
was concentrated into three rift phases. The first rift phase, occurring from Late Triassic
to lowest Jurassic, is coincident with the opening of the Central Atlantic (Tucholke and
Witmarsh 2012) and resulted in the formation of large, deep rift basins on the Grand
Banks. Following this initial rift phase, the Newfoundland margin experienced a period of
subsidence from Lower through Middle Jurassic. Rifting was reactivated in the Upper
Jurassic and continued through the Lower Cretaceous. This second rift phase was
followed by separation of the Grand Banks from Iberia towards the end of the Lower
Cretaceous (Tankard and Balkwill 1989). The Cumberland Belt Transform Zone formed
during this rift phase as the Flemish Cap rotated south (G a c-K & 12009).rThe final rift
phase in the Aptian-Albian was followed in the beginning of the Upper Cretaceous by
separation of Greenland from Canada and the opening of the Labrador Sea (Grant and
McAlpine 1990). The cessation of rifting and the onset of normal seafloor spreading in
the Upper Cretaceous marked a transition to passive margin subsidence and

sedimentation in rift basins.

3.2.2 Basin Geology

The Mesozoic rift basins along the Newfoundland margin generally formed in half
grabens bounded by normal faults resulting from reactivation of existing structural fabrics
in the Avalon and Meguma terranes (Welsink et al. 1989). The Flemish Pass basin,
which underlies the Sackville Spur, shares a common evolution and comparable
stratigraphy to the Jeanne d'Arc Basin (Foster and Robinson, 1993; Enachescu et al.
2010) as deposition was continuous between the two basins until the Upper Cretaceous
when uplift formed a ridge separating the basins (Enachescu et al. 2010) (Figure 3.2).
The Jeanne d'Arc Basin is the largest and most extensively studied basin offshore
Newfoundland and the only North American East Coast basin containing giant (0500

million barrels) hydrocarbon producing fields.
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Figure 3.2 A map of Mesozoic rift basins offshore Newfoundland.

3.2.2.1 Exploration History

The discovery of hydrocarbons was first made on the Newfoundland margin in
1979 with the discovery of the Hibernia field in the Jeanne d'Arc Basin. It was not until
1997 that the first barrel of oil was produced. Two additional fieldsi n t he Jeanne do/#
Basin have since been developed on the margin: White Rose and Terra Nova while the
Hebron field is undergoing development. Given the genetic relationship between the
Jeanne d'Arc and Flemish Pass Basins, the Flemish Pass Basin was promoted as
having a high potential for hydrocarbon production although, given the abundance of
icebergs in the Flemish Pass and water depth reaching 1000 m, exploration proved too
expensive (DeSilva 1997). Oil shows in the Gabriel and Bacceleau wells further
suggested the presence of an active hydrocarbon system. In 2009 this system was
proven with the discovery of oil at the Mizzen O-16 exploration well. The F-09 and
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Harpoon O-85 wells have were subsequently drilled with an aim to further delineate the
prospect and to better understand the shallow sediments in the northern Flemish Pass.
Gas hydrate deposits can occur in the shallow sediments overlying conventional
hydrocarbon fields. In the Beaufort Sea and Mackenzie Delta, Majorowicz and Osadetz
(2001) note gas hydrate deposits overlying conventional hydrocarbon reservoirs. On the
Scotian margin, Campbell and MacDonald (2017) recovered hydrates in the Shelburne
and Sable sub-basins. These basins are areas of hydrocarbon exploration. Mosher
(2011) noted that of the seven BSROs identifie

occur in areas of conventional hydrocarbon exploration.

3.2.2.2 Flemish Pass Basin

In a regional seismic-stratigraphic study, Foster and Robinson (1993) identified
four megasequences in the Flemish Pass basin, MS1, MS2, MS3 and PR. The oldest
megasequence, MS1, is not well defined in the basin owing to a lack of well control and
inconsistent seismic penetration. Through comparison with other basins along the North
American Atlantic margin, the base of MS1 is interpreted as Upper Triassic (Jansa et al.
1980). MS1 is thought to contain both synrift and postrift sediments (Foster and
Robinson 1993) as observed in other basins on the North American Atlantic margin
(Manspeizer 1988). The MS1 megasequence, has Kimmeridgian marine mudstones
that include important source rocks deposited in a shallow sea or lagoon (Foster and
Robinson 1993). These source rocks are equivalent to the Egret member source rocks
in the Jeanne d'Arc Basin (von der Dick 1989).

The top of MS1 is marked by a regional onlap surface that represents a regional
phase of deepening associated with northwest-southeast extension resulting from rifting
between Newfoundland and Iberia (Enachescu et al. 2010). In a second period of basin
filling, a series of wedges of clastic shelf sediments were deposited (Foster and
Robinson 1993). These clastic wedges are the principal focus of exploration in the
Jeanne d'Arc Basin (Tucholke et al. 1989). The top of MS2 is marked by an
unconformable surface interpreted as Aptian age given the recognition of a regional
Aptian unconformity over much of the Grand Banks (Jansa and Wade 1975). Marking
the separation of Newfoundland from Iberia, this break-up unconformity is the result of
uplift associated with extensional unloading, as well as thermal and isostatic uplift along
the margin (Tucholke et al. 1989).
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Rifting related to the separation of Labrador and Greenland led to further
subsidence and the deposition of MS3. Based on seismic facies analysis, Foster and
Robinson (1993) interpreted MS3 to consist of muddy sediments containing interbedded
turbidite sands, presumably deposited in deep water. A major unconformity that marks
the top of MS3 is shown to be older than Santanion with a likely Albian age (Early
Cretaceous) based on analogous megasequence boundary in the Jeanne d'Arc Basin
(Foster and Robinson 1993, Tucholke et al. 1989). MS3 is overlain by post-rift sediments
(PR), the base of which is marked by the Labrador-Greenland break-up unconformity
that in places has significantly eroded the underlying megasequences (Enachescu et al.
2010).
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3.2.3 Post Rift Sediments

Deptuck (2003) divided the post rift stratigraphic succession of the Grand Banks
and Flemish Pass into four depositional stages. In stages 1 and 2, which extend from the
Turonian into the middle Eocene, sediments were deposited in confined rift basins
separated by basement highs. During stages 3 and 4, which extend from late Middle
Eocene to the present, the margin continued to subside and the depositional
environment shifted to an unconfined passive-margin shelf and slope system (Deptuck
2003).

As the Atlantic Ocean grew with seafloor spreading, the effects of deep currents
increased (Arthur et al. 1989). In the Miocene, the currents began to sculpt and plaster
sediments on the western continental rise forming sediment drift deposits (Myers and
Piper 1988; Arthur et al. 1989; Kennard et al. 1990; Muller-Michaelis et al. 2013;
Campbell 2014; Campbell and Mosher 2016). In the Early Miocene, the Greenland-
Scotland Ridge was breached enough to allow cold Norwegian overflow water into the
north Atlantic (Stoker et al. 2005). This change was accompanied by more extensive drift
development (Arthur et al. 1989; Campbell 2014). The onset of the cold, low salinity
Labrador Current, which controlled Sackville Spur sediment drift growth, can be traced
back to the late Miocene (Arthur et al. 1989).

A massive interval of early to mid Miocene intraclastic chalks are capped by the
Merlin reflection in the Blake Bahama Basin off the eastern U.S. continental margin.
Merlin represents an erosional unconformity that can be traced into deposits of migrating
sediment waves (Mountain and Tucholke 1985; Tucholke and Mountain 1986). The
Merlin unconformity was formed by a pulse of strengthened abyssal currents in late
middle Miocene (Tucholke and Mountain 1986). Mountain and Tucholke (1985) note that
north of 45° virtually every borehole drilled on the margin of the western North Atlantic
Basin records a well-developed, late Miocene hiatus that is presumably the result of
bottom current erosion. At the Sackville Spur, the Labrador Current was fully established
after the middle Pliocene as determined by a dramatic change in benthic foraminiferal
assemblages along the Atlantic margin (Kennard et al. 1990). An erosional unconformity
dated near the Pliocene-Miocene boundary, was noted by Kennard et al. (1990) and
mapped in detail by Deptuck (2003) (T80 marker) below the Sackville Spur while within
the Flemish Pass, Piper and Pereira (1992) and Piper and Nomark (1989) noted a

distinct late Miocene unconformity that they correlated with sea-level lowering.
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Along the western North Atlantic margin, post-Merlin seismic sequences are generally
well layed with little reflection truncation (Mountain and Tucholke 1985; Arthur et al.
1989). The lack of truncation is indicative of coherent deposition presumably resulting
from moderate currents and the development of a stable North Atlantic circulation
pattern (Arthur et al. 1989). Siliceous fossils are distinctly absent in the sediments
overlying the Merlin reflector (Mountain and Tucholke 1985). In the Late Pliocene,
currents intensified and formed a margin wide Blue unconformity along the US Atlantic
margin (Mountain and Tucholke 1985; Arthur et al. 1989).

Current controlled deposition continued into the late Pliocene and through the
Quaternary. Through the Pleistocene, slumping, nonchannelized debris flows and
turbidity currents became increasingly prominent processes delivering sediments to the
continental rise (Mountain and Tucholke 1985; Myers and Piper 1987; Deptuck 2003;
Brackenridge et al. 2011). On the Flemish Pass seafloor, sediments were deposited by
turbidites during periods of shelf-crossing ice sheets, but most sediments were derived
from icebergs and proglacial sediment plumes transported in the Labrador Current
(Piper and Pereira 1992; Huppertz and Piper 2009). Throughout the Canadian
continental margin, Piper and Normark (1989) note a marked change in sedimentation
style in the Middle Pleistocene resulting from shelf crossing ice sheets that delivered
coarse sediments directly to the continental slope. In a study of Flemish Pass turbidites,
Huppertz (2007) determined that Quaternary turbidites were emplaced during stades
while contourites were deposited during interstadial periods. In a study of recent failures
in northern Flemish Pass, Cameron et al. (2014) noted a series of failures that occurred
during last glacial maximum and retreat.

During glacial periods, ice sheets terminated along the Grand Banks margin during
OIS 6 (210 to 160 ka) and OIS 4 (75 to 54 ka) which correspond to the highest observed
sedimentation rates on the slope (Shaw et al. 2006; Huppertz 2007). The Newfoundland
Ice Sheet did not reach the shelf break on the outer most bank during the last glacial
maximum (LGM) (King and Sonnichsen 1999; Huppertz 2007). Cameron et al. (2014)
suggest that following ice retreat, glaciostatic effects resulted in increased earthquake
frequency providing a trigger for the observed sediment failures. E. King (personal
communication, 2017) suggests an absence of a bulge effect during the LGM based on
a lack of observed isostatic warping on the middle to outer shelf of the Grand Banks.

Currently, the role that glacio-isostatic depression or uplift played in sedimentation on
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the margin is not clear (King and Sonnichsen 1999, E. King personal communication,
2017)
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CHAPTER FOUR: METHODS

The primary method of investigation used in this study was the interpretation of
reflection events and seismic attributes from the Baynord 3D seismic volume (Figure
4.1). Interpretation was aided by the integration of key near-by exploration wells. This
study also investigated the calculated depth to the base of gas hydrate stability of
different gas compositions for comparison to the reflection events mapped on the 3D
seismic volume. Quantifiable estimates of gas hydrate and free gas concentrations were
made at the F-09 exploration well using measured velocities and electrical resistivity.

The following provides detailed theoretical and practical information on these methods.
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Figure 4.1 A map showing the location of the Baynord 3D seismic volume.
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41 SEISMIC REFLECTION
Seismic reflection data result from the transmission and reflection of acoustic

energy to image the subsurface structure. For this study, the Baynord 3D multichannel
seismic volume was interpreted. The Baynord 3D seismic dataset covers ~3115 km? on
the Sackville Spur and Northern Flemish Pass (Figure 4.1). This digital, time migrated 3D
seismic dataset was donated in SEG-Y format to Natural Resources Canada by Statoil.
The data are in American polarity (positive phase wavelet represented by a peak positive
amplitude) with a 4ms sample rate. These data extend from the sea surface to the
Miocene, approximately 2500 m below sea level. The data were clipped to the Miocene
by Statoil to remove the reflections imaging their exploration targets.

4.1.1 Seismic Amplitudes

Reflection seismology is a common geophysical method used for mapping the
subsurface structure and stratigraphy of an area. In basic seismic reflection theory an
acoustic source creates a wave front that spreads spherically from the source by means
of particle motion. As the wave front propagates into the subsurface it encounters
various geologic interfaces, across which the acoustic impedance changes. At these
interfaces a fraction of the acoustic energy is reflected while another portion is refracted
and transmitted through the underlying medium. The transmitted portion of the acoustic
energy continues into the substrate where it encounters additional interfaces and the
energy is further partitioned. The various reflected wave fronts return to the surface
where sensitive receivers detect the particle motion and convert it to a voltage. The
amplitude of this voltage is recorded at discrete time intervals forming the reflected

signal. The amplitude of the transmitted and reflected energy are defined as:

0 "W W Equation 4.1

0 (W) (W) Equation 4.2
where A, is the amplitude of the reflected energy, A: is the amplitude of the transmitted
energy, and } 1.} » and V1 V- are the densities and velocities of the material overlying and
underlying a subsurface interface, respectively. Zoeppritz (1919) developed a set of
equations that describe the partitioning of energy at an interface in terms of the product
of velocity and density termed acoustic impedance. Assuming normal or close to normal
incidence, which assumes no refraction of energy at an interface, the Zoeppritz

equations can be simplified to describe the amount of reflected energy R as:
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Y 070 Equation 4.3

where R is the reflection coefficient, A, is the amplitude of the reflected energy and A is
the amplitude of the incipient energy. These equations show the amount of reflected
energy is reduced when the acoustic impedance contrasts are low but the fraction of
reflected energy increases when impedance contrasts between the over and underlying
units are high. Most importantly, units with anomalously high densities and or velocities
are represented on seismic profiles by anomalously high amplitudes.

When seismic data are processed, the amplitudes are modified. The source
signal and in turn the reflected energy weakens with depth. Gains are applied to the
seismic data to increase the amplitudes at depth. Once processed, the seismic
amplitudes no longer have true absolute values but the relative values remain useful for
characterizing the subsurface reflectors. For this study the processing steps applied to
the 3D seismic data are unknown and hence the amplitudes are useful for relative or
gualitative comparison but cannot be used to extract geophysical properties of the
sediment such as density and velocity.

4.1.2 Seismic Phase and Frequency

An important consideration in reflection seismology is the characteristics of the
seismic source, or source signature. The seismic source signal is a wavelet, a signal
with a finite duration and like a sine wave, is characterized by its duration, frequency,
peak amplitude, and phase. Unlike a simple oscillatory function, a seismic wavelet is the
product of a series of sine waves each with distinct frequency, peak amplitude (power)
and phase. As such, the seismic wavelet has a finite frequency spectrum or bandwidth
and is most often of mixed phase, where phase describes the symmetry of the wavelet's
peak amplitude around time zero. During seismic acquisition, the mixed phase source
wavelet is convolved with the Earth's reflection coefficient series to generate the final
recorded seismic trace. Where energy partitioning at the interfaces modifies the
amplitude of the reflected energy, the convolution modifies the phase and frequency of
the original source signal.

Modification of the source wavelet's frequency spectrum occurs as a result of
attenuation, geometric spreading, signal absorption and signal scattering (Yilmaz and
Doherty 1987). Scattering is only applicable when wavelengths are of similar size to the
heterogeneities in the sediment (Priest et al. 2006). Absorption is a function of the

characteristics of the medium as well as the frequency of the source wavelet. As elastic
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waves travel through a medium, the wave's mechanical energy is progressively
converted to heat. Signals with more oscillations, or higher frequencies, will lose energy
more readily than lower frequencies, which have fewer oscillations. As the higher
frequencies are attenuated, the signal broadens, which decreases the frequency spectra
of the data. The transmitting medium also influences attenuation; the more elastic the
medium the less the seismic signal is attenuated. Gas, which is compressible, results in
more attenuation (absorption) than a cemented sediment. The effect of gas hydrates on
attenuation are debatable. Pecher and Holbrook (2003) and Sain et al.(2009) argue that
gas hydrates act to cement sediments and hence decrease attenuation, while work by
Priest et al. (2006) and Best et al. (2013) shows that attenuation increases non-linearly
with increasing hydrate concentration. Chand and Minshull (2004) suggest these
observed increases in attenuation result from energy loss associated with fluid flows in
the pores of the hydrate matrix.

During data acquisition the seismic source signature is recorded or extracted
from the data then used to deconvolve the reflection data and create zero phase data. A
zero phase wavelet has peak amplitude symmetry around time zero. Seismic data are
typically processed to zero phase although the process is not often truly successful
(Henry 1997). Processing to zero phase aids in the interpretative process as the peak
amplitudes, which are where much of the seismic information is contained, correlate to
the time position of the subsurface interface.

The 3D seismic data used for this study were processed to zero phase although
a slight trace asymmetry persists above and below the peak that defines the seafloor
(Figure 4.2).
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Figure 4.2 Seismic wiggle display of a portion of the seafloor reflection event. The red peaks
represent the high amplitude seafloor while the black are the troughs above and below the
seafloor peak. Note the upper trough is broader with lower amplitudes than the lower trough.

Hence the data are not truly zero phase.

4.1.3 Seismic Interpretation

Seismic interpretation is a broad term that encompasses a series of quantitative
and gualitative methods used to determine the geologic significance of seismic data
(Brown 2011). Commonly, the end goal of seismic interpretation is to determine the
geologic evolution of the study area through identification of changes in depositional
environment and post depositional modifications to the sediment. For this study seismic
stratigraphic analysis was completed on the 3D seismic volume. Initially the 3D seismic
volume was divided into seismic facies; units with similar reflection characteristics such
as configuration, continuity and amplitude. Reflection events marking the boundaries to
these facies were mapped and described. Figure 3.2 presents the main reflection
configurations observed in this 3D volume. Reflection events through the BSR were
interpreted to aid in identifying the effects, if any, of potential gas hydrates and free gas
in the sediment. To follow are details on the parameters used for mapping the reflection

events also referred to as horizons.
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Figure 4.3 Reflection Configurations that aid in interpretation of depositional environments
(modified after Mitchum et al. 1977).

The 3D seismic SEG-Y files were imported into SMT's Kingdom® seismic
interpretation software. The BSR was digitized in Kingdom® using two modes: manual
and snapped picking (Figure 4.4). Manual picking, which represents the most qualitative
picking method, is completely user controlled. Conversely, in snapped picking the user
guides the interpretation and the software automatically snaps the picked horizon to the
highest amplitude within a predefined window. The manual and snapped picks were
made on every 10th line with increased density in areas of greater slope. An automated
interpolation was then applied to infill the seed picks and create a continuous surface.
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Figure 4.4 Arbitrary seismic profile through the Baynord 3D seismic volume showing the high
amplitude, phase reversed, tiered reflections that constitute the BSR (A). The manual pick (B)
connects the high amplitude peaks to create a continuous surface while the snapped pick (C)
follows the high amplitude, tiered reflections that define the BSR.

Given the continuity of the various horizons that underlie and intersect the BSR,
all other picks were made using the auto-hunt function on a relatively coarse grid of
lines. As for the BSR, an automated interpolation was then applied to infill the grid of
seed picks and create a continuous surface. The surfaces were then all exported and
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brought into Surfer, a gridding and mapping software, for final surface generations.

Surfer6 s Kriging gridding method was used to crea
geostatistical gridding method that predicts the value of a function at a given point by

computing a weighted average of the known values of the function around each point

(Cressie 1990). One of the Kriging method inputs is search radius, which defines the

distance from each point that the weighted average must be taken. Each gridded surface

was created with a 50 m search radius and a 20 m grid cell spacing. Once the grids

were generated, shaded relief map surfaces (light position of 135° from horizontal and

45° from the vertical) and contours were generated in and exported from Surfer. Geotiffs

were then exported from Surfer and imported into ArcGIS for final figure generation.

4.1.4 Seismic Attribute Analysis

Instantaneous attributes as well coherency and dip of maximum coherency were
calculated in Kingdom® Rock Solid Attributes for the entire 3D seismic volume. The
attribute values were extracted along the various interpreted horizons. Sequential time
slices through the various 3D attribute volumes were inspected inKi n g d®@8mo s
imaging software making note of any depositional, structural or anomalous features. To
follow is theoretical background on these seismic attributes.

Seismic attributes are defined as a quantitative measure of a seismic
characteristic of interest. Liner (2004) defines seismic attributes as specific quantities of
geometric, kinematic, dynamic, or statistical features derived from seismic data. In
practice, seismic attributes are used like filters to reveal subtle trends or patterns that are
not readily apparent in the classic time-amplitude displays (Barnes 2001). There are no
rules governing how attributes are computed or even what they can be, with any quantity
calculated from seismic data considered an attribute. The most basic attributes are the
fundamental elements of the seismic trace - time and amplitude.

Seismic attributes were calculated from the 3D seismic data in the Kingdom®
Rock Solid Attributes software. In particular, instantaneous amplitude, frequency, and
phase, as well as similarity and dip of maximum similarity were calculated. The
instantaneous volumes were used to identify anomalous values (e.g. values that do not
reflect primary lithological variations) indicative of the presence of gas hydrates and
underlying free gas. Similarity, which is the measurement of the likeness of adjacent
traces, was used to identify and map structural features such as faults, which provide

potential conduits for the migration of gas from depth. To best understand the application
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of the seismic attribute products it is important to understand how the attributes are

calculated.

4.1.4.1 Instantaneous Attributes

Instantaneous attributes, representing some of the first seismic attributes, were
first calculated by the petroleum industry in the early 1970's (Barnes 2001) with the first
published work by Taner and Sherriff (1977). In this context instantaneous means that
the various attributes are calculated for each time sample along the seismic trace. These
attributes are calculated by modeling the seismic signal as a complex trace constructed
from the seismic trace and an imaginary trace (Taner et al. 1979). A Hilbert
transformation of the seismic or real trace yields the imaginary trace, which is simply the
seismic trace rotated by 90°. Another way to think of the Hilbert transform of a signal f(t)
is the convolution ofthesi gnal with 1/ r or as a filter whic
frequency component s(Bamés1998e i nputs by 1/ "t
To understand how the complex trace is constructed from the real and imaginary
traces, imagine a point in complex space as represented in Figure 4.5. The seismic trace
represents a point on the real axis while the imaginary trace defines a point on the
imaginary axis; note the 90° offset between these axes. The complex point c is the sum

of the imaginary and real components:
c=a+jb Equation 4.4

where jis equal to /- 1.
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Figure 4.5 A point in complex space used to understand instantaneous attributes. The point c,
presented in complex space, when projected onto the real axis is equal to a, and when projected
onto the imaginary axis equals b. The point c can also be described by a phasor of length M with

an angle of « from the real axi s.

Instead of a point in complex space consider a time series of values f(t), such as a
seismic trace. The complex trace F(t) is then defined as:
F(t)= f(t)+ jg(t) Equation 4.5

where g(t) is the imaginary trace. Equation 4.6 is represented graphically for a sine
function in Figure 4.6. The figure shows how the projection of the helical complex trace
on the real and imaginary planes are the seismic (real) trace and the Hilbert transform of

the seismic trace (imaginary trace) respectively (Barnes 1998).
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F(t) =sin(2m)+ jcos(2m)

2

Time Real axis

£(t) = sin(271)

g(t) = cos(2mt)

Imaginary axis

Figure 4.6 Example of the Cartesian projection of a complex trace, helical black line, onto the
real and imaginary planes. The real or seismic trace is presented in green with the imaginary
trace in red. Modified after Taner et al. (1979).

To represent the complex trace in Cartesian form as in Figure 4.6, aids in understanding
but it is the trace's polar form that allows for computation of the instantaneous attributes
(Barnes 1998). In polar form, the complex point ¢ of Figure 4.5 is the tip of a phasor on
the complex plane with magnitude M in the direction of z relative to the positive real axis.

In Polar form the complex trace is defined as:

F(t) = A(t)ejf(‘) Equation 4.7
For a time series of points in complex space, the line connecting the ends of the phasors
as shown in Figure 4.7 forms the complex trace as represented for the sine function in
Figure 4.6. For each time sample along the complex trace, the phasor angle, z,
represents the instantaneous phase, d ( thile the phasor length M is the instantaneous

amplitude A(t) or envelope (Barnes 1998).
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When the imaginary and real trace values are known the instantaneous amplitude and

instantaneous phase can be calculated with simple trigonometry:

g(t) = arcta i 8% Equation 4.8
A(t) =/ T2(t) + jg(t) Equation 4.9

Instantaneous frequency, w(t), is defined as the rate of change or derivative of the time
dependant or instantaneous phased ( t )

_ g .
w(t) =—— Equation 4.10
pd

Figure 4.8 is an example seismic trace showing the real and imaginary traces with the
amplitude envelop overlain (a and b) as well as the instantaneous phase (c) and
instantaneous frequency (d). The instantaneous phase forms a saw tooth pattern as the
phase jumps between +180° and -180°. The instantaneous frequency shows a relatively
consistent regional trend overlain by spikes in values, some of which result in negative

frequencies (Taner et al. 1979).
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Figure 4.8 Sample seismic trace and its associated instantaneous attributes. The sample
trace with the envelope overlain (dotted line) is presented in (a). The absolute value of
the envelope is thet r a dénst@dnmneous amplitude (a). The associated imaginary trace
with the envelope overlain is presented in (b), with the corresponding instantaneous

phase (c) and frequency (d). Modified after Taner et al. (1979).

4.1.4.2 Similarity /Coherence

Seismic data are traditionally processed to image continuous reflections rather
than to image discontinuities resulting from faults and abrupt variations in stratigraphy.
Traditionally, time slices, representing the amplitude values at a constant time in a 3D
seismic dataset, are used to view such features by allowing the user to inspect the
seismic amplitude data in map view. Although discontinuities are visible on the time

slices, the interpretation is complicated by the fact that, unless the beds are horizontal,
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time slices cut through stratigraphic horizons of varying ages. This effect can be avoided
by using horizon slices, which represent the amplitudes associated with interpreted
surfaces. The pitfall of the horizon slice is that it requires the interpreter to pick the
stratigraphic horizon, which is time consuming and imposes an interpretive bias on the
dataset.

Coherence, referred to as Similarity in the Kingdom® Rock Solid Attributes
software, is a mathematical measure of trace to trace similarity (Bahorich and Farmer
1995; Chopra 2002). When applied to seismic data, coherency values indicate the
degree of continuity between two or more windowed traces (Marfurt et al. 1998). Ideally
the amount of seismic continuity is a direct indication of geologic continuity (Barnes,
2001). Coherence is measured on a scale of zero to one with zero representing low
trace to trace similarity and one representing exact trace to trace similarity (Bahorich and
Farmer 1995; Marfurt et al. 1998). Displayed in map form either in a time slice or along a
picked horizon, coherency calculations allow the seismic continuity to be quantified and
translated into a visual image that reveals subtle geologic variations such as faults and
channels. Various coherency algorithms have been developed and used in structural
and stratigraphic mapping (Chopra 2002). SMT's Kingdom® seismic interpretation
software uses a semblance based algorithm (Kingdom® 2013).

A multi-trace semblance based coherency algorithm was first presented by
Bahorich and Farmer (1995). Similar semblance calculations are used extensively in
velocity analyses and f-x deconvolution algorithms (Yilmaz and Doherty 1987). For the
semblance based coherency calculations an elliptical or rectangular analysis window is
defined containing J traces and centered about the analysis point. The number of traces
used, J, depends on the signal to noise ratio with more traces required when the data
are noisy. The value of J also depends on bed curvature, with less traces required when
curvature is high, and on lateral discontinuity resolution with less traces required when

the resolution is increased (Kingdom® 2013). Marfurt et al. (1999) define the average

semblance over a vertical analysis window of height 2¥ ms or of half-height K = %[

samples as the coherency estimate, c:
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Where the triple (z, p, q) defines a local planar event at time [ , p and q are the

apparent dips in the x and y directions measured in milliseconds per metre. The
superscript H represents the Hilbert transform of the real seismic trace, u, while Dt is the
temporal sample increment (Marfurt et al. 1998).

Semblance can be interpreted as the ratio of the energy in the average trace
within the analysis window to the average energy of the independent traces (Chopra
2002). The apparent dips p and g, which are user defined are calculated using horizon-
based estimates or through a search over a user-defined range of discrete apparent
dips, with dips that have the highest semblance values corresponding to the local
reflector dip (Marfurt et al. 1998, 1999). In Kingdom®when similarity is calculated so is
the dip value that corresponds to the maximum observed similarity. The dip of maximum

similarity enhances subtle semblance variations, emphasizing trace to trace differences.

4.2 EXPLORATION WELLS
The study area is one of active hydrocarbon exploration with a total of five wells

drilled within the 3D seismic area. Wireline logs and cuttings were acquired from
different depth intervals within four of the wells (Harpoon O-85 was not used). These
data allowed for correlation of the well geology with the 3D seismic volume. The

locations of the wells used in this study are presented below in Figure 4.9.
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Figure 4.9 Exploration Wells used in this study.

This study analyzed resistivity, gamma ray, density, and sonic logs. Resistivity is
the measure of the resistance of the flow of an electrical signal through the sediment and
reflects the porosity, minerology and pore fluid chemistry of the sediment (Serra 1984).
Increased fluid content typically results in decreased resistivity values as water conducts
electricity better than sediment. Lithologic information is provided by the gamma ray log,

which measures the naturally occurring gamma radiation of the sediments. Where clays
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generally emit more radiation than sands, increases on the gamma ray logs are typically
associated with clay dominated sediments while reductions are typically associated with
sands or carbonates (Serra 1984). The sonic log, which measures compressional
slowness, is used to correlate the well data to the 3D seismic as well as to convert the
seismic interpretation from the time to depth domain (described in Section 4.2.1).
Density logs provide information on the bulk density of a given formation, which is the
combined density of the rocks/sediment and its fluid-filled pore spaces. If there is gas in
the pore spaces the bulk density will be reduced. Muddy sediments typically have a
higher bulk density as there is less porosity than coarser grained sediments.

Previous biostratigraphic work used cuttings to determine chronostratiographic
ages in three exploration wells within the study area: the O-16, L-11, and Baccalieu well.
Extending from the Miocene into the Pleistocene, the O-16 well provided the most
complete age record of the three wells. The L-11 provides Miocene ages while the
youngest age at the Baccalieu well is from the Base Paleogene. Biostartigraphic data

combined with well ties provide age calibration for seismic markers mapped in this study.

4.2.1 Time to Depth Conversion

Seismic data are typically presented in two-way travel time; the time it takes for
sound to travel down and then back from a reflecting interface. To correlate the well data
to the seismic, the well data must be converted to the time domain, which requires some
knowledge of sediment velocities. Velocities recorded in the F-09 pilot hole were used
for this study. Compressional slowness, the inverse of velocity, was logged in the F-09
well from the seabed to approximately 2200 m sub-sealevel. Downhole compressional
slowness was recorded every 0.2 m, which provided a resolution far above that of the
3D seismic data (see 4.5.1.1Seismic Resolution). Redundant velocity values were
removed while velocity variations, potentially indicative of gas and hydrate in the
sediments, were preserved. The velocity values were then used to convert the recorded
depths to times through generation of a synthetic seismogram.

A synthetic seismogram is a simulated seismic response obtained by convolving
a source wavelet with a reflection coefficient series (White and Simm 2003) and allows
for calibration of the correlation between the seismic and well log data. To generate a
synthetic seismogram, acoustic impedances are calculated using well log velocities and
densities. For this study, velocity was taken from the F-09 compressional slowness log

and densities from the F-09 downhole density log. The F-09 well was chosen because it
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provides a continuous record through the sediments imaged on the 3D seismic volume.

The resultant synthetic seismogram is presented below in Figure 4.10.
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from the velocity and densities log. RC is the resulting reflection coefficients calculated from the
acoustic impedances. The resultant traces are presented as normal (+) and reverse (-) phase and
are compared to traces extracted at the well from the 3D seismic volume. The lower (blue) arrow

marks the H9 horizon and the red arrow marks the Primary BSR.

The velocity function was also used to convert the interpreted horizons from the
time to the depth domain. To remove the water column all horizons were exported as
time thickness maps, isochrons, between the seafloor and the specific horizons. In the
time-to-depth function the seafloor depth and times were subtracted from all values
creating a time to depth thickness relationship. Thickness in metres was plotted on the x-
axis and time in milliseconds was plotted on the y-axis (Figure 4.11). A third order
polynomial curve was then fitted to the points to define an isochron to isopach
relationship. The equation was then applied to a gridded isochron map. Once converted

the seafloor depth was added to the isopach map. The seafloor depth was determined
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by taking the seafloor two-way time from the 3D seismic and depth converting it using a
constant velocity of 1480 m/s as determined from recorded values contained within the

Fisheries and Oceans online database (http://www.meds-sdmm.dfo-mpo.gc.ca/isdm-

gdsi/ocean/index-eng.htm) and as noted in the F-09 well log.
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Figure 4.11 Time to depth function using sediment thickness.

4.3 GAS HYDRATE PHASE EQUILIBRIUM
In a system of water and hydrocarbon gas, as exists in the pore waters of

unconsolidated sediments, gas hydrates will begin to form at specific temperatures and
pressures, as shown by the hydrate stability curve. This curve represents the
temperature and pressure at which liquid water, methane vapour and gas hydrates co-
occur . Sl oan 0 s softwa@® asey a statistibaHtpedmnodynamic approach to
calculate the pressure of hydrate formation given a specific temperature (Figure 4.12).
When temperatures are too high or pressure too low, the hydrogen bonded water
molecules that form the lattice of the hydrate are no longer stable and the water

transitions from the solid to the liquid phase.
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Figure 4.12 Methane gas hydrate stability function and depth temperature function of (seafloor

depth of 1080m). The intersection of the two functions defines the temperature and depth at the
base of the hydrate stability zone (BHSZ). Method modified after Leén et al. (2009).

4.3.1 Depthto the Base of Hydrate Stability

Assuming the pore gas is methane and the pore waters have a weight per cent of
3.5% NaCl, S| o a n 6 s CSMAYDS@&tyvare can determine the associated pressure

required for hydrate formation. For this study, the calculated pressures were converted

to depth, which requires an understanding of the pore pressure regime within the study

area. In a study of downhole overpressures in wells on the Grand Banks, Wielens and

Jauer (2001) noted no overpressure zones in the shallow sediments. Their data also
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showed that pore pressures in the shallow sections are typically at hydrostatic pressure
for seawater.

Downhole pressures from the four exploration wells drilled within the study area
were taken from the online BASIN database of wells (Natural Resources Canada, 2014).
These pressures are plotted versus depth with a hydrostatic gradient of seawater of 10.7
kPa/m and a lithostatic gradient of 22.6 kPa/m (Wielens and Jauer 2001) for comparison
(Figure 4.13). The hydrostatic gradient of 10.7 kPa/m is based on the maximum salinity
values observed offshore Newfoundland, which occur at Hibernia. The multiple datasets
for the wells in Figure 4.13 reflect the different methods used to record downhole
pressures. Wielens and Jauer (2001) noted the most reliable pressure data are Shut-In
(SIP) and Final-Shut-In (FSI) Repeat Formation Tester (RFT) measurements.
Mudweight data, though more prevalent, are artificial and based on expected pressures.
Hence overpressures as indicated by mudweights are considered suspect. For their
large dataset on the Grand Banks, Wielens and Jauer (2001) did not use hydrostatic
measurements although given the limited data in the study area these values were
included in the pressure plot of Figure 4.13. Wielens and Jauer (2001) note the onset of
overpressures requires a minimum depth of 1200 m but are not related to specific
depths or formations. They hypothesize that the extensive faults are responsible for the
seemingly arbitrary overpressure distribution. Wielens and Jauer (2001) suspect leakage
from the faults is episodic and related to the migration of hydrocarbons.

Based on these well results, a simple linear regression produces the following

equation for depth as a function of pressure:
O ppP WY Equation 4.12

where D is depth in metres below the seafloor and P is pressure (kPa) as output from
CMDHYD.
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Figure 4.13 Downhole pressures from the four exploration wells within the study area. Acronyms

are as follows: MDT i Modular Formations Dynamic Tester, FSI i Final Shut-In, RFT i Repeat

Formation Tester, SIP i Shut-In Pressure, HP i Hydrostatic Pressure, FP i Flowing Pressure,
DMR i Drilling Mud Record, MLRT Mu d | o g g e rt.0rbe lifrear pydrostatic gradient is 10.7
kPa/m while the lithostatic is 22.6 kPa/m. Refer to Figure 4.9 for well locations.

The conversion of pressure to depth can also be calculated using the equation
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where D is depth, P is pressure and LAT is the latitude of the area of interest. For this
study a latitude of 48 was used.

Seawater is slightly compressible therefore its density changes with pressure.
Fofonoff and Millard (1983) describe a standardized method for determining density
variations with pressure. Given the complexity of the density calculations and the
availability of simple online conversion tools, density values based on the temperature
and pressures that define the stability curve, along with an assumed salinity of 35 PPT,
were calculated. The corrected density and gravitational constants along with the
pressures were input into Equation 4.14 to determine the depths and hence define the
hydrate stability in terms of depth and temperature.

Once the pressure values were converted to depth the temperatures were plotted
versus the natural log of the depth values. Plotting the natural log of depth produced a
linear relationship between depth and temperature. A simple linear regression of
temperature and In (D) yielded a gas hydrate phase equilibrium described by the

equation:
Y w8t F a €0 v B Equation 4.15

where Tghsz is temperature at the base of hydrate stability. Assuming a linear
relationship between depth and sediment temperature, Tsnsz can also be described by
the equation:

Y 1 @0 A Equation 4.16
where Ug i s t her macCelsigsrperdetre (fG/m)iand b id thegyringecept
(Figure 4.12). The y-intercept is defined by the equation:

w Y 1 Q@0 Equation 4.17

where Tsr and Dgr are seafloor temperature (°C) and depth (m) respectively.
Substitution of Equation 4.17 into 4.16 yields:

Yove Yo 1 Q0sove Ovo Equation 4.18
Further substitution of Equation 4.18 into Equation 4.15 produces the function:
a €0 Yo 1 QO 0O VB TuBtp Equation 4.19

where Ts,, U g saaredknof@n and Degnsz is unknown. Equation 4.19 has no real
solution therefore an accurate approximation was determined by applying the iterative

process of Newton's Method described by the equation:
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W p Qu T Raw Equation 4.20
where X is Dgnsz the variable we are solving for, n represents the number of iterations
and f(xn) is Equation 4.19 a n d p)fitderiwative. The initial input approximation, X», was
determined by taking the seafloor depth and adding 300m, which is the approximate
thickness of the hydrate stability zone as determined by the BSR depth on the 3D
seismic volume. Each iteration refined the previous estimate and after three iterations an
answer accurate to the second decimal place was determined.

In the final equation for hydrate stability depth, Equation 4.19, the seafloor depth
is derived from the 3D seismic by depth converting the seafloor pick. A constant velocity
of 1480 m/s, as taken from the F-09 well log, was applied to convert the seafloor from
the time to depth domain.

Seafloor temperature, another known variable in Equation 4.19, is taken from a
study of shallow sediments by Frojan et al. (2012) where sediment temperatures in box
core samples were recorded. These seabed temperatures taken in the vicinity of the 3D
seismic survey (Figure 4.14) correlate well with bottom water temperatures reported by
Colbourne and Foote (1994). Based on an average of Frojan et al sdiimen( 201 2)
temperatures closest to the BSR, a seabed temperature of 3.9°C was used for the
stability calculations.

A similar calculation was undertaken using the hydrate stability curve defined by
Majorowicz and Osadetz (2003), who also used the CMDHyd software. These results
were compared to the hydrate formation temperatures and pressures observed in the

laboratory as reported by Dickens and Quinby-Hunt (1994).
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Figure 4.14 Seabed sediment temperatures taken from box core samples. These sediment
samples were acquired to assess the benthic macrofaunal community structure north of the
Sackville Spur (Frojan et al. 2012).The sediment temperature labels include the sample name

followed by the recorded sediment temperatures.

4.3.2 Downhole temperatures

To determine the geothermal gradient for use in the final hydrate stability
calculation of Equation 4.19, downhole temperatures from the eight exploration wells in
the vicinity of the study area were assessed (Figure 4.15). As reported by Wielens and

Jauer (2001), the temperature dataset is limited on the Newfoundland margin. Despite
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the limited data Wielens and Jauer (2001) note that the geothermal gradient is highly
variable probably even within fields. The downhole temperatures, corrected with a
Horner Plot, were plotted versus sub-seafloor depth. Assuming the gradient in linear, a
least squares line was determined for the data with the slope of the least squares line
representing the geothermal gradient. When all Flemish Pass wells are used the
geothermal gradient is ~26.7 °C/km. If the three deepest downhole temperatures are
removed the geothermal gradient rises to ~37.8 °C/km. If only the temperatures from
the nearest well, Baccalieu I-78, are used the geothermal gradient is 35.8 °C/km. The
temperature depth plots, along with the linear equations, whose slopes define the
geothermal gradients, are presented in Figure 4.15. In a margin wide study of the
hydrate stability field Majorowicz and Osadetz (2003) used an average regional
geothermal gradient of 32°C/km. Their calculation used those wells included in Figure
415in addition to others al oThigstudyd istabditg 6 s east co
calculations used a geothermal gradient of 35.8 °C/km, derived from the well nearest to
the BSR in the study area.
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Figure 4.15 Downhole Temperatures from Flemish Pass exploration wells.

4.3.3 Gas Composition

The size of the gas molecules that constitute a gas hydrates deposit determines
the geometry of the hydrate crystal structure. Methane, a relatively small hydrocarbon
molecule, forms sl hydrates, while the larger thermogenic gas molecules such as
butane, ethane, and propane form the more stable sll hydrates (Sloan 1998). A
reduction in the methane content reduces the ratio of sl to sll hydrates. Where sll
hydrates are stable at higher temperatures and pressures than sl hydrates, a reduction
in methane concentration increases the depth to the BHSZ as shown by the stability
curves of Figure 4.16.

The gas composition within the shallow sediments of the Sackville Spur was not
determined but based on the results from other deposits both along the Atlantic margin
and globally, a gas composition of 100% methane was assumed for the hydrate stability
calculations. Head Space gas analysis, which uses gas chromatography to separate and

measure the concentrations of individual vapour contents to determine the C1 through

59



C5 hydrocarbon composition, was undertaken on sediment samples taken from the
shallow sediments overlying the Mohican Channel BSR offshore Nova Scotia. Theses

analyses showed the gas consisted of 100% methane gas (Cullen et al. 2008).
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Figure 4.16 Hydrate stability curves for various methane concentrations. As the methane
composition decreases the intersection of a hypothetical temperature-depth function and the
hydrate stability function, which defines the base of the hydrate stability zone, occurs at higher
temperatures and pressures. The hydrate stability curves are taken from Majorowicz and Osadetz
(2003).

4.3.4 Gas Hydrate Inhibitor s

lons that are present in the pore water/gas mixture act to inhibit gas hydrate
formation (Sloan 1998). CMDHyd uses pure water in its stability calculations and allows
the user to input various inhibitors to see how these modify the gas hydrate stability
curve. Salts and other impurities within the pore water act to inhibit the formation of gas

hydrates. When present in the pore waters, the salts and other impurities decrease the
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temperature and pressure at which gas hydrates form. Where gas hydrate formation can
occur in pipelines, salts and other gas hydrates inhibitors are routinely added to prevent
hydrate formation (Carroll 2009). In the marine environment the pore waters are saline
with a typical weight percent of 3.5% in the North Atlantic. Dickens and Quinby-Hunt
(1994) presented experimental results of the temperature and pressures at which gas
hydrates form in salt (with a weight percent of 3.35 %) versus fresh water. Although the
pressures (depths) encountered in the study area are greater than those sampled by
Dickens and Quinby-Hunt (1994), their experimental values clearly show that the
presence of salt inhibits gas hydrate formation (Figure 4.17).
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Figure 4.17 Laboratory values for the temperature and depth of gas hydrate formation as
reported by Dickens and Quinby-Hunt (1994). When salt is added to water the intersection of a
hypothetical linear temperature-depth function and the hydrate stability function, which defines
the base of the hydrate stability zone, occurs at lower temperatures and pressures. The salt water
in the experiments had a weight percent of 3.35% NaCl. Pressures were converted to depths

using a simple hydrostatic gradient of 10 MPa/km.
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4.4 GAS AND HYDRATE SATURATION S
Two methods were used to estimate the gas hydrate concentration at the F-09

pilothole:1) t he effective medium model and 2) Archi

4.4.1 Effective Medium Modelling

Estimates of the fraction of free gas and gas hydrate in the sediment at the
Mizzen F-09 well were determined through modelling velocities for different gas and gas
hydrate concentrations using the model of Helgerud et al. (1999). The MatLab script for
determining the saturations is included in Appendix A.

Helgerud et al. (1999) developed an effective medium model to relate both gas
and gas hydrate fraction with elastic wave velocity in unconsolidated, highly porous
seabed sediments. This model is based on the rock physics model of Dvorkin et al.
(21999) which defines the shear and bulk moduli of saturated marine sediments as
functions of porosity and pressure (depth). In the model of Helgerud et al. (1999) gas
hydrate is accounted for by assuming that the hydrate is either (a) part of the pore fluid
and does not affect the stiffness of the dry frame or (b) that it is a load bearing
component of the frame. Case (a) assumes that gas hydrate and water are
homogeneously distributed in the pores and the bulk modulus of the fluid phase
becomes the average of the water and gas hydrate bulk moduli. In case (b) the gas
hydrate reduces the porosity and alters the solid phase elastic properties. Gas in the
pores is modelled as either homogeneously distributed or patchily distributed.

Porosity, a key component when calculating the elastic constants, was modelled
using a simple depth dependant logarithm function. Where Mizzen F-09 downhole

porosity values were not logged, they were modelled as a function of depth using the

equation:
%o %A DD Equation 4.21
where 2 is surface porosity, zis depth,anda t he exponenti al decay fac

of surface porosities came from the near-by piston core 2001-043 core 14, while the
decay function was varied to fit the F-09 velocity data. For this study a surface porosity
of 0.65 and a decay factor of 800 provided a best fit for the recorded velocities. These
values are comparable to those used by LeBlanc et al. (2007) on the Scotian and
Vancouver margins.

To calculate the elastic constants and hence the velocity variations for different

gas and gas hydrate concentrations, the bulk and shear moduli of the solid phase were
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calculated from the elastic constant and density valuesof t he sedi ment 6s mi ne
constituents wusing Hi |IMingralcdnslitBent? Wweredakeafromge f or mu
Piston Core 059; a 10.65m core collected in 2011 by NRCan in the northern Flemish

Pass. Seismic profiles through the core show drift sediments similar to those observed

on the 3D seismic at the Mizzen F-09 well (Cameron et al. 2014).
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Figure 4.18 Location of piston core 059.

Individual mineral constituents were determined by Qualitative x-ray diffraction
(gXRD), which expands the quantitative method from estimates of quartz to a wide
range of clay and non-clay (Eberl 2003). The analyses were completed by John
Andrews at the Institute of Arctic and Alpine Research and the Department of Geological
Sciences, University of Colorado. The gXRD methodology is described by Eberl (2003)
and McCarty (2002). The gXRD was run on the <2 mm fraction of subsamples every 10
cm along the core. The raw results were run through RockJock6.0 to determine a best fit

between the observed and predicted gXRD patterns. For core 059 duplicate errors were
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typically within the range of £1 weight per cent. Andrews et al. (2010) provide an
assessment of the reliability of the data. For this study, average mineral concentrations
along the entire core along with the individual mineral elastic constants and densities
from Mavko et al. (2009) were used. The various constituents and their properties are

summarized below in Table 4.1.

Table 4.1 Average volume, bulk modulus (K), Shear modulus (G) and densities (3 )of sediment
constituents. Mineralogical values taken from Mavko et al. (2009) while gas, gas hydrate and
water values are from Helgerud et al. (1999). Quartz* includes chert and diatoms while Other**

includes a weighted average of siderite, halite, amphibole, pyroxene, pyrite, hematite and

maghemite.
Constituent Volume % K (GPa) G (GPa) } (g/lcmd)
Quartz* 28 36.6 45 2.65
Feldspar 30 37.5 15 2.62
Clay 19 20.9 6.9 2.58
Calcite 12 76.8 32 2.71
Dolomite 8 80.2 49 2.87
Other** 3 106 65 3.58
Gas Hydrate Variable 7.9 3.3 0.9
Methane Gas Variable 0.11 0 0.23
Water Variable 2.5 0 1.032

Once calculated, the solid phase elastic constants were used to calculate
Poison® ratio. The effective and dry frame elastic constants were determined assuming
a reasonable value for critical porosity, 0.38 (Nur et al. 1998) and for the number of
contacts per grain in a sphere pack at the critical porosity, 8.75 (Murphy 1982). The final
bulk modulus of the saturated sediments was calculated using these values, while the
shear modulus of the saturated sediment was made equal to that of the solid frame.
Once known, the elastic moduli for the saturated sediments were used to determine the
elastic wave velocities at various gas hydrate and gas concentrations. These velocities
are then compared to those recorded at the well to estimate the hydrate and gas
concentrations. Gas and hydrate concentration as determined from the F-09

compressional velocity log were compared to those determined from lower resolution
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ocean bottom seismometer (OBS) velocities acquired by NRCan over the Sackville Spur
BSR (Chian 2008).

442 Archieds Quick Look Method

An estimation of the gas hydrate saturation in the shallow sediments at the F-09 well
was determined using the Muick Look" Archie log analyses technique of Collett and
Ladd (2000), which compares the resistivity of water saturated and hydrocarbon bearing

sediments. The equations for the Quick Look method are as follows:

Y — Equation 4.22

where Y is water saturation, 'Y is the resistivity of the sediment if the pores only
contained water, 'Y is the resistivity of the hydrate bearing units (log values) and n is an
empirically derived constant of 1.9386 (Pearson et al. 1983). The hydrate saturation, Y

is then determined based on the following relationship:
Y p8t Y Equation 4.23

The key to this method is determining the 'Y value which represents the background or
baseline value of the resistivity log. A linear function defining resistivity as a function of
depth is fit to the background values. This linear function is then substituted into
Equation 3.22 (Figure 4.19).
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Figure 4.19 A sample resistivity log from the Blake Ridge off the southeastern US. Modified after
Collett and Ladd (2000)

4.5 ERROR AND UNCERTAINTY
The primary sources of error and uncertainty are attributable to the resolution of the

seismic data, the accuracy of the time to depth conversion and the precision in the
values used for the hydrate stability calculation. Errors are also associated with the
resolution of the well logging tool and the accuracy in its downhole position.

451 Seismic

Error and uncertainty in the interpretation of the BSR and other mapped reflection
events, have three potential sources:

1. Limitations in data acquisition and processing which includes data resolution,

2. Errors or misties in the mapping of the reflector,

3. Velocity error in time to depth conversion.
Of these, seismic resolution is the easiest to quantify. Limited information is available on
the 3D seismic data acquisition and on the data processing flows making it impossible to
guantify the uncertainty and errors associated with the processing of the 3D seismic

data. Errors associated with the seismic processing are best determined using sensitivity
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analysis to observe the effects of minor changes to the data processing flows (Yilmaz
and Doherty 1987). Such analyses require access to the raw seismic data which was not
possible for this study. Errors and misties in the mapping of reflections of the 3D seismic
volume are reduced by interpreting intersecting lines to tie the picked reflections across
the study area. To minimize the errors in time to depth conversion, observed velocities

were used for the conversion.

45.1.1 Seismic Resolution

The accuracy of any mapped reflections, including the BSR, is primarily limited
by the vertical resolution of the seismic data. The vertical resolution is dependent on the
frequency content of the data; higher source frequencies create higher seismic
resolution. According to the Rayleigh criterion (Sheriff 1985) the minimum resolvable
geologic layer is equal to 1/4 of the dominant wavelength of the data. Vertical Resolution

(VR) is calculated using the equation:

wyY - - Equation 4.24

where v is the average velocity at the depth of interest and f is the frequency at the
depth of interest. To determine the vertical resolution from the seafloor through to the
base of the records frequency spectra were generated within Kingdom®for the 3D
seismic data. The spectrum for the 3D seismic data, presented in Figure 4.20, shows the
dominant frequency is approximately 37 Hz and the peak usable frequency is 70 Hz.
Assuming a relatively constant dominant frequency vertically through the datasets and
using the velocities from the F-09 well, the VR at the at the shallowest and deepest
portions of the datasets along with the depths and velocities used are presented in Table
4.2. These calculations show beds or features less than 5 m would not be resolved on

the 3D seismic data.

Table 4.2 Seismic Vertical Resolution. Depths are in metres below the seasurface.

Dataset Dominant / Peak Depth Velocity Vertical
Frequency (Hz) (m) (m/s) Resolution (m)
70 915 1540 55

3D Seismic 70 1960 5640 —
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Figure 4.20 Frequency spectrum of the 3D seismic data.

The horizontal resolution of the data is dependent on the frequency of the data
as well as the hydrophone array length (Mosher et al. 2006). For the 3D seismic data the
spatial sampling rate or bin dimensions are greater than the minimum spatial resolution
derived from the characteristics of the migrated seismic data. The 3D seismic volume
was binned at 12.5 m intervals in both the x and y domains defining the minimum

horizontal resolution of the data.

4.5.2 Hydrate stability error

Primary sources of error and uncertainty in the base of hydrate stability
calculations include errors in the gas composition used to determine the hydrate phase
equilibrium, errors in seafloor temperature and geothermal gradient as well as invalidity
of the assumption that the geothermal gradient is constant in the shallow sediments.
These internal, systematic errors affect the accuracy of the calculations. Sensitivity
analyses are typically used to assess the uncertainty of hydrate stability calculations

(Wood and Jung 2008, and Le6n et al. 2009). Results of the sensitivity analysis show
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errors in the geothermal gradient have a greater effect on the stability depths than errors
in seafloor temperature do. Pore water salinity variations, which reflect those observed in
seawater globally, have limited effect on the final base of hydrate stability depths. Details

of the sensitivity analysis are presented in the results chapter.

45.3 Well Logs

The resolution of the well logs are on the order of 20cm. Errors in downhole
positioning become insignificant given the much lower resolution of the seismic data. For
this study it is not possible to quantify the error associated with the downhole positions.
Although difficult to quantify, borehole conditions such as caving may produce false

spikes in the sonic log that impact seismic to well correlations.

4.5.4 Gas and Hydrate Saturations

Errors in hydrate saturation calculations are primarily associated with inaccuracy of
the porosity function. Sensitivity analyses were undertaken to assess the uncertainty
associated with the porosity function. The results of the sensitivity analysis are included
in the results chapter.
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CHAPTER FIVE: RESULTS

Three bottom simulating reflectors (BSRs) and nine stratigraphic horizons were
interpreted on the 3D seismic volume (Figure 5.1). Seismic attributes extracted along the
nine regionally correlative stratigraphic horizons aided in characterizing the BSR and its
surrounding sediments. Through correlation to available exploration wells, four
depositional units that characterize important changes in the stratigraphic evolution of
Sackville Spur and northern Flemish Pass were identified on the seismic volume. The
BSRs were compared to calculated base of hydrate stability depths. Estimates of free gas

and hydrate concentrations were made using velocity data from the F-09 exploration well.

5.1 SEISMIC INTERPRETATION
The stratigraphic succession in the study area is dominated by drift deposits and mass

transport deposits (MTDs) (Campbell, et al. 2002). The drift deposits that make up the
Sackville Spur and the eastern flank of Flemish Pass are generally characterized on the
3D seismic profiles by a series of well defined, continuous yet divergent reflections (Figure
5.1). Below the base of Flemish Pass are stacked packages of chaotic reflections that
represent MTDs (Figure 5.1). Three BSRs crosscut the drift deposits below Sackville Spur
(Figure 5.1). Reflection and correlation confidence diminish towards the floor of Flemish
Pass making it difficult to trace all horizons from Sackville Spur through the Pass and into

the deposits on the eastern flank of the Pass.
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Figure 5.1 A typical dip seismic profile through the F-09 well extracted from the Baynord 3D
seismic volume showing the various horizons discussed in the text. The uninterpreted profile is
presented above and the interpreted profile below. MTD indicates a unit interpreted to be a mass

transport deposit.

5.1.1 Bottom Simulating Reflectors

A total of three BSRs were interpreted from the 3D seismic volume (Figure 5.2). The
most prominent BSR, herein referred to as the primary BSR, is the shallowest, most
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extensive BSR and is well imaged on the 3D seismic data. The second and third BSRs
are progressively deeper, significantly less extensive than the Primary BSR, and poorly

imaged on the 3D seismic volume (Figure 5.2).
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Figure 5.2 Uninterpreted and interpreted arbitrary seismic line through the three BSRs.Inset map
shows the profile location in the northwest corner of the 3D seismic volume overlain on the

seafloor depths. Vertical units are two-way time in seconds.

5.1.1.1 Primary BSR

The primary BSR, where best developed, is characteristic by a series of abruptly
terminated, dipping, high amplitude (Figure 5.2), phase reversed (Figure 5.3) reflections.

El sewhere, particularly north of the spurds
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event defined by low amplitudes with no obvious phase change (Figure 5.2). Following
the classification scheme of Shedd et al. (2009), the primary BSR is segmented with a
shingled appearance like the BSR on Walker Ridge in the Gulf of Mexico (McConnell
and Kendall, 2002). The primary BSR covers an area of ~350 km? in the northwest
guadrant of the 3D seismic volume beneath the Sackville Spur. As outlined in the
methods section, two horizons were interpreted for the primary BSR:
1. A horizon that snaps to the high amplitude reflections defining the BSR, referred
to in the text as the fisnapped BSRO.
2. A manually interpreted horizon that connects the tops of the high amplitude
reflections that define the BSR to make a smooth continuous surface, referred to
in the text as.the fAmanual BSRO
The segmented structure of the snapped BSR is readily apparent on the depth
structure map of Figure 5.4 and the relative amplitude map of Figure 5.5. Gaps in the
snapped BSR surface represent areas where the primary BSR is not apparent. The

primary BSR is most continuous below the crest of the Sackville Spur where amplitudes

along the BSR are highest (Figure 5.5). Nort h of the Spurds crest th

is not well defined (Figure 5.6). The elevated amplitudes, which are concentrated along

specific stratigraphic beds or segments, occurdown-di p of t he anf pcourit s

three NE-SW trending bands. The middle band of high amplitudes corresponds to a
package of chaotic reflections that result from an MTD (Figure 5.6). The primary BSR also
intersects an overlying MTD through its south-central portion (Figure 5.5).The three NE-
SW trending bands of high amplitude reflections are associated with reduced
instantaneous frequencies (Figure 5.7) and more subtly, with negative instantaneous
phases (Figure 5.8). These subtle changes are more apparent on the seismic profiles
where the BSR reflection broadens and narrows as it moves into the areas of highest
amplitude (Figure 5.6). Poc k mar ks down ds$ gestare visible en tHe gip of 0

maximum similarity surface (Figure 5.9).
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Figure 5.3 A comparison of seismic traces extracted from the Baynord seismic volume along the

seafloor and the Primary BSR showing the distinct phase reversal of the Primary BSR.
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Figure 5.4 Depth structure along the snapped Primary BSR showing the B S R §egmented

structure.
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