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EXECUTIVE SUMMARY 
The Government of Canada is implementing marine conservation measures as part of its obligations 

under the United Nations Convention on Biodiversity. Canada has committed to conserve 10% of 
sovereign marine and coastal waters by 2020 under the Marine Conservation Targets1 (MCT) initiative 
led by Fisheries and Oceans Canada (DFO). As part of this initiative, DFO requested that 
Natural Resources Canada (NRCan) conduct an assessment of petroleum resource potential for the 
proposed Pacific Offshore Marine Conservation Target (MCT) and surrounding regions. The NRCan 
study, by the Geological Survey of Canada (GSC), also identifies areas likely to contain mineral 
resources, geothermal potential, and capacity for carbon capture and storage in the offshore Pacific. 

The study area encompasses approximately 200 000 km2 west of Vancouver Island, in 150 to 
3600 m water depth (Figures 1 and 2). Information compiled, produced and reviewed for this report are 
included in appendices, including: Glossary of Terms (Appendix A), Industry and Scientific Activities 
(Appendix B), Geological Detail (Appendix C), Qualitative assessment Detail: Petroleum, Minerals and 
Other Resources (Appendix D), and Reviewed or Referenced Documents (Appendix E). The NRCAN 
study was conducted between January 2017 and December 2017. The relatively short time available to 
evaluate this large, previously unassessed area impacted the depth of analyses. The evaluation relied 
heavily on existing literature for some aspects of the assessment where data coverage was sparse. 

Conventional Petroleum Resource Potential 
The 2017 GSC qualitative petroleum assessment of the offshore Pacific builds on previous 

quantitative petroleum potential studies done in the adjacent northwest areas of Winona and Tofino 
sedimentary basins (Hannigan et al, 2005). The present study summarises relative petroleum resource 
potential and does not provide a quantitative assessment of in-place petroleum resources. The 
petroleum assessment included evaluations of six petroleum play types in five tectonic regions: Pacific 
Plate, Explorer Plate, Juan de Fuca Plate, Winona Basin and the Cascadia Accretionary Complex 
(Figures 1 and 2). Data coverage, geological features, basin fill age and rock type in the study area are 
shown in Figures 3, 4, and 5, and discussed in Appendices B and C. 

The interpretation of conventional petroleum resource potential, visually represented by a qualitative 
potential map (Figure 1), indicates the following: 

A large part of the study area, including most of the Pacific Plate, has very low potential or no 
potential for conventional petroleum resources. Low petroleum potential occurs in the easternmost 
areas of the Juan de Fuca Plate and Explorer Plate (Figure 2), where thicker Miocene and/or 
Pliocene to Recent sedimentary fill has potential for hydrocarbons in structural and stratigraphic plays. 
Areas of moderate petroleum potential occur in two regions (Figures 1 and 2): Winona Basin, which 
contains up to 10 km of Pliocene (or older) to Recent sedimentary fill with petroleum potential in 
structural and stratigraphic plays; and the Accretionary Complex, which contains up to 6 km of 
deformed Miocene to Recent sedimentary fill with petroleum potential in structural and stratigraphic 
plays. 

Based on existing data, there are no parts of the study area with high potential for conventional 
petroleum resources. 

1 The Marine Conservation Targets (MCT) initiative provides targeted funding to Environment and Climate Change Canada 
(represented by the Parks Canada Agency), Fisheries and Oceans Canada (DFO), and Natural Resources Canada (NRCan) 
as part of the Government of Canada’s commitment to conserve 10% of Canada’s marine and coastal waters within the 
200 nautical mile limit by 2020. 
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Unconventional Petroleum Resource Potential 
Unconventional gas potential occurs in hydrate deposits in the Winona Basin and Accretionary 

Complex regions (Figures 2 and 6). Despite significant advances in marine gas hydrate geophysical 
characterization and gas production research, hydrates in marine settings remain a globally unproven 
exploitable natural gas source (see Appendix D). 

Mineral Resource Potential 
Advancements in the field of deep sea mining (e.g. first deep sea minerals mined in offshore Japan 

in September 2017) indicate that such activities are feasible in water depths encountered in the study 
area. Reviews of study area data indicate areas likely to contain one or more of the three marine 
mineral deposits types considered (Figure 7). These areas have the geological conditions suitable for 
the occurrence of significant concentrations of the specified mineral(s). Mineral grade, tonnage, and 
economic factors have not been determined or estimated in this report. 

Volcanogenic Massive Sulphide (VMS) deposits 
VMS deposits form around hydrothermal vents or hot springs at the seafloor and often contain high 

concentrations of iron, copper, zinc and precious metals. VMS deposits are present within the study 
area and areas likely to contain VMS deposits are identified where seafloor spreading centres and 
active or inactive hydrothermal vent fields are present (Figure 7). The only known active seafloor 
spreading centres with hydrothermal vent fields in Canada’s offshore occur within the study area. 

Ferromanganese and Manganese Crusts 
Ferromanganese and manganese crusts often contain high concentrations of cobalt, nickel, other 

precious metals and rare earth elements. Areas likely to contain ferromanganese and manganese crust 
deposits are associated with seamounts in the study area (Figure 7), and in adjacent areas to the north 
and west. 

Manganese Nodules 
Manganese nodules contain high concentrations of copper, nickel and rare earth elements. A limited 

area that is likely to contain manganese nodule deposits occurs in the study area, where the seabed 
descends below 3500 m water depth (Figure 7). A much larger area with geologic conditions suitable 
for the presence of manganese nodules is identified in Canadian waters north of the study area. 

Other Potential Geological Resources/Activities 

Marine Geothermal Energy 
Recent investigations in many countries indicate the potential for marine geothermal energy 

generation at sea floor spreading ridges. In 2017, Iceland, which has an aerially exposed seafloor 
spreading centre, granted its first marine geothermal exploration licences. Active seafloor spreading 
centres with conditions suitable for clean, green geothermal energy generation in the future (when the 
necessary technologies are developed), are present in the Pacific offshore study area (Figure 6). These 
seafloor spreading centres are the only known marine areas in Canada with geothermal energy 
potential. Hot springs with geothermal potential are present on land, but the electricity generation 
potential at seafloor spreading centres may be at least an order of magnitude larger than for onshore 
areas, when the technologies are developed. 



3 

Carbon Capture and Storage 
Many countries are adopting or evaluating Carbon Capture and Storage (CCS) opportunities to 

offset carbon dioxide (CO2) emissions from fossil fuel-powered plants, smelters and other high emission 
industries. In 2016, Iceland became the first country to reinject produced CO2 from geothermal plants 
into basalt, where the carbon precipitates into a solid, nontoxic mineral. Studies have determined there 
are large areas of basaltic seafloor off the US west coast that might store as much as 150 years of US 
CO2 production through CCS. Land-based CCS reservoirs more typically consist of porous sedimentary 
rocks where CO2 stays in a gaseous form and requires long term monitoring to keep the gases from 
escaping. 

Areas with geological conditions that are conducive to future CCS are identified in sediment covered 
regions of the Pacific, Explorer and Juan de Fuca plates in the study area (Figure 6). Further work to 
evaluate seabed and shallow sediment sealing capacity is needed. Suitability for CCS north of the 
study area has not been assessed, but the absence of young spreading centres suggests that the best 
young basaltic CCS reservoirs occur within the study area. 

Final Comments 
The findings of this report are based on existing data, reports and publications that were available to 

the team at the time of the study. Study findings might change when new or additional data become 
available. Issues of potential economic value in the study area cannot be fully assessed or evaluated 
based on current knowledge. That said, there is some Canadian and international academic work 
currently underway that is focused on emerging opportunities such as marine geothermal potential and 
CCS. 
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1.0 INTRODUCTION 
This report summarizes the qualitative assessment of petroleum potential and identifies areas that 

are likely to contain minerals and other resources (geothermal energy, and capacity for carbon capture 
and storage) in the Pacific offshore study area proposed under the Marine Conservation Targets (MCT) 
initiative. The assessment studies were undertaken in 2017 by a team of geoscientists at the 
Geological Survey of Canada (GSC). Objectives were to: (a) review, analyze, and integrate relevant 
data from previous resource assessments and industry reports, existing scientific literature, and 
available geoscience databases (Appendices B and E); (b) conduct basin analysis, interpret and map 
petroleum system elements and regional petroleum plays to summarize the relative conventional and 
unconventional petroleum resource potential (Appendices C and D); and (c) consider potential for 
minerals and other resources in the study area (Appendix D). This study was conducted between 
January 2017 and December 2017. The relatively short time available to evaluate this large, previously 
unassessed area precluded the collection of new data and impacted the depth of analyses. The 
evaluation relied heavily on existing literature for some aspects of the assessment, where data 
coverage was sparse. 

The study area is located in deep water (150 m to more than 3600 m water depth) west of 
Vancouver Island, British Columbia, and spans an area of approximately 200 000 km2 (Figure 1). The 
study area is delimited by the shelf/slope break to the east, the exclusive economic zone (EEZ) 
boundary to the west, and the Canada – U.S. border to the south. The northern limit of the study area 
includes the Tuzo Wilson seamounts and the northern extension of Winona Basin. The study area 
encompasses five geodynamic regions: Pacific plate, Explorer plate, Juan-de Fuca plate, Winona 
Basin, and the Accretionary Complex (Figure 2). The Tofino, Hecate and Queen Charlotte sedimentary 
basins are located east of the study area in more shallow water depths. 

The qualitative petroleum assessment was based on available offshore seismic reflection profiles 
and their integration with bathymetric surveys, potential field data, and well data accessed from the 
International Ocean Discovery Program (IODP) archives (Figures 3 and 4). The assessment was 
conducted over a larger area than requested by Department of Fisheries and Oceans to include thicker 
sedimentary deposits that occur to the east (Figure 1). This approach was implemented to improve the 
detail and accuracy of predictions in deep water areas where data are limited and no previous resource 
assessments exist. Additional information including petroleum industry well data obtained in shelf 
regions farther east, and geophysical and geological data from the U.S. Cascadia Basin and the U.S. 
Gulf of Alaska, located south and north of the Canada – U.S. border respectively, were also considered 
(Appendix B). The 2017 GSC qualitative petroleum assessment of the Pacific Offshore builds on 
previous quantitative petroleum potential studies done in the adjacent northwest areas of Winona and 
Tofino sedimentary basins (Hannigan et al., 2005). The current study does not provide a quantitative 
assessment of in-place petroleum resources. 

2.0 REGIONAL GEOLOGICAL SETTING 

The offshore Pacific study area spans an unusual and complex geologic setting that includes three 
oceanic plates: the Juan de Fuca, Explorer, and Pacific plates (Figures 2 and 3; Appendix C.1). 
The area has been the focus of many scientific studies that have furthered our understanding of the 
present day  tectonic setting and how it has changed through time (e.g. Raff and Mason, 1961; 
Riddihough, 1984; Wilson, 1993; Botros and Johnson, 1988; Davis and Riddihough, 1982, 
McManus et al., 1972; Barr and Chase, 1974; Davis and Lister, 1977; Hyndman et al., 1979; Han et al., 
2016; Cassidy et al., 1998; 2010; Riedel and Rohr, 2012; Milne and Smith, 1966; Audet et al., 2008; 
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Kao et al., 2009; Rohr and Furlong, 1994; Rohr, 2015). The west coast of Canada contains the 
continental-oceanic plate boundary indicated by the Cascadia subduction zone west of Vancouver 
Island and the Queen Charlotte fault, along which, the Pacific plate moves northward past Haida Gwaii, 
formerly known as the Queen Charlotte Islands. A number of high temperature seafloor spreading 
centres are also present in the study area where new oceanic crust is created and seabed ridges, 
valleys and hydrothermal vent fields are common (Figures 2, 3, and 4). Oceanic spreading centres 
commonly form far from continental margins (Underwood, 2005), whereas spreading centres in the 
study area, including Juan de Fuca spreading centres (Endeavor, Northern Symmetrical, West Valley 
and Middle Valley segments) and Explorer spreading centres (Southern and Northern Explorer 
segments), are within 150 to 300 km of the coast of British Columbia (Figure 2). The Endeavour 
Hydrothermal Vent Marine Protected Area (Figure 2), the first designated MPA under the Canada’s 
Oceans Act (in 2003), straddles the Endeavor spreading ridge segment and contains hot (in excess of 
300°C) mineralized black smoker chimney-like structures and unique ecosystems fueled by chemical 
energy from fluids emerging from the vents (NRCAN, 2017a). The study area encompasses the 
northern part of the Cascadia subduction zone, where dense oceanic crust collides with and is forced 
downward below the larger and less dense North American continental plate at a deformation front. A 
sediment-filled deep sea trench is present in front of the Cascadia subduction zone, and large strike slip 
faults (the Revere-Dellwood and Queen Charlotte faults) bound the Winona Basin. The three different 
kinds of plate boundaries meet in a triple junction region of complex deformation comprising the 
Explorer Plate and Winona Basin (Figure 2). Oceanic sediments scraped off down-going oceanic plates 
in a bulldozer-like fashion during subduction have accumulated through folding and faulting into a highly 
deformed sedimentary wedge known as the Accretionary Complex that occurs just landward of the 
deformation front (Figures 2, 3, and 4). The complex is comprised by long folded ridges (20 to 30 km 
long, a few kilometers wide) that rise up to 700 m above the surrounding seafloor (Appendix C, 
Figure C-5A; Davis and Hyndman, 1989). The youngest accreted sediments occur in the outermost 
parts of the complex near the deformation front, and accreted strata increase in age toward the east. In 
recognition of the differing tectonic, thermal and basin fill histories, the GSC assessment includes 
evaluations of five tectonic regions; the Winona Basin, Explorer Plate, Accretionary Complex, 
Juan de Fuca Plate, and the Pacific Plate (Figure 2). A more detailed tectonic overview and description 
of major tectonic elements and regions is provided in Appendix C.1. 

The Pacific coast region is one of the most earthquake prone areas in Canada and one of the few 
areas in the world where all three types of plate movements (sea floor spreading, subduction and strike 
slip movements) take place, resulting in significant earthquake activity (NRCan, 2017b). The areas of 
highest seismicity are located in the Explorer microplate (Figure 2) and adjacent to the Revere-
Dellwood and the Queen Charlotte faults where earthquakes with magnitudes greater than 4 are 
commonly observed (Cassidy et al., 1998; Riedel and Rohr, 2012). Frequent earthquakes of smaller 
magnitude occur across these regions and earthquakes of magnitude greater than 6 are common. 

Underwood and others (2005) describe the Cascadia sedimentary system as being “in a class by 
itself”. Submarine canyons and slope channels along the northern Cascadia margin deliver silt- and 
sand-rich gravity flows to the abyssal plain where the sediments accumulate in submarine fan deposits 
in a tectonically active setting where external controls on sedimentation include: subduction, accretion 
and uplift, earthquakes, glaciation related sea level fluctuations, volcanic eruptions; strike slip faulting, 
spreading ridge extension and volcanism. Seismic reflection profiles across the region image 
sedimentary deposits above oceanic crust that thin onto young seafloor ridges at spreading centres and 
thicken into the trough (or trench) of the Cascadia subduction zone (e.g. Figures 1B and C-2). At the 
onset of this study it was not known if basin fill in the study area has been buried deeply enough, and/or 
has warmed enough to generate, expel and migrate hydrocarbons. 

The age and composition of sedimentary basin fill varies significantly from shelf to deepwater along 
this part of the Pacific margin (Figure 5). The coastal and shallow water regions east of the study area 
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are part of the Insular Belt of the North American Plate, that includes Vancouver Island, Haida Gwaii, 
Queen Charlotte Basin, Hecate Basin and most of Hecate Strait and Queen Charlotte Sound 
(Monger et al., 1972) where rocks can be up to 200 Million years (Ma) old. The southern Queen 
Charlotte and Tofino basins occur adjacent to the study area, beneath the continental shelf on the 
outermost part of the North American Plate, where rocks can be up to 45 Ma. Within the study area 
(Figure 3), the seabed extends westward from the continental shelf edge (200 m water depth or less) 
across a steep and relatively narrow slope (between 200 m and 2000 m water depth) onto a deep-
water abyssal plain (water depths greater than 2000 m). The deep water sedimentary deposits in this 
region are relatively young, mainly Pleistocene to Pliocene in age (0 to 5.3 Ma; Figure 5); with older 
Miocene strata (5.3 to 23 Ma) interpreted to be present in the western part of the Pacific Plate, in the 
Accretionary Complex and in the Tofino Basin. Submarine slope canyons, fan, channel levee deposits 
and slope failure deposits have been the focus of previous work on the Cascadia basin (Griggs and 
Kulm, 1970; Carson and McManus, 1971; McManus et al., 1972; Carson, 1973; Nelson, 1976; 
Hampton et al., 1989; Adams, 1990; Underwood, 2000, 2005, Kiyokawa and Yokowama, 2009, 
Atwater, 2014). Large earthquakes (greater than magnitude 6), can liquefy sediments and trigger large 
submarine landslides of older shelf and slope deposits that are then transported downslope and 
redeposited in deeper water (Pickering and Hiscott, 2016). 

3.0 DATA 
The geology of the deep-water study area is less well known than that of the adjacent upper slope, 

shelf and onshore Pacific Margin Basins, which have been the subject of many GSC, provincial, 
industry and National Energy Board (NEB) reports, as well as a wide range of academic publications. 
The deep water study area has not been previously evaluated for petroleum potential but the region 
has been the focus of many scientific research investigations on tectonic evolution, thermal conditions, 
seismicity, structure, and geohazard risks. Data consulted for this study came from a variety of public 
domain and research institution sources as detailed below. 

3.1 Literature 
Major sources of data were consulted for this assessment including data from the Deep Sea Drilling 

Program (DSDP), the Ocean Drilling Program (ODP) and the International Ocean Discovery Program 
(IODP). Refer to Sections 3.2 and 3.3 and Appendix B for more information. Industry well data from the 
Queen Charlotte and Tofino basins were considered and integrated into the gross depositional 
environment models. 

GSC Bulletin 564 (Hannigan et al., 2001) and GSC Open File Report 4829 (Hannigan et al., 2005) 
provide information on previously assessed Pacific Margin basins, including the Tofino Basin and 
Winona basins, as well as the Cascadia Accretionary Complex. These studies provided a resource 
estimate (mean in-place volume of 265.7 billion m3 gas) for a Tofino gas play that encompassed the 
continental shelf offshore Vancouver Island and adjacent deep-water slope and base of slope areas. 
A detailed list of supporting technical reports and scientific literature that are referenced in this report, or 
were consulted and contributed to background technical work that informed our maps, is provided in 
Appendix E. 
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3.2 Geophysical Data 
Approximately 29 000 line-km of two-dimensional marine reflection seismic data were used in this 

qualitative assessment (Figure 3), much of which was collected by the GSC. Data quality varies from 
relatively high quality (e.g. multichannel seismic) to moderate-to-low quality (e.g. digital scans of paper 
plots). Many of the regional scale lines date from the 1970s when plate tectonic theories were 
becoming established, in large part due to exploration of the world’s oceans. Other geophysical data 
integrated into this assessment include: seabed bathymetric data, (multibeam and side scan sonar 
surveys), potential field data (magnetics, gravity, and 3D inversion gravity models), heat flow data and 
seismicity data, much of which was collected by the GSC. Summary tables of sources for data that 
contributed to the sediment thickness mapping, and for bathymetry and gravity data, are provided in 
Appendix B (Tables B-1B and B-1C). 

3.3 Geological Data 
From 1973 to 2013, the DSDP/ ODP/ IODP scientific drilling programs completed eight expeditions, 

focused on 32 different sites. A total of 97 holes were drilled during the eight expeditions (Figure 4 and 
Appendix B, Figure B-1). Program objectives, year and outcomes are summarized in Appendix B 
(Table B-1A). Project-relevant information (lithological and grain size data, source rock geochemistry, 
gas analyses, temperature data, core descriptions, etc.) and related studies were reviewed and 
integrated into the geological interpretations (Appendix C; e.g. Expedition 311 Scientists, 2006 a, b, c, 
d, e, and f; Shipboard scientific party, 1997 a, b, and c; Shipboard scientific party, 1992 a, b, c, d, e, 
and f). 



8 

4.0 METHODOLOGY 

4.1 Qualitative Petroleum Assessment 
This section highlights the 4-step approach used to qualitatively assess petroleum potential in the 

study area. A more detailed description of the assessment approach utilized by the Marine 
Conservation Targets team is provided in Geological Survey of Canada Open File 8404 (Lister et al., 
in press). 

The study area represents a frontier area that has not been targeted by the petroleum industry for 
exploration well tests and the majority of the area has never been assessed for petroleum potential. 
Available research data and analyses were reviewed for applicability to the petroleum resource 
assessment. The initial literature and data review concluded that the thickness, geological 
characteristics and evolution of sedimentary basin fill was not well understood away from well control 
(commonly the case in frontier settings with few well tests). Key uncertainties for petroleum system 
elements were identified and the following work plan (modified from the basin analysis and petroleum 
play assessment approach of Allan and Allan (1990)), was developed for the study: 

Step 1.Basin Scale Analysis: 
o plate tectonic framework (Appendix C.1)
o regional geologic conditions (Appendix C.2)
o thickness, age, characteristics of basin fill (Appendices C.3, C.4, and C.5)
o depositional environment models to help predict sand and organic richness of basin fill away

from well control (Appendices C.6 and C.7)

Step 2.Petroleum Systems Element (PSE) Analysis (see Appendices A and D): 
o Create “Chance of success” (COS) maps for each PSE:
Charge (Appendices C.7 and D.1).

 Compile hydrocarbon indicators (Appendix C.7.3)
 Potential presence of source rock characteristics needed for biogenic gas formation;

predict away from well control on the basis of depositional environment models and
sedimentation rate map

 Potential presence of source rock characteristics needed for thermogenic generation;
predict away from well control on the basis of geological processes and predicted
depositional environment models and areas where upwelling conditions were likely

 Test thermogenic maturation potential with 1D basin models
Reservoir (Appendices C.6 and D.2) 

 Potential presence of porous deep water sandstones)
Seal (Appendices C.6 and D.2) 

 Potential presence of fine grained, low permeability “cap rocks”
Trap (Appendices C.1 and D.2) 

 Potential presence, structural and/or stratigraphic)

Step 3 Play Analysis: 
o Play identification
o Create Geological Chance of Success (CCOS) maps, by play
o Apply subjective Global Scale factor
o Create Technical chance of success maps (TCCOS), by play

Step 4.Assessment of Petroleum Potential: 
o Stacked Technical Cumulative (STCCOS) map
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New work completed to inform the assessment, summarized in Appendices C and D, includes: 

i) Seismic interpretation of top and base of sediments in 2D profiles (Figure C-1,
Appendix C.1): The seabed and base of sediments (top of oceanic crust or “basement”) 
were interpreted, where possible, on available 2D seismic data which are recorded and 
displayed in two way travel time. 

ii) 3D inversion of gravity data in Winona Basin to constrain sediment thickness (Figure C-3,
Appendix C.3): Bouguer gravity data were used to evaluate density contrasts 
between sedimentary and underlying igneous basement rocks, which had a higher 
density contrast.  3-D inversion of the Bouguer gravity data with GRAV3D (Li and 
Oldenburg 1998) allowed estimation of the thickness and density of the Winona basin 
fill. The final model was chosen based on a good match to a depth-converted seismic 
reflection profile 88-02 (Figure C-3A, location of 88-02 in bold red on Figure C-2). 
More detail on the approach used is provided in Appendix C.3. 

iii) Creation of a sediment thickness map for the study area (Figure C-2, Appendix C.3):
A sediment thickness map was prepared for the study area to indicate where within the 
study area the sedimentary deposits might be thick enough and hot enough to mature 
any organic rich source rocks to generate and expel hydrocarbons. The thickness map 
was created using mostly 2D seismic data, and selected gravity profiles, and published 
depth cross sections were considered in areas where the seismic data available for this 
study were limited. The interpreted seismic horizons were converted from time to depth 
using a velocity gradient for the sediments from a refraction study (Horning et al., 2016). 
For further detail and a description of uncertainties inherent in this map see 
Appendix C.3. 

iv) Identification and mapping of possible seismic hydrocarbon indicators, including bright
spots (Figures 4 and C-1C, Appendix C.7.3): Bright spots were evaluated to 
distinguish possible gas responses from those related to volcanic rocks and 
preliminary amplitude versus offset (AVO) work was completed. More detail on the 
approach is provided in Appendix C.7. 

v) Review of seismic dataset for presence of possible traps, reservoirs (sand-prone facies),
source rocks and/or seals (mud-prone facies) (Appendices C.6 and D.1) 

vi) Integration of the above with available paleo-magnetic, seabed bathymetry and well data to:
a) constrain basin fill age (Figure C-4, Appendix C.4) and b) propose gross depositional
environment models at key time intervals to allow the prediction reservoir, source rock
and seal potential away from well control (Figures C-5A, B, C, and D, Appendix C.6).

vii) 1D basin modelling at select locations (Figures D-1 and D-2, Appendix D.1): Four 1D
models were developed to evaluate petroleum maturation potential (at what burial depth 
and temperature a postulated source rock would be mature and able to generate and 
expel hydrocarbons). Models were located in areas of thicker sedimentary 
accumulations and a range of scenarios were considered to test sensitivity to 
temperature, sediment thickness and other local effects. 

viii) Creation of petroleum system element COS maps, play maps (geological chance of success
maps (CCOS) shown in Figure D-3, Appendix D.1, and technical chance of success 
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maps (TCCOS) shown in Figure D-4, Appendix D.1, and the petroleum systems potential 
map (stacked Technical Cumulative (STCCOS) map (Figure 1A). 

In summary, plays in the study area were identified and defined based on geologic and tectonic 
trends, seismic interpretation, and analogue data (Table 1C). Each play was assessed individually and 
a chance of geologic success (CCOS) was assigned for each of its petroleum system elements 
(source, reservoir, trap, and seal). Biogenic and thermogenic plays were considered. Plays were 
weighted by an internally-developed global scale factor (a subjective estimate of how the volumetric 
potential of the play may compare to productive plays in other basins worldwide) to facilitate the 
creation of technical chance of success (TCCOS) maps for each play. The technical potential for all 
plays was summed to create a qualitative petroleum potential map (Figure 1A). 

4.2 Assessment Approach for Unconventional and Other Resources 
Literature reviews and consultations were undertaken for unconventional gas hydrate, and for 

emerging technology initiatives including carbon capture and sequestration (CCS) capacity and marine 
geothermal energy. Areas with highest potential to contain gas hydrate deposits were identified by 
isolating areas where Bottom Simulating Reflectors (BSRs) were observed, inferring gas hydrate to be 
present at the base of its stability zone in these locations, and extrapolating into adjacent areas where 
comparable geologic conditions are expected. Key criteria were identified and applied to available data 
sets to allow the identification of areas with geologically favourable conditions for CCS reservoirs and 
marine geothermal energy within the study area. 

4.3 Mineral Assessment 
A marine mineral resource literature review and consultations were undertaken and key criteria were 

identified and applied to available data sets to allow the identification of areas likely to contain three 
deep marine mineral deposit types (volcanogenic massive sulphides (VMS), ferro-manganese crust 
and manganese nodules) within the study area. 
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5.0 RESULTS AND INTERPRETATION 

5.1 Petroleum Potential Map 
Petroleum potential within the study area is summarized in Figure 1 and Tables 1A, B, and C. 

The presence of possible active petroleum systems in the Winona Basin and Accretionary Complex 
regions of the study area is supported by: 

i) indications of gas hydrate deposits in seismic reflection data, seabed samples and wells;
ii) indications of local fluid escape/methane vent features at the seabed interpreted from

seismic, bathymetry, well data and from Remote Operated Vehicle (ROV) images of the 
seabed; and, 

iii) the presence of high amplitude seismic bright spots in areas with thicker sediments that
might be indicative of gas in the subsurface. 

There has been no petroleum exploration drilling in the study area and the interpretation and 
characterization of resource potential was based on indirect information from seismic data, scientific 
well data and basin modelling. 

Subsurface interpretation, mapping and basin analysis of the Miocene and/or Pliocene to-
Pleistocene sedimentary basin fill led to the identification of six play types (Table 1) in the study area 
(Appendices C and D). Petroleum migration between stratigraphic units or play areas is possible. 
The petroleum potential map created by evaluating and stacking identified plays indicates varying 
potential (Figure 1), with the eastern Winona Basin and Accretionary Complex regions considered as 
having moderate potential, the highest in the study area. The areas with the thickest sediments in the 
subduction trench on the Juan de Fuca plate and Explorer microplate have low potential. Most other 
parts of the study area have very low or no potential. 

5.2 Unconventional Petroleum and Emerging Initiatives Map 

5.2.1 Unconventional Gas Hydrates 
Gas hydrate potential is identified in both the Winona Basin and Accretionary Complex regions of the 

study area (Figure 6). Natural gas in hydrates in the Accretionary Complex is sourced by a combination 
of shallow and deep sources (Riedel et al., 2010). Gas hydrate occurrences are laterally heterogeneous 
because the hydrate forms most commonly in coarser grained sandy or silty facies (Riedel, et al., 
2010).  In Winona Basin, bottom simulating reflections (BSRs) occur within isolated structural highs, 
which may indicate gas migration from a deeper thermogenic source (Riedel and Rohr, 2012). Natural 
gas potential from gas hydrates in the Canada Pacific offshore has been estimated to be 0.32-2.4 x 
1013 m3 (Majorowicz and Osadetz, 2001). This estimate included gas hydrates in the study area and 
those to the north adjacent to Haida Gwaii. 

5.2.2 Carbon Capture and Sequestration (CCS) 
Goldberg and Slagle (2009) identify the Juan de Fuca Ridge as one area that may offer large 

capacity CCS storage volumes within reasonable proximity to continental margins and potential 
industrial CO2 sources. Study area data were screened using the following four criteria: i) presence of 
oceanic crust younger than 15 Ma, ii) sediment thickness greater than 200 m, iii) 20 km distance from 
possible recharge/discharge areas, and iv) water depths greater than 800 m (pers. comm.; Scherwath, 
Goldberg and Davis, 2017). Areas likely to contain CCS reservoirs (where geologic conditions required 
for CCS reservoirs were met) are shown in Figure 6. Porous basalts with very high permeability have 
been documented within the study area (Davis and Becker, 2002; Davis et al., 1989; Spinelli and 
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Fisher, 2004 and Fisher, 2005). The GSC did not assess seabed or shallow sediment porosity and 
permeability conditions due to limited data and expected local scale variability in mixed turbidite and 
pelagic sediments in the study area. Further work (beyond the scope of this study) is needed to 
determine where sediment cover is sufficiently low in permeability to allow for physical trapping to 
occur. A sediment cover of 150 m may be sufficient based on reports by Underwood and others (2005) 
that hemipelagic clays in ODP Leg 168 wells were effective hydrologic seals where basalt crust is 
buried by 100 to 150 m of strata. 

5.2.3 Marine Geothermal Energy 
Most seafloor spreading centres around the world are far from land. Like Iceland, active seafloor 

spreading centres are present in Canadian waters relatively close to onshore areas. Three areas of 
geothermal potential are identified within the study area (Figures 4 and 6). The only known active 
seafloor spreading centres with hydrothermal vent fields in Canada occur within the study area. 
Numerous hot springs with geothermal energy potential are present on land in British Columbia and 
British Columbia’s geothermal resources from hot springs sources are currently estimated to be 3000-
5000 MW (Energy B.C., 2017). The electricity generation potential at seafloor spreading centres may 
be an order of magnitude larger than that of geothermal sites in onshore areas. The unique location of 
spreading centres off the west coast of Canada indicate the study area could have significant 
geothermal clean-energy potential if/when the technologies are developed. 

5.3 Mineral Resources 

Areas with geological conditions favourable for the development of mineral occurrences, known as 
geologically permissive areas, are found throughout the study area. Types of mineral occurrences 
include: 

i) VMS sulphide deposits: estimated total area of 93 000 km2 within the study area (Figure 7).
This interpretation is supported by the presence of seafloor spreading ridges, known high 
temperature conditions, active and inactive hydrothermal vent fields and proven 
occurrences of VMS within the study area (e.g. Endeavour and Explorer hydrothermal 
vents). Japan achieved a world first in September 2017, by successfully mining minerals 
from a deep sea hydrothermal vent field, which indicates there is potential in the future for 
similar mining activities to be proposed in or adjacent to the study area. The only known 
active hydrothermal vent fields in Canada occur within the study area. 

ii) Ferromanganese Iron Crusts: estimated total area of 21 000 km2 within the study area
(Figure 7). This interpretation is supported by the presence of seamounts in the study area 
that occupy water depths between 500 and 2,800 m or deeper, and the reported presence 
of ferromanganese and/or manganese glassy rinds, pavement and crusts from seafloor 
samples. Geologically favourable conditions occur with numerous seamounts within the 
study area, a smaller number of seamounts in Canadian waters north of the study area as 
well as for seamounts that extend into international waters west of the study area. 

iii) Manganese Nodules: estimated total area of 9,300 km2 within the study area (Figure 7). This
interpretation is supported by seabed with water depths greater than 3500 m and reports of 
manganese nodules from seabed dredge samples. Favorable conditions are identified over 
a limited area within the study area and over a much larger area north of the study area. 
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6.0 CONCLUSIONS 
The findings of this report are based on existing data, new work, and previous reports and 

publications. Issues of potential economic value in the study area cannot be fully assessed or evaluated 
based on current knowledge. We conclude that within the study area: 

i. A large part of the study area has very low potential or no potential for conventional petroleum
resources and no areas with high potential for significant petroleum resources are predicted.
Low to moderate conventional petroleum potential is predicted in Winona Basin and the
Accretionary Complex, low conventional petroleum potential is predicted for the southeastern-
most areas of the Juan de Fuca and Explorer plates. Potential exists for localized non-
commercial occurrences of hydrothermally generated hydrocarbons (as documented in Middle
Valley)

ii. Gas hydrate potential is identified in the Winona Basin and Accretionary Complex regions
iii. The study area contains marine minerals including proven VMS deposits as well as areas that

are likely to contain additional undiscovered concentrations of: VMS deposits near seafloor
spreading centres and active or inactive hydrothermal vent fields; Ferromanganese crusts that
may contain rare earth elements on seamounts and Manganese nodules where the seabed is
deeper than 3,500 m below sea level

iv. Conditions suitable for clean, green geothermal energy generation are expected to be present
at active seafloor spreading centres

v. Conditions that may be suitable for future CCS are identified in sediment covered regions of the
Pacific, Explorer and Juan de Fuca plates.
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  FIGURE 1 

Figure 1. Petroleum Potential map and illustrative cross section, offshore Pacific study 
area.
(A) Petroleum Potential map of the offshore Pacific study area. Color code – gradation bar ranges from very low 
potential (red) to high potential (green, globally competitive for exploration). Grey polygons indicate areas of no 
petroleum potential. The Pacific offshore study area contains areas of no potential (grey), low potential (orange, 
red) and medium potential (yellow). There are no areas of high petroleum potential. (B) Cross section A-A’ shows 
thin to no sediments across the majority of the study area and thick sediments in the east.
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  FIGURE 2 

Figure 2. Tectonic regions and structural elements map 

Tectonic regions (Juan de Fuca Plate, Explorer Plate, Pacific Plate, Winona Basin and Accretionary Complex) 
and structural elements (spreading ridges, transform faults, paleo strike slip faults and the deformation front 
associated with the Cascadia Subduction Zone) are present in the Pacific Offshore study area. 
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  FIGURE 3 

Figure 3. Geophysical data used to assess the study area. 

Locations of available seismic reflection data (single channel, multichannel, and electromagnetic sourced data), 
gravity profiles and seismic images shown in this report (Figure C-1, Appendix C) are indicated. A summary of 
seismic data consulted in this study is provided in Appendix B, Table B-1B.  Bathymetry data accessed from: 
http://www.geomapapp.org Global Multi-Resolution Topography (GMRT) Synthesis (Appendix B, Table B-1C; 
Ryan et al., 2009). 



17 

     FIGURE 4 

Figure 4. Well data, geological features and hydrocarbon indicators map.  
(A) Well data, geological features and hydrocarbon indicators map. (B): Accretionary Complex ODP Leg 146, 
IODP Leg 311 wells. (C): Juan de Fuca (Middle Valley) ODP Leg 139 wells. (D): Juan de Fuca ODP Leg 168 
wells. More information on data utilized in this study is provided in Section 3.0 and in Appendix B.
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                                                 FIGURE 5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5.  Generalized Pacific Margin Basin fill age and rock type from shelf to deepwater 
 
Shelf stratigraphy adapted from Hannigan and others, 2001.  Winona Basin, Juan de Fuca and Explorer and Pacific Plate stratigraphy based on 
available well data or inferred from paleomagnetic data, seismic interpretations and gross depositional environment models. 
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                                                      FIGURE 6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6. Unconventional and other potential geological resources and activities map. 
 
Highest potential area for unconventional gas hydrate deposits and areas likely to contain geothermal energy and 
Carbon Capture and Storage (CCS) opportunities are indicated. 
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 FIGURE 7 

Figure 7. Marine minerals map showing areas with geologically favorable 
conditions for the presence of undiscovered VMS, Mn-Fe crust and Mn nodule 
deposits 

Criteria for volcanogenic massive sulphide (VMS) deposits include: oceanic crust originating from 
seafloor spreading ridges, known hydrothermal vents and mineralization in the area, and less than 100 
m sediment cover. Criteria for ferro-manganese (Mn-Fe) crust include: presence of basaltic oceanic 
crust on seamounts and/or ridges, in a water depth range of 400 m to 2500 m or greater. Criteria for 
manganese (Mn) nodules: water depth must be greater than 3500 m. The Endeavor Hydrothermal Vent 
Marine Protected Area (red box), seamounts, spreading ridges, Middle Valley, Explorer Ridge and 
known hydrothermal vent locations (green diamonds) are shown. 
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Table 1A:  Summary of Petroleum Assessment Results for the Pacific Offshore study area. 
 

 

                                                    TABLE 1A 
 
 
 
 
 
 
 
 

Table 1B: Summary of Qualitative Petroleum System Element Assessment Results by Region. 
 
 

                                                             TABLE 1B 
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Table 1C: Summary of Petroleum Plays by region within the Pacific offshore study area. 
 
Play age, Play type (Structural or stratigraphic), Petroleum system elements (trap, source rock, reservoir, seal) and Data Coverage are 
summarized by region. A global scale factor (Section 4.1, Main report) was applied as thermogenic where potential for a thermogenic petroleum 
source was highest (Winona Basin, Accretionary Complex, and deeper parts of trench fill deposits west of the deformation front) and as biogenic 
everywhere else. The global scale factor is a subjective estimate of global competitiveness based on professional experience. 

 

                                                                   TABLE 1C 
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APPENDIX A – GLOSSARY OF TERMS 
 
(*1 from or modified from Schlumberger Limited’s on-line dictionary, The Oilfield Glossary: 

http://www.glossary.oilfield.slb.com) 
(*2 from or modified from the Canadian Association of Petroleum Producers Glossary: 

https://www.capp.ca/publications-and-statistics/glossary) 
(*3 from or modified from National Energy Board’s Glossary: https://www.neb-one.gc.ca/nrg/tl/glssr-eng.html) 
(*4 from or modified from the Geology Dictionary.com: https://geology.com/dictionary/glossary-s.shtml) 
(*5 from or modified from Doust, 2010: https://doi.org/10.1306/06301009168) 
 
Accretionary Complex: A dynamically deforming fold and thrust belt that forms when sediments on a subducting 
oceanic plate are scraped off above a detachment surface in a bulldozer-like manner. Younger sediments form 
the outermost parts of the complex or prism, and sediments become older in the innermost parts of the complex. 
 
Basalt*4: Formed from cooled, hardened molten rock, often associated with volcanic processes. It forms the 
bedrock of the ocean floor and also occurs on land in extensive lava flows. 
 
Biogenic gas: Gas produced by biological activity as microorganisms attempt to decompose the remains of 
marine life, typically at shallow depths and lower temperatures (less than 70°C). 
 
Carbon Capture and Storage*2: The process of taking waste carbon dioxide and transporting it to a storage site, 
normally underground in a specific type of geological formation. 
 
Conventional Petroleum*4: an umbrella term for oil and natural gas that can flow into a well at commercial rates 
without the extensive use of technology after the well is drilled. 
 
Deep Water Play*1: Conceptual model for a type of hydrocarbon accumulation in offshore areas where water 
depths exceed approximately 600 feet [200 m], the approximate water depth at the edge of the continental shelf. 
While deep-water reservoir targets are geologically similar to reservoirs drilled both in shallower present-day 
water depths as well as onshore, the logistics of producing hydrocarbons from reservoirs located below such 
water depths presents a considerable technical challenge. 
 
DSDP: Deep Sea Drilling Project. An ocean drilling project that operated from 1968 to 1983. 
 
Gas Hydrate*1: An unusual occurrence of hydrocarbon in which molecules of natural gas, typically methane, are 
trapped in ice molecules. More generally, hydrates are compounds in which gas molecules are trapped within a 
crystal structure. Hydrates form in cold climates, such as permafrost zones and in deep water. To date, economic 
liberation of hydrocarbon gases from hydrates has not occurred, but hydrates contain quantities of hydrocarbons 
that could be of great economic significance. 
 
Geothermal Energy*3: The use of geothermal heat from the earth’s molten core to generate electricity. 
 
Hydrocarbon*1: A naturally occurring organic compound comprising hydrogen and carbon. Hydrocarbons can be 
as simple as methane [CH4], but many are highly complex molecules, and can occur as gases, liquids or solids. 
The molecules can have the shape of chains, branching chains, rings or other structures. Petroleum is a complex 
mixture of hydrocarbons. The most common hydrocarbons are natural gas, oil and coal. 
 
Hydrothermal Vent: A hot spring on the sea floor, usually near mid-ocean ridges, that discharges hot water laden 
with dissolved metals and dissolved gases. When these hot fluids contact the cold ocean water the dissolved 
materials precipitate, producing a dark plume of suspended material. The water discharged from these springs is 
sea water that percolates down into the earth through fissures in the sea floor. This water is heated and picks up 
dissolved gases and metals as it interacts with the hot rocks and magma at depth. Also known as a "black 
smoker." 
 
IODP: The Integrated Ocean Drilling Program is an international marine research program. 

https://geology.com/dictionary/glossary-s.shtml
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Maturation*1: The process of a source rock becoming capable of generating oil or gas when exposed to 
appropriate pressures and temperatures. As a source rock begins to mature, it generates hydrocarbons. 

Migration*1: The movement of hydrocarbons from their source into reservoir rocks. Migration typically occurs 
from a structurally low area to a higher area because of the relative buoyancy of hydrocarbons in comparison to 
the surrounding rock. 

Miocene: Geological Epoch approximately 23 to 5.3 million years before present. 

ODP: The Ocean Drilling Program was established in 1985 as an international cooperative effort to explore and 
study the composition and structure of the Earth’s ocean basins. In 2004, it transformed into the IODP. 

Oligocene: Geological Epoch approximately 33.9 to 23 million years before present. 

Petroleum*2: A naturally occurring mixture composed predominantly of hydrocarbons in the gaseous, liquid or 
solid phase. 

Petroleum System*1: Geologic components and processes necessary to generate and store 
hydrocarbons, including a mature source rock, migration pathway, reservoir rock, trap and seal. 
Appropriate relative timing of formation of these elements and the processes of generation, migration and 
accumulation are necessary for hydrocarbons to accumulate and be preserved. 

Play*1&5: A conceptual model for a style of hydrocarbon accumulation used by explorationists to evaluate 
petroleum opportunities in a basin, region or trend. Plays can are best defined by defining the petroleum source 
rock, the reservoir and the trap type. In areas where few accumulations are in an individual play, meaningful 
statistical analyses may have to be conducted at higher levels. 

Pleistocene: Geological Epoch approximately 2,588 to 11.7 thousand years before present. 

Pliocene: Geological Epoch approximately 5.333 to 2.58 million years before present. 

Reservoir*1: A subsurface body of rock having sufficient porosity and permeability to store and transmit fluids. 
Sedimentary rocks are the most common reservoir rocks as they have more porosity than most igneous and 
metamorphic rocks and form under temperature conditions at which hydrocarbons can be preserved. A reservoir 
is a critical component of a complete petroleum system. 

Sandstone*2: A compacted sedimentary rock composed mainly of quartz or feldspar; a common rock in which oil, 
natural gas and/or water accumulate. 

Seal*1: A relatively impermeable rock, commonly shale, anhydrite or salt that forms a barrier or cap above and 
around reservoir rock such that fluids cannot migrate beyond the reservoir. A seal is a critical component of a 
complete petroleum system. 

Seamount*4: A mountain on the sea floor that has at least 1000 meters of local relief. Most seamounts are shield 
volcanoes.  

Sedimentary: rock formed from the consolidation of sediments transported by water, wind or ice. 

Shelf: The area of seabed around a large landmass where the sea is relatively shallow compared with the open 
ocean. The continental shelf is geologically part of the continental crust. 

Slope: The slope between the outer edge of the continental shelf and the deep ocean floor. 

http://www.glossary.oilfield.slb.com/Terms/s/source_rock.aspx
http://www.glossary.oilfield.slb.com/Terms/b/buoyancy.aspx
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Source rock*1: A rock rich in organic matter which, if heated sufficiently, will generate oil or gas. Typical source 
rocks, usually shales or limestones, contain about 1% organic matter and at least 0.5% total organic carbon 
(TOC), although a rich source rock might have as much as 10% organic matter. 
 
Seafloor Spreading Centre: A divergent plate boundary. In this context, two oceanic plates are moving apart and 
magma is coming to the surface to create new oceanic crust. 
 
Stratigraphic Trap*1: A variety of sealed geologic container capable of retaining hydrocarbons, formed by 
changes in rock type or pinch-outs, unconformities, or sedimentary features such as reefs. 
 
Strike-slip: A fault where two plates are moving parallel to each other in opposite directions. Movement is parallel 
to the line of the fault. 
 
Structural Trap*1: Structural traps, in contrast, consist of geologic structures in deformed strata such as faults 
and folds whose geometries permit retention of hydrocarbons. 
 
Subduction: A tectonic process where one plate slides underneath another as they move towards each other. 
 
Tectonic Plate*4: The crust and the uppermost mantle, consists of a number of pieces or tectonic plates that are 
composed of oceanic crust or continental crust.  The movement of the plates toward each can form mountains 
and oceanic crust will move under continental crust (subduction). When plates move away from each other, hot 
magma can be released at the Earth’s surface (seafloor spreading) to form new oceanic crust. 
 
Thermogenic: Organic matter is heated to a temperature that allows for the production of hydrocarbons. 
 
Trap*1: A configuration of rocks suitable for containing hydrocarbons and sealed by a relatively 
impermeable formation through which hydrocarbons will not migrate. Traps are described as structural traps (in 
deformed strata such as folds and faults) or stratigraphic traps (in areas where rock types change, such as 
unconformities, pinch-outs and reefs). A trap is an essential part of a petroleum system. 
 
Triple junction: A place where three different plate boundaries meet. They were initially thought to occupy points 
but mapping over the years shows that, in fact areas hundreds of km wide can be affected. 
 
Unconventional Petroleum Resource*3: An umbrella term for oil and natural gas that is cannot be produced 
without mining; the extensive use of technology; or without altering the natural viscosity of the oil. Examples 
include: coalbed methane, shale gas and gas hydrates. 
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APPENDIX B – INDUSTRY AND SCIENTIFIC ACTIVITIES 

B.1 Petroleum industry activity: shelf and deepwater exploration
Petroleum exploration in the west coast region occurred intermittently between 1913 and 1984

(B.C. Ministry of Energy, Mines and Natural Gas). Shell Canada Ltd. drilled 14 offshore wells between 
1965 and 1969, which included eight wells in the Queen Charlotte Basin and six in the Tofino Basin 
(Figure B-1); no wells have been drilled in the Winona Basin (Hannigan et al., 2001). No oil or gas field 
discoveries have been made to date but several wells encountered oil or gas shows, 
(e.g. Sockeye B-10, Pluto I-87, and Prometheus H-68 (see Appendix C.7.3 for detail). Dry biogenic gas 
shows have been encountered in Pleistocene sands and gravels on the Fraser river delta and in 8 wells 
drilled in the Bellingham sub-basin (NW Washington (Hannigan et al., 2001). Previous work on 
hydrocarbon occurrences, petroleum source rocks, organic geochemistry data, and petroleum systems 
models include: McIver (1973), Macauley (1983), Hamilton and Cameron (1989), Vellutini (1988), 
Fowler and others (1988 & 1987), Vellutini and Bustin (1993a and b), Lyatsky and Haggard (1993), 
Bustin (1997), Snowden (2002), Schümann and others (2013 and 2008). 

An indefinite moratorium was imposed on petroleum exploration in the Pacific offshore by the 
Canadian federal government in 1972. No offshore drilling has occurred since the moratorium was 
established; exploration licenses issued prior to the moratorium are in abeyance (B.C. Ministry of 
Energy, Mines and Natural Gas). 

B.2 Scientific drilling, geophysical surveys and observatory research in Northern
Cascadia Basin

Since 1973, the Deep Sea Drilling Program (DSDP), Ocean Drilling Program (ODP), and Integrated 
Ocean Drilling Program (IODP) have undertaken eight expeditions within the study area. These 
programs drilled 97 holes at 32 different sites to study a wide range of topics, including subduction 
zones and the triple junction of the Juan de Fuca, North American and Pacific plates, massive sulfides, 
hydrothermal circulation of the ocean crust, and Cascadia margin gas hydrates (Table B-1A). 
Approximately 29 000 line-km of seismic data as well as bathymetry and gravity data were available for 
appraisal in this study. Table B-1B references a subset of the seismic data, specifically those lines 
where returning seismic energy allowed, in whole or in part, interpretation of the top of oceanic crust 
(approximately 21 000 line-km). Data types, originating institutions/survey years, and key reference 
information are summarized for seismic data (Table B-1B) and for bathymetry and gravity data 
(Table B-1C). 

The Geological Survey of Canada has previously assessed petroleum resource potential in the 
Gwaii Hannas (Dietrich and others (1992) Open File Report 2557), Scott Islands (Hannigan and others, 
(2005) Open File Report 4829) and Hecate Strait (Hannigan and Dietrich (2011) Open File Report 
6860) areas in support of marine conservation activities. The locations for these assessments are 
shown in Appendix B, Figure B-1. Additional resource assessment works consulted during the study 
includes works by: Hannigan and others (2001 & 1998), Dietrich (1995) and Carson and Nelson (1987). 

Seabed installations related to ongoing research activities within the study area, by Ocean Networks 
Canada, NEPTUNE Canada and various Canadian and International academic investigators,include: 
i) the North-east Pacific Time-series Undersea Networked Experiments (NEPTUNE) cable and,
ii) Circulating Obviation Retrofit Kits (CORK) borehole seals (Best et al., 2015; Figure B-1).

i) NEPTUNE cable: The 800 km long fibre-optic Neptune Cable was installed by the University
of Victoria in 2007. The cable forms a loop and connects five active nodes that include the ODP
site 889, Barkley Canyon, ODP site 1027, and the Endeavor segment on Juan de Fuca Ridge
(Moran, 2013).



27 
 

ii) CORKs: these permanent seabed installations seal boreholes from the surface to allow for long 
term monitoring of in situ temperature and pressure measurements. Data obtained from CORK 
stations can provide important information on heat flow, chemical exchange between the ocean 
and crust, methane hydrate formation and ore deposition (Becker and Davis, 2005). CORKs 
need to be revisited occasionally for data collection and maintenance. 

 

                                                      Figure B-1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B-1. Petroleum Industry and Scientific Activity map.  Summary of Industry wells, scientific data (wells, 
seismic, Cork stations and Neptune Cable) and previous GSC petroleum resource assessment areas within the 
Offshore Pacific region. A summary of seismic data consulted in this study is provided in Appendix B, Table B-1B. 
Bathymetry data accessed from:  http://www.geomapapp.org Global Multi-Resolution Topography (GMRT) 
Synthesis (Appendix B, Table B-1C; Ryan et al., 2009).More information on the locations of exploration licenses 
under moratorium can be found at http://webmap.em.gov.bc.ca/mapplace/minpot/offshore.cfm. 
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Table B-1A. Scientific drilling research programs. 
 
Program details (objectives, wells count and program year) are summarized for programs in the study area 
(DSDP Leg 18, ODP Legs 139, 146, 168, 169, IODP Legs 301, 311, 327 and 341S). 
 

 

                                      Table B-1A 
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Table B-1B 
Overview of seismic datasets used in this study to map sediment thickness. The reader is referred to Appendix E for citations associated with reference papers or principal investigators 

acknowledged in this summary table. 
 

 

                                         Table B-1B 
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Table B-1C 
Overview of other data sets (bathymetry, gravity, well data, dredge samples, and gas seep) datasets used in this study. The reader is referred to Appendix E for citations associated with reference 
papers or principal investigators acknowledged in this summary table. 
 

 
 

                                         Table B-1C 
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APPENDIX C – GEOLOGICAL AND GEOPHYSICAL OVERVIEW AND DETAIL 

C.1 Tectonic Setting 

C.1.1 Overview and Major Tectonic Elements 
The study area contains three tectonic boundaries: the Juan de Fuca spreading centre (separating 

the Pacific and Juan de Fuca plates), the Cascadia subduction zone (the zone where the Juan de Fuca 
Plate is subducting beneath the North American Plate) and the strike-slip Revere-Dellwood and Queen 
Charlotte faults (separating the Pacific and North American plates; Figure 2). These three tectonic 
boundaries separate three tectonic plates (Pacific, North American and Juan de Fuca) that intersect at 
a triple junction. The recent evolution of the triple junction includes the formation of a microplate 
(Explorer), and a ‘block’ (the Winona Basin), the reorientation of the Northern Juan de Fuca ridge and 
along-strike propagation of the strike-slip faults. While the main plate boundaries are well defined, many 
aspects of the recent evolution of the triple junction region are not. 

 
The pattern of linear magnetic anomalies on either side of the spreading centre (Raff and Mason, 

1961) provide the framework for the Pacific and Juan de Fuca plate relative motion history (Riddihough, 
1984; Wilson, 1993). The various segments of the spreading centre mostly exhibit small lateral offsets; 
but there is also a major transform fault, the Sovanco Fracture Zone, that forms the southwestern 
boundary of the Explorer microplate. The along-strike propagation of these rift valleys have left in their 
wake disrupted crustal structure and magnetic signatures (Wilson, 1993). The triple junction region 
does not show the typical pattern of linear magnetic stripes. Rapid western migration and jumps of the 
Explorer spreading centre (Botros and Johnson, 1988) as well as later shearing appears to have 
disrupted or destroyed most of the original lineation pattern. The absence of magnetic lineations in the 
Winona Basin is in part because a blanket of thick sediments has sufficiently raised crustal 
temperatures to overprint the original magnetisation (Davis and Riddihough, 1982). 

 
Seismic reflection profiles across the region image the top of oceanic crust, seafloor spreading 

centres, seamounts and Quaternary sediments that thicken into the trough (or trench) of the Cascadia 
subduction zone on the Juan de Fuca Plate. Numerous small offset faults were also imaged around the 
northern Juan de Fuca Ridge (McManus et al., 1972; Barr and Chase, 1974; Davis and Lister, 1977), in 
the Explorer microplate (Barr and Chase, 1974; Davis and Lister, 1977), Nootka Fault Zone 
(Hyndman et al., 1979) and the Juan de Fuca Plate itself (Han et al., 2016). In the latter region, the 
faults may be the result of a small internal shear from Pacific-North America oblique interactions, as 
well as bending stresses from glacial outwash sediments and flexure into the subduction zone 
(Han et al., 2016). 

 
Canada’s most seismogenic zone occurs within the Explorer microplate (Figure 2), and adjacent to 

the Revere-Dellwood and the Queen Charlotte faults (Cassidy et al. 1998, Geoscience Canada, 2010). 
Earthquakes of magnitude greater than 4 are commonly observed along the Queen Charlotte Fault, 
Revere-Dellwood Fault, within the Explorer microplate and on the northernmost extent of the Juan de 
Fuca spreading centre (e.g. Riedel and Rohr, 2012). Frequent earthquakes of smaller magnitude occur 
broadly scattered across these regions. They are less accurately located but can also occur on smaller 
structures. Events of magnitude greater than 6 are common in this region and were identified even 
when only a few seismometers were located on Vancouver Island (e.g. Milne and Smith, 1966). 
By 1992, the distribution of seismometers was considered sufficient to locate the larger offshore 
earthquakes with approximately +/- 10 km accuracy (G. Rogers and J. Cassidy, pers. comm. 2009). 

 
Plate tectonic illustrations of the last 30 years have typically shown the Cascadia subduction zone 

continuing past Vancouver Island to the southern tip of the Queen Charlotte fault and treats the 
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volcanic edifices of the Dellwood Knolls and the Tuzo Wilson seamounts as spreading centres. 
However, north of Brooks Peninsula on Vancouver Island the lack of a visible subducting slab 
(Audet et al., 2008) or episodic seismic tremor (Kao, et al., 2009) under Vancouver Island indicate that 
subduction does not continue past that point. Multibeam bathymetry of the Dellwood Knolls and the 
Tuzo Wilson seamounts shows that they are better characterised as coalescing volcanic cones and sills 
that lack the dominant signature of extensional faults seen at spreading centres (Rohr and Furlong, 
1995). Significant seismicity has been observed along the northward trend of the Revere-Dellwood 
Fault and side-scan sonar and seismic reflection data indicate that this fault overlaps the Queen 
Charlotte fault by 120 km. The Dellwood Knolls and the Tuzo Wilson seamounts are interpreted to be 
the result of limited extension on a right step between two right-lateral strike slip faults (Rohr, 2015; 
Rohr and Furlong, 1995). This zone of overlap has propagated northward in the last 2 Ma (Davis and 
Riddihough, 1982). 

 

C.1.2 Tectonic Regions 
Five distinct regions are identified in the study area based on the tectonic setting and associated 

structural style (Figures 2 and C-1): 
 

1. Pacific Plate  This rugged, tectonically quiet region is dominated by relatively thin, flat-lying 
sediments, limited structure and occasional seamounts (Figure C-1A). 

 
2. Explorer Microplate  This highly seismogenic region is dominated by pervasive small-

offset, high-angle faults formed by shearing of the microplate during the evolution of the 
triple junction (Figure C-1B). 

 
3. Juan de Fuca Plate  Small-offset extensional fault-blocks are visible in the seismic data 

throughout this region in the study area (Figure C-1C). Most cannot be mapped and the true 
sense of movement on individual faults is not known.  These faults may have a shear 
component (Han et al., 2016) and are enhanced by bending stresses. Middle Valley, a 
graben containing thicker sediments is mapped near the spreading centre.   

 
4. Winona Basin  The Winona Basin is characterized in its southern portion by compressional 

structures including anticlinal ridges and folds; some appear to be positive flower structures 
(e.g. Rohr and Tryon, 2010; Figure C-1D). Deformation increases southward where several 
sedimentary ridges with bathymetric expression have been mapped. The northern portion of 
the basin is characterized by transtension between two strike-slip faults that resulted in the 
formation of volcanic edifices and sills. 
 

5. Accretionary Complex  The modern accretionary wedge extends northeastward from the 
deformation front to the shelf edge and is dominated by compressional structures that 
include ramp anticlines on imbricate thrusts and back-thrusts as well as fault-propagation 
folds in the accreted sediments (Figure C-1E). 
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Figure C-1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure C-1. 2D seismic profiles showing dominant structures by tectonic region. 
Refer to Figure 3 for 2D Line locations. Seabed (light blue) and top of basement (bright green) are shown; all sections have the same reflection polarity); A. Pacific Plate: sedimentary strata are 
thin or absent; Original data source: Line EW0207-20, Lamont-Doherty Earth Observatory, 2002; B. Explorer Plate: pervasive, high-angle, small-offset strike-slip faults; Original data source: 
PGC9404_EX08_line2, Geological Survey of Canada – Pacific, 1994-04; C. Juan de Fuca Plate: small-offset normal fault blocks and direct hydrocarbon indicators (bright spots); Original data 
source: Line 85-09, Geological Survey of Canada – Pacific, 1985; D. Winona Basin: anticlinal ridges, folds, and BSRs; Original data source: Line PGC9404_EX20_line34to38, Geological Survey 
of Canada – Pacific, 1994-04; E. Accretionary Complex: thrust faults, anticlines and BSRs; Original data source: Line 8909B, Geological Survey of Canada – Pacific, 1989. 
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C.2 Thermal Conditions 
The study area is characterized by highly variable geothermal gradients controlled by a range of 

tectonic features (spreading ridge, accretionary prism, transform basin, and multiple plate boundaries) 
and, at a local scale, by hydrothermal activities and basalt extrusions. Temperature data including 
shallow temperature measurements (from Bullard, Lister, or Ewing probes) were obtained during 
DSDP/OPD/IODP research expeditions and heat flow variability within the study area has been the 
focus of numerous scientific investigations (e.g. Davis et. al., 1989; Davis and Villinger, 1992; Hyndman 
and Wang, 1993; Davis and Becker, 2002). Geothermal gradients predictions involving calibration with 
heat probe measurements can have errors of less than 10 per cent; uncertainties as high as 50 to 60% 
of calculated values can occur if calibration data are not available (Grevemeyer and Villinger, 2001). 

 
Measured heat flow values in Winona Basin range between 23 to 147 mWm-2 with lower values 

occurring in the inner part of the basin as a result of higher sedimentation rates (Davis and Riddihough, 
1981). In the Accretionary Complex heat flow decreases landward across the continental margin. This 
predictable trend is a result of a thickening accretionary prism overlying a cooling subducting oceanic 
crust. (Davis et al, 1990). Thermal conditions at the Juan de Fuca Trench are influenced by frictional 
heat of accreting sediments and oceanic crust of the Juan de Fuca plate subducting beneath the North 
American Plate (Hyndman and Wang, 1993). Middle Valley rests on young crust (<1 Ma) resulting in 
very high heat flows. Measured data do not yield trends coherent with basin structure and are likely 
complicated as a result of influence from hydrothermal circulation and basalt sill extrusions. 

 
C.3 Thickness of Sedimentary Basin Fill 

A sediment thickness map for the study area was created using mostly 2D seismic data, a few 
gravity profiles, and some published depth cross sections (Figure C-2). The top and base of sediments 
(represented by the seabed and sediment-basement interface) were picked, where possible, on the 
available 2D time seismic data and converted to approximate thickness using a velocity gradient for the 
sediments from a refraction study (Horning et al., 2016). In the Winona Basin, the base of sediments 
was not easily interpreted due to a lack of acoustic penetration under thick sediments. A 3D gravity 
inversion model was generated in Winona Basin to estimate sediment thickness (see below). Results of 
the modeling suggest sedimentary basin fill is likely in excess of 8.6 km thick in the deepest part of 
Winona Basin. In the Accretionary Complex, a simple velocity gradient was not valid due to complex 
velocity fields in the accreted sediments (e.g. Yuan et al., 1994). Therefore, a published depth-
converted multichannel seismic section was integrated to help constrain depth in this area. Previous 
velocity model work in the Tofino Basin were also consulted (Hayward and Calvert, 2007). The entire 
study area also contains numerous seamounts and ridges where sediment cover is minimal. For the 
purposes of this study, these areas were constrained as having zero sediment thickness. 

 
The map depicted in Figure C-2 is our best current estimate of sediment thickness in the study area, 

which ranges from 0 to ~8.6+ kilometers.  Uncertainty remains for the thickness of sediments in Middle 
Valley, the Juan de Fuca Trench, Winona Basin, and Accretionary Complex, where base of sediments 
is not resolvable or imaged on seismic profiles. In Middle Valley, a minimum value was computed from 
the thickness of imaged sediments. Another source of uncertainty arises from the use of a regional 
refraction velocity function, which does not account for local variations in velocity. Various velocity 
functions were tested; the gradient function ultimately used was chosen because it matched 
observations of drilled thickness at IODP site 1027 and the time to basement reflector on a seismic 
profile over the drill site. 
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  Figure C-2 

Figure C-2. Sediment thickness map (A) and illustrative seismic line (B).
Line location is shown in yellow. Original data source: Line 85-09, Geological Survey of Canada – Pacific, 1985. 
Sediment thickness shown in (A) represents the thickness between blue horizon (Seabed or top sediments) and 
green horizon (Basement or base of sediments). Note the seamount on the SW end of the line. Thickness map 
was generated using seabed and base of sediments interpretations (K.Rohr, this study), and utilizing seabed data 
from the Global Multi-Resolution Topography (GMRT) Synthesis from variable data density and interpolation 
issues (especially on the Pacific plate, in Winona Basin, and within the Accretionary Complex). 

A
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Other velocity functions computed lower sediment thicknesses (e.g. Gardner et al., 1993); actual 
thicknesses likely fall somewhere between. Further sources of uncertainty arise (Ryan et al., 2009). 
Thickness in depth was approximated by using a velocity gradient for sediments based on a refraction 
study by Horning and others, 2016. 

 
Gravity model: Sediment thickness in the Winona Basin is estimated from the 3D inversion of marine 

Bouguer gravity data (Geological Survey of Canada, 2014). Sediment in the Winona Basin has a lower 
density than the underlying igneous, oceanic crustal, basement. Thus, the low Bouguer anomaly 
observed over the basin is an indication of the basin’s sedimentary fill, as well as variations in density 
and thickness. A 3-D inversion of the Bouguer gravity data with GRAV3D (Li and Oldenburg 1998) 
provides a tool for estimation of these two unknowns. Model input parameters were varied within 
reasonable limits to form a suite of density contrast models. The final model was chosen based on a 
good match to a depth-converted seismic reflection profile 88-02 (Figure C-3A, location of 88-02 in bold 
red on Figure C-2). The model predicts the lowest sediment densities (Figure C-3A) to be associated 
with a region of relatively low seismic reflectivity and gently NE-dipping seismic reflections between 
shot points 12 700 and 13 000. Below, at a depth of approximately 6 km, model density contours align 
with higher amplitude, NE-dipping, reflections. The density model also reflects the zone of deformation 
to the southwest of shot point 13 000 (Figure C-3A). The 3D density contrast model (Figure C-3B) 
suggests that the Winona Basin is much broader and deeper to the southeast of line 88-02. Internally 
its structure appears complex with local depocenters, but greatest basement depths of approximately 
12 km occur within the center of the basin. 

 

C.4 Basin Fill Age Constraints and Stratigraphy 
The recognition of magnetic anomaly isochrons (Figure C-4A) and the work that followed to identify 

spreading ridges, fracture zones and propagating ridges has resulted in a good understanding of 
oceanic crust age in the northwest Pacific region (Atwater and Menard, 1970; Wilson, 1988; 2002; 
Riddihough, 1984). Oceanic crust forms at spreading ridges and its age increases away from the 
spreading centre to a maximum age of 16 Ma in the northwest corner of the Pacific Plate, and 9 Ma in 
the southeast corner of the Juan de Fuca Plate (Figures C-4A and C-4B; Wilson, 2002). These crustal 
ages provide useful constraints for the dating of overlying sediments where age dating from wells is 
sparse (Figure C-4C). Basin fill within the study area is expected to be Pleistocene or younger in the 
vicinity of crustal spreading ridges, Pliocene and younger over parts of the Juan de Fuca Plate, Pacific 
Plate and Explorer microplate, and Miocene and younger in the thickest areas of trench fill on the Juan 
de Fuca plate, in the Accretionary complex region and along the western side of the study area on the 
Pacific Plate. Magnetic isochron data are not available to constrain basin fill age in the Winona Basin. 
The DSDP Leg 18, Site 177 well located just east of the Revere- Dellwood Transform Fault reached 
Total depth (TD) in Pliocene sediments, which suggests the Winona Basin fill could be at least Pliocene 
and younger in age. The age of oceanic crust beneath TD at Site 177 is not known, and overlying basin 
fill away from well control may be different. 

 
Research well data within the region provide some constraints to the age of basin fill (Figure C-4C). 

Basin fill above the Juan de Fuca Plate ranges in age from Pliocene to Recent (Underwood et al, 
2005). No wells have been drilled in the thicker basin fill of the Pacific Plate, the Explorer microplate or 
the Winona Basin, and the only well in the Juan de Fuca Trench (Leg 146, Site 888) tests the upper 
600 m of a 2500 m thick section. Sediment age at depth in thicker untested basin fill of the study area 
are unknown. Industry exploration wells in the Tofino Basin encountered Eocene to Recent stratigraphy 
in the eastern portion of the Accretionary Complex (Johns et al., 2012, Johns et al., 2015). The western 
region of the Accretionary Complex is younger, with an expected age range from Miocene to Recent. 
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  Figure C-3 

Figure C-3.  Winona Basin Density contrast model.
Model is derived from a 3-D inversion of the Bouguer gravity anomaly. (A) Comparison of a section through the 
density contrast model with the lowest densities in blue, and seismic reflection profile QC88-02B (original data 
source: Geological Survey of Canada – Pacific, 1988). (B) 3-D distribution of low density contrast, interpreted to 
be associated with the Winona Basin’s sedimentary fill. Nested density contrast isosurfaces are shown in green. 
Density contrast model along seismic reflection profile 88-02 is shown crossing the northwestern part of the basin. 
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Figure C-4 

Figure C-4. Paleo-magnetic data (A), oceanic crust age (B), and sediment age constraints (C) maps. 

(A). Paleo-magnetic Isochron map (modified from Wilson, 2002, Fig. 2) indicates oceanic crust within study area (red polygon) is young, ranging 
from 0 to 1 million years (Ma) (red “1” stripes) at spreading ridges to 16 Ma (Green “5B” stripes) in the northwest; (B) Simplified Ocean crust age 
map (based on Paleo-magnetic isochron in A) and age of sediments resting on basement; (C) Age of deepest sediments tested superimposed on 
crust age constraints map. 
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Sedimentary sections in the adjacent coastal, shelf and slope regions east of the study area include 
strata that are much older than basin fill in the study area, with ages ranging from 0 to 45 Ma in the 
Tofino basin, and from 0 to 200 Ma in Queen Charlotte Basin (Hannigan et al., 2001; 2005; 
Johns et al., 2012; 2015, Narayan et al., 2005; Figure 5). Many of the documented hydrocarbon plays 
and petroleum system elements (source rocks, reservoirs, traps and seals) identified in these basins 
are not present in the study area, because the age equivalent basin fill is not present. Age equivalent 
Miocene to Recent deposits are present and a limited review of these data was conducted. 

C.5 Factors controlling sediment supply

C.5.1 Climate
Climate change can exert significant controls on the nature and rate of sediment supply to oceanic

basins along continental margins. Investigations of climate change over the past 5 million years reveal 
oscillations between glacial and interglacial conditions that involved 3 phases: 

Middle/Late Pleistocene to Recent (0.8 to 0 Ma): this was a time interval dominated by major 
glaciation-interglaciation cycles, occurring every 100, 000 years (Lambeck et al., 2002; Lisiecki 
and Raymo, 2005), where major ice sheet growth during glaciation events resulted in lower sea 
levels and colder climate conditions. There is potential in the Pacific offshore for eight or 
more major glaciations to be recorded in the deep water basin fill. Major ice sheet growth 
led to significantly lower sea levels (by as much as 130 m below current levels), and at times 
these ice sheets extended to the continental shelf edge (Barrie et al., 2014; Barrie and 
Conway, 2002; James et al., 2000) and high volumes of glacial melt waters had potential 
to transport and deliver sediments directly into deep water regions (Shaw et al., 2017). 
Deepwater deposits are likely to be dominated by thicker rapidly deposited accumulations of 
glacially derived sediment gravity flow (SGF) deposits, including debris flow and turbidite 
deposits, as well as SGF deposits generated by earthquakes) and pelagic deposits. Well 
data in and adjacent to the study area indicate cool ocean surface temperatures, sand and 
gravel rich deposits with possible drop stones (e.g. DSDP Leg 18, Site 177 (Ingle, 1973); 
and ODP Leg 146, Site 888 (Knudson and Hendy, 2009); as well as in Tofino Basin 
wells (Johns et al., 2015; 2012). 

Middle/Late Pliocene to Middle/Late Pleistocene (2.7 to 0.8Ma): this time interval was 
dominated by moderate amplitude climate oscillations punctuated by glacial conditions every 
40 000 years (Lambeck et al., 2002). Lower sea levels during glaciation episodes would result in 
less space for sediments to accumulate on the shelf and increased potential for transport of 
glaciogenic sediments into deep water, and conversely, higher sea levels during interglacial 
periods would create more accommodation space on the shelf, so less sediment might be 
transported beyond the shelf edge into deep water. Deep water deposits are likely to be a mix of 
finer-grained, turbidite and pelagic deposits and coarser grained glacially derived sediments. 
Well data in and adjacent to the study area confirm shallowing sea level conditions and a shift to 
cooler ocean surface temperatures in the middle to late Pliocene to Pleistocene (e.g. DSDP 
Leg 18, Site 177 (Ingle, 1973) and Tofino Basin wells (Johns et al., 2015; 2012)). 

Miocene to Middle/Late Pliocene (5 to 2.7Ma): a time interval dominated by small amplitude 
glacial-interglacial oscillations where globally warm conditions resulted in higher sea levels with 
no major ice sheets in the Northern Hemisphere (Lambeck et al., 2002). Accommodation space 
on the shelf was likely high and the transfer of coarse clastics to deep water was likely reduced. 



40 

Deep water deposits are finer-grained and dominated by a combination of sediment gravity flow 
turbidite processes and pelagic settling of fine grained particles in the water column. Well data 
in and adjacent to the study area confirm higher sea level conditions and warm ocean surface 
temperatures in the Miocene through the Pliocene (e.g. DSDP Leg 18, Site 177 (Ingle, 1973); 
and Tofino Basin wells (Johns et al., 2015; 2012). 

C.5.2 Water Depth
Present day water depths range from 200 m or less along the easternmost edge of the study area to

more than 3,500 m in the northwest corner. The seabed over the majority of the study area occurs in 
abyssal water depths of greater than 2,000 m, with the exceptions of seamounts that rise to various 
heights above the abyssal plain, and the upper/lower continental slope (200 to 2,000 m) along the 
eastern edge of the study area. 

Paleo-water depth analyses were outside the scope of this study. However, global sea level 
fluctuations related to major oscillations between glacial and interglacial climate conditions are 
observed to be on the order of 130 m (Lambeck et al, 2002). A relative lowering of sea level of 130-
140 m observed in Queen Charlotte Sound and central Hecate Strait (Barrie et al., 2014) during the 
Wisconsinan glaciation probably coincided with a significant basinward movement of the shoreline and 
subaerial exposure of areas of the continental shelf (Barrie et al., 2014; Barrie and Conway, 2002; 
James et al., 2000). A vertical lowering of 130 m would have little impact on water depth zones at lower 
bathyal to abyssal water depths, where deep water conditions would have persisted throughout the 
Quaternary. Shelf areas with less than 130 m water depth would be exposed and susceptible to the 
effects of erosion and non-deposition. 
C.5.3 Shelf Edge Processes

High quality bathymetry data reveal a variety of slope features including submarine canyon heads,
erosional gullies and submarine channels (e.g. Davis and Hyndman, 1989; Riedel and Rohr, 2012; 
Ryan et al., 2009). Kendall and Deptuck (2012) report similar features on the Scotian Slope, Offshore 
Nova Scotia, where they provide sediment transport paths for the transfer of fine to coarse clastics from 
the shelf to deep water (Figure C-5A). Steeply dipping upper slope regions that are incised by canyons, 
gullies and/or submarine channels represent potential sediment bypass zones that are dominated by 
erosion and non-deposition as sediments are transported and deposited further basinward. The base of 
slope and areas of variable seabed morphology (e.g. the anticline ridge topography of the accretionary 
complex) represent potential sediment accumulation sites, where changes in seabed slope can impede 
turbidity current flow and reduce flow velocities, which lowers the flows ability to carry sediment in 
suspension and may result in the deposition of coarser grained sediments (Pickering and Hiscott, 
2016). Lower sea levels associated with glacial maxima, combined with maximum ice coverage close 
to the shelf edge created conditions where sediment laden glacial meltwaters would potentially bypass 
the shelf and deposit their sediments directly into deeper waters. 

C.6 Depositional environment models
The assessment of the hydrocarbon potential in the study area requires geological predictions for

the presence and quality of lithology, source rock, reservoir and seal in and away from well control. 
Industry wells on the continental shelf confirm the presence of Pliocene and Pleistocene fine and 
coarse grained clastics (muds, silts, sands and gravels) in the Queen Charlotte and Tofino basins 
(Hannigan et al., 2001; Johns et al., 2015; 2012). Regional and study area data that were used to gain 
further insights on the age, lithology and characteristics of the sedimentary basin fill within the study 
area include: i) research well data, including lithology, biostratigraphy, and geochemistry data from the 
continental slope and abyssal plain (Expedition 311 Scientists, 2006 a, b, c, d, e, and f; 
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Akiba et al, 2009; Johns et al., 2015, 2012, Goldfinger et al., 2012; Knudson and Hendy, 2009); 
Kiyokawa and Yokoyama, 2009; Hashimoto and Minamizawa, 2009; Narayan, et al., 2005; 
Underwood et al., 2005; Nelson et al., 2000; Su, 2000; Su et al., 2000; Underwood and Hoke, 2000; 
Mao et al., 1994; Shipboard scientific party, 1997 a, b & c; Westbrook et al., 1994; Shipboard scientific 
party, 1992 a, b, c, d, e, and f; Davis et al., 1991; Hayes, 1973; Ingle, 1973; Kulm et al., 1973) ii) seabed 
structure and geomorphology interpretations from slope bathymetry data (Davis and Hyndman, 1989; 
Riedel and Rhor, 2012; Hampton et al., 1989; Atwater et al., 2014), and iii) geophysical data 
interpretations, including regional tectonic elements, study area sediment thickness map as well as local 
seismic facies and hydrocarbon indicators (Rohr, 2015; Riedel and Rohr, 2012; Walton et al., 2014; 
Hayward and Calvert, 2007; Zuhlsdorff and Spiess, 2001; Zuhlsdorff et al., 1999; Cassidy et al., 1998; 
Yuan et al., 1994; Gardner et al., 1993; Davis and Hyndman, 1989; Davis and Villanger, 1989; Hampton 
and Kenyon, 1989; Botros and Johnson, 1988; Caron and Nelson, 1987; Davis and Clowes, 1986; Davis 
and Riddihough, 1982; Clowes et al., 1997; Davis and Lister, 1977; Barr and Chase, 1974; Carson, 
1973, McManus, et al., 1973; Carson, 1971; Griggs and Kulm, 1970). Volcanic complexes were largely 
excluded from these maps. It is possible to subdivide the Pacific offshore basin fill at some well locations 
(e.g. ODP Leg 168, Site 1027) and attempts were made on test lines to extend interpretations away 
from well control throughout the seismic grid. Further seismic stratigraphic analysis and mapping of the 
basin fill was not possible in the time available, but may be the focus of future work. In the absence of 
more detailed geological maps, we considered the data described above and geological principles to 
predict gross depositional environment models for the Upper Pleistocene, Lower Pleistocene and 
Pliocene to Miocene time periods (Figure C-5). Miocene strata were encountered in the Accretionary 
Complex region (Figures 2 and C-4) in IODP Leg 311, Site U1329, Pliocene strata were encountered in 
DSDP Leg 18, Site 177, ODP Leg 146, Site 889 and ODP Leg 168, Site 1027. 

C.6.1 Submarine Fans
Three submarine fans are interpreted to be present within the study area (Figures C-5B, C, and D).

This interpretation is supported by: i) the presence of locally thickened sedimentary accumulations 
mapped along the base of slope, and in areas of the abyssal plain (Figure C-2A), ii) the presence of 
sediment delivery systems including shelf indenting canyons, slope and seabed channels evident in 
bathymetry and seismic data (Figure C-5A; Underwood et al., 2005; Zuhlsdorff and Speiss, 2001; Davis 
and Hyndman, 1989; Hampton et al., 1989), iii) the presence of localized erosional channels and high 
amplitude reflection packet (HARP) seismic facies commonly associated with sand-rich submarine fan 
channel complexes, and iv) the presence of interbedded deep marine silt- and sand-rich sediment 
gravity flow deposits including turbidites and debris flow deposits encountered in research wells (ODP 
Leg 168, Sites 1023 to 1032; ODP Leg 139 Site 855-858; ODP Leg 146 Site 888, DSDP Leg 18, Site 
177; Underwood, 2005, Kiyokawa and Yokoyama, 2009). The fans in the study area include: i) the 
Nitinat Fan, located immediately west of the Cascadia deformation front on the Juan de Fuca Plate that 
appears to have been controlled, in part, by subduction margin related tectonic processes, ii) a fan that 
covers parts of the Explorer, Juan de Fuca and Pacific plates that appears to have been controlled, in 
part, by tectonic movements in a triple junction setting, and a fan, referred to as the “Queen Charlotte” 
Fan in some previous work  (e.g. Dehlinger et al., 1971; Shaw, 2017) on the Pacific Plate that appears 
to have been controlled, in part, by “strike slip tectonic movements”. 

Nitinat Fan: Juan de Fuca Plate, along the southern boundary of the study area (Figures C-5A and B): 

The Nitinat Fan straddles the Canada-US boundary in the southeastern region the study area, and 
covers an estimated area of more than 50 000 km2 (this study). This fan developed approximately 
760 000 years before present (Andrews et al., 2012) and is sourced mainly by the Fraser River 
(Kiyokawa and Yokoyama, 2009). Channels, including the Vancouver Valley and Juan de Fuca 
Channel, are evident at the seabed in the bathymetry data (Hampton et al., 1989). Pleistocene channel.
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  Figure C-5A 

Figure C-5A. Seabed bathymetry, structure and sediment transport features of the offshore Pacific continental slope. Top: Composite seabed bathymetry, structure and 
submarine channel interpretations for the continental slope west of Vancouver Island (modified from Riedel and Rohr, 2012, Fig. 1, with thrust faults, anticline traces and submarine 
channel interpretations south of the Dellwood Knolls modified from Davis and Hyndman, 1989, Fig. 5b. Bottom: Implications for downslope sediment transport and predictions for 
areas with higher and lower likelihood for coarse clastics (sands/gravels) to be present in deep water (from this study, building on structural and/or submarine channel interpretations 
from Davis and Hyndman, 1989 and Riedel and Rohr, 2012). 
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  Figure C-5B 

Figure C-5B. Offshore Pacific Late Pleistocene Depositional Environments Model. Model integrates available geophysical and geological data with  
sedimentary processes to predict geological conditions away from well control. The tectonic reconstruction of Explorer ridge with Respect to North America is approximate. Refer to 
Figure C-5A and Appendix C.6 for a summary of data that were consulted and provided constraints to these models. 
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  Figure C-5C 

Figure C-5C: Offshore Pacific Early Pleistocene Depositional Environments Model. Pacific offshore Early Pleistocene depositional environment model. Model integrates available 
geophysical and geological data with sedimentary processes to predict geological conditions away from well control. The tectonic reconstruction of Explorer ridge with respect to North 
America is approximate. Refer to Appendix C.6 for a summary of data that were consulted and provided constraints to these models. 
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 Figure C-5D 

Figure C-5D: Offshore Pacific Pliocene to Miocene Depositional Environments Model. Model integrates available geophysical and geological data with sedimentary processes to 
predict geological conditions away from well control. The tectonic reconstruction of Explorer ridge with respect to North America is approximate. Refer to Appendix C.6 for a summary 
of data that were consulted and provided constraints to these models. 
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sands and sandy turbidites are proven in Leg 168 wells (Sites 1023, 1024, 1025, 1026 and 1027) and 
Leg 146 (Site 888). At ODP Leg 168 and IODP EXP 1301 sites, maximum grain size ranges from 
medium-grained sand to gravel and maximum thickness of sand beds is 7m (Underwood et al., 2005; 
Kiyokawa and Yokoyama, 2009). Individual turbidite beds commonly have erosional bases, topped by 
normally graded sands that fine upwards to silts and thin hemipelagic clays. Many sites in Leg 168 
show an overall coarsening upward trend (sand content increases upward) as is seen in other 
subduction zones where oceanic plate sediments are carried closer to proximal sediment input sites by 
the down going plate (e.g. Nankai Trough, Japan, Pickering and Hiscott, 2016). Seismic profiles reveal 
localized erosional channels and high amplitude reflection packet (HARP) seismic facies that are 
consistent with proximal sand-prone channels (Figure C-1C). ODP Leg 146 Site 888 encounters one 
channel sand, but is otherwise dominated by fine-grained fining upwards deposits. The dominantly fine-
grained character of sediments at this site may reflect i) a position at the edge of the Nitinat fan, ii) the 
intersection of channel levee systems in the well, or iii) the deflection of turbidity currents away from this 
site by seabed ridges further up-dip. It is possible that the subduction trench may have formed a 
bathymetric low at the seabed at times in the past, as is the case in the southern Cascadia margin. For 
this reason thicker trench fill sediments may contain confined channel sands and channel levee 
deposits associated with periods of axial sediment transport. 

Submarine Fan near Triple Junction Region, Explorer, Pacific and Juan de Fuca plates (Figures C-5A, 
B, C, and D): 

This fan developed in a complex and tectonically active area on the Explorer, Pacific and Juan de 
Fuca plates (McManus et al., 1972) and is here interpreted to cover an area of at least 23000 km2. 
Multibeam data show that the Revere Channel extends beyond the Sovanco Fracture Zone to deliver 
sediments to the Pacific Plate (Dziak, 2005). Total sediment thickness is estimated to range from 
approximately 0 to 600 m on the Pacific Plate, and 200 to more than 2500 m on the Explorer 
microplate. This triple junction-dominated fan appears to rest on Pliocene to Pleistocene age oceanic 
crust, so the fan is inferred to be a Pliocene or younger feature (Figures C-4 and C-5D). Older portions 
of the fan that accumulated northeast of the present day Sovanco Transform fault likely accumulated 
after reorganzitation of the plate boundary that resulted in the northward movement of the Sovanco 
Fracture zone that isolated the Explorer seamount spreading ridge segment (Botros and Johnson, 
1988. Botros and Johnson (1988) constrain the timing of this reorganization, which involved clockwise 
rotation of the Sovanco Fracture zone, to approximately 2.5 Ma, and this was followed at approximately 
1 Ma by counter clockwise rotation of the Sovanco Fracture zone that likely resulted in some degree of 
compression and intraplate deformation.  It is likely that seabed topography developed in this dynamic 
setting in response to this intraplate deformation, which may have presented barriers to westward 
(slope perpendicular) sediment transport, during the middle Pleistocene. Lower fan deposits observed 
west of the present day Sovanco Transform likely predate this deformation, while upper fan deposits, 
that formed east of the transform likely did so as a result of confined basin conditions and axial 
transport of sediments southward along Explorer plate and onto the Juan de Fuca plate. 
Modern bathymetry data show some seabed channeling that crosses the Sovanco transform zone, 
indicating slope perpendicular sediment transport has occurred more recently. 

“Queen Charlotte” Fan (Dehlinger et al., 1971) across strike slip faults, Pacific Plate (Figures C-5B, C, 
and D): 

This elongate fan is located in the northern area of the study area on the Pacific Plate and extends 
west of the Revere-Dellwood Fault (RDF), with an inferred sediment source in the vicinity of the 
Moresby Trough. Dehlinger and others (1971) referred to this feature as the “Queen Charlotte” Fan in 
1971. Shaw and others (2017) refer to the “Queen Charlotte Trough Mouth Fan” in association with 
Pleistocene glaciation. The fan covers an area of at least 52 000 km2 and total sediment thickness is 



47 

estimated to range from 0 to 700 m. Channels, including the South Moresby Gully, are evident at the 
present day sea bed. Some of these channels have been cross cut and dislocated 40 km or more by 
the Queen Charlotte Fault (QCF), which resulted in abandonment (Shaw et al., 2017). Dislocation for 
fan deposits from their up-dip feeder channels has occurred more recently across the Revere-Dellwood 
fault (RDF). 

This “strike-slip-dominated” fan is thin compared to the “triple junction-dominated” and Nitinat fans 
located further south (Figure C-2). This is because fan growth is occurring laterally (rather than by 
aggradational or compensational processes seen in fans to the south) as a result of strike-slip 
displacement where fan deposits on the Pacific Plate have moved progressively northward relative to 
the sediment inputs located on the opposite side of the RDF and/or QCF (Figures C-5B, C, and D). 
This movement has likely resulted in successive channel abandonments and the initiation of new 
channels and new fan deposits outboard of the existing sediment delivery pathways. Similar processes 
have been reported in the Baranof Fan, located just north of northern Canada/United States 
jurisdictional boundary in the Gulf of Alaska (Walton et al., 2014). A Pliocene turbidite sand was 
interpreted in the DSDP Leg 18, Site 177 well, which is located within the Revere-Dellwood Fault shear 
zone. On the basis of seismic character the sand layer was interpreted to be as much as 56m thick 
(Hayes, 1973). If age equivalent sands are present west and presumably some distance north of Site 
177, it is possible that this fan may contain Pleistocene to Pliocene (or older) age strata. Oceanic crust 
and sediments located west of DSDP 177 (and west of the Revere Dellwood Fault zone) are 
Pleistocene and younger in age (Figure C-4). Older Pliocene and Miocene age crust are present further 
north and west of Site 177. Since basement was not tested at Site 177 it is possible that the age 
equivalent sands encountered in this well may be present in a more northern part of the fan. On the 
basis of paleomagnetic data, this fan could be as old as Miocene in its northern regions. No age data or 
stratigraphic analyses for this fan were identified at the time of this study so until a scientific drilling 
program is undertaken, the timing of initiation and maximum age of these fan deposits is not known. 

C.7 Organic matter

C.7.1 Factors controlling organic carbon presence and preservation
Abundant fine-grained sediments including silt and mud-rich turbidite layers (e.g. Bouma Divisions D

and E), hemipelagic muds, and pelagic muds and oozes are present in wells and are anticipated to 
exist in varying concentrations throughout the study area (e.g: ODP Leg 168, ODP Leg 139). 
Potential may exist for organic carbon enrichment of fine grained sediments below upwelling cells in 
ocean water above slope regions in the study area (e.g. Winona Basin, Accretionary Complex and 
within Trench fill) during times of high biological productivity and well-established oxygen minimum 
zones (Arthur et al., 1984). Examples from analogous deep water convergent margin settings include 
offshore California and Peru, where slope sediments near subduction trenches can have very high 
organic content (e.g. the Miocene Monterey Formation, California’s primary petroleum source rock with 
up to 17 wt% TOC) (Capone and Hutchens, 2013; Suess et al., 2014; Luckge et al., 1996). 
Late Quaternary millennial-scale upwelling events are documented by Vancouver Island Margin 
sediments with up to 3 wt% TOC (Chang et al. (2008). 

Terrestrial Type III kerogen may be present in turbidite deposits and marine Type II kerogen may be 
common in hemipelagic to pelagic deposits. The concentration of hemipelagic and pelagic Type II 
organic rich muds may be lower in areas of active turbidite fan deposition, and higher in areas that are 
distal to active sediment supply. Type III organic carbon concentrations might be lower in glacial-
derived turbidite deposits if the fraction of coarse clastic material is high, and higher where fed by large 
deltas during periods of warm and humid climate conditions (Einsele, 2000). Potential also exists for the 
erosion, transport and re-deposition of organic-rich material from up-dip areas such as occasional to 
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abundant coals, isolated wood fragments and plant debris that are present within Miocene and 
Lower Pliocene age marine deposits in the Tofino and Queen Charlotte basins (Johns et al., 2015). 

Organic carbon preservation potential is expected to be greater in areas where sedimentation rate is 
sufficiently high and/or in areas where water column stratification has created anoxic or euxinic 
conditions. Organic matter deposited in oxygenated waters with lower sedimentation rates may 
experience early degradation, resulting in low organic carbon content due to lack of preservation 
(Meyers and Shaw, 1996). 

Ocean currents also can affect the distribution of organic matter. Surface waters warm during 
interglacial cycles and can result in significant northward migration of the transitional water biofacies, as 
documented during the Early-Middle Pliocene (DSDP 18, Site 177 and 173 (Ingle, 1973)). Cooler 
waters and a southward migration of the biofacies occurred during glacial cycles in the Pleistocene. 

C.7.2 Organic matter and sedimentation rates in the Study Area
Available geochemical data (pyrolysis data, biomarker and head space gas analyses) were reviewed

to evaluate the potential for organic rich source rocks to be present within the study area (e.g. Total 
Organic Carbon (TOC) data obtained from ODP Leg 168, IODP Leg 311, Leg 139, Leg 146 and DSDP 
Leg 18 show consistently low to moderate total organic carbon values (TOC typically ranges from 0.3 to 
less than 1.5 wt%) in the thin and often abbreviated marginal successions that were tested (Table C-1; 
Simoneit, 1994; Whiticar et al., 1995). Biomarkers (Simoneit, 1994) and carbon : nitrogen ratios of 10:1 
(Whiticar et al., 1995) suggest a mixed marine and terrestrial kerogen type. 

Pyrolysis data from tested areas may not be representative of organic carbon potential in all regions 
of the study area. Well sites drilled in the study area were selected to address a variety of research 
questions; none were drilled with the objective of encountering economic accumulations of oil and gas. 
In most offshore areas, dry holes (wells that did not encounter hydrocarbons) represent petroleum 
systems tests that were unsuccessful. Post drill analyses are typically conducted to evaluate which 
elements of the petroleum system worked, and which didn’t. Study area wells show consistently low 
organic richness so the geologic conditions at sample sites (total sediment thickness, completeness of 
the section and/or evidence of erosion or non-deposition, local temperature conditions, age and 
depositional environment of section) were considered to understand the uncertainty for source rock 
presence within the study area. This exercise yielded the following conclusions: thicker sedimentary 
deposits within the study area, including more deeply buried Lower Pleistocene to Pliocene sections in 
the Winona Basin and Miocene/Pliocene to early Pleistocene trench fill on the Explorer and Juan de 
Fuca plates have not been tested, so organic carbon potential in thicker and older basin fill is unknown. 
Analyses of samples that have been subjected to high heat or that have already generated 
hydrocarbons will yield depleted values that should not be considered to represent original organic 
content. Samples that targeted thin deposits near spreading ridges and/or basement highs have lower 
potential for organic carbon preservation due to high temperatures and low sedimentation rates that 
likely led to oxidation of organic matter before it could be buried and preserved (Meyers and Shaw, 
1996). Erosion of fine-grained deposits by turbidite channels and sediment bypass caused by 
conditions on the shelf and upper slope or as a result of trench confined axial fans have also 
contributed to an incomplete stratigraphic record at some test sites. 

Potential for conventional thermogenic hydrocarbons and shallow biogenic gas were considered in 
the study area. Conventional ‘thermogenic’ hydrocarbon potential exists in areas where sufficient 
organic richness, heat, depth of burial and time are available to generate and expel hydrocarbons. 
1D basin models were generated to understand the potential for conventional hydrocarbons in the 
study area if source rocks with sufficient organic richness are present (Appendix D.1). Biogenic gas 
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potential is higher in areas with high sedimentation rates (200 to 1500 m/Ma), fair to good organic 
richness (e.g. TOCs greater than 0.5 wt%, HI’s greater than 100 mg/g TOC) and low temperatures (0 to 
40°C and potentially up to 75°C) (Schneider et al., 2016). 

Sedimentation rates were compiled from published well analyses, and the sediment thickness map 
was used to create a crude “minimum average sedimentation rate” map. Organic matter is not likely to 
be preserved where sedimentation rates are very low (e.g. less than 20 m/Ma). Sedimentation rates 
observed on the Juan de Fuca Plate range from less than 100 to 500 m/Ma in distal turbidites (Su et al., 
2000), and from less than 100 to more than 1000 m/Ma in more proximal fan and trench fill deposits at 
ODP 146 Site 888 (Whiticar et al., 1995). Sedimentations rates as high as 500 m/Ma are also reported 
at DSDP Leg 18, Site 177 (Site 177 Shipboard Report, 1971) and sedimentation rates determined by 
extrapolation from Site 177 along seismic lines in the Winona Basin may have exceeded 1500 m/Ma at 
times. 
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Table C-1. Summary of organic matter data for Pacific Offshore 

Headspace gas values represent average C1 headspace gas measured in ppm. 

Table C-1 
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C.7.3 Hydrocarbon indicators
Hydrocarbon indicators have previously been reported in onshore, shelf and slope regions adjacent

to the study area; indicators were also identified within the study area as part of this assessment 
(Figure 4): 

1. Onshore: Numerous oil, tar, and gas seeps have been identified on Haida Gwaii.
Geochemical studies indicate these seeps have migrated from Jurassic and Tertiary
sources.  Ten exploration wells have been drilled on Haida Gwaii between 1950 and 1984.
The Tian Bay well encountered gas flows and oil staining has been noted in Cretaceous,
and Tertiary strata in some of the onshore wells (Hannigan et al., 2001).

2. Shelf and slope: Between 1967 and 1969 Shell Canada drilled 16 wells on the shelf.  The
Sockeye B-10 well penetrated 40 m of Miocene sandstone showing live-oil-staining that is
suspected to have migrated from the Jurassic Kunga Group rocks (Hannigan et al, 2001). Of
6 wells drilled in the Tofino Basin on the upper slope, shallow gas shows were encountered
in Pluto I-87 and Prometheus H-68 (Schuemann et al., (2014) citing Bustin, 1995 and
Shouldice 1973). Gas plumes / cold seeps observed during GSC Pacific marine expeditions
(2011001PGC, 2011002PGC; Barrie, 2011; Scherwath, et al., 2017a) are mainly confined to
the shelf, adjacent to the study area.

3. Deepwater: There has been no industry drilling in the deep water. Drilling programs
(DSDP/ODP/IODP) in the deep-water region were drilled for scientific reasons on various
topics and were not drilled to explore for hydrocarbons (Appendix B.2).  Oil shows that
include condensed aromatics and olefins were encountered in Middle Valley (ODP Leg
139) wells. These hydrocarbons are interpreted to be the result of local,
hydrothermally driven processes due to proximity to high temperature hydrothermal vents
(Simoneit, 1994; Rushdi and Simoneit, 2001, Ventura et al., 2012).

Seismic data show that several indicators of a potential working petroleum system are present in the 
eastern half of the study area (Figure 4A). These indicators include numerous amplitude anomalies, 
bottom simulating reflections (BSRs), as well as some possible vent features and chimneys (described 
in Riedel and Rohr, 2012). Elevated amplitudes, or bright spots, mapped in the study area have been 
differentiated from basalts based on their polarity (bright spots arising from gas are opposite in polarity 
to the seafloor, while bright spots arising from basalts are the same polarity as the seafloor). These 
bright spots are present on the Explorer microplate (Rohr, Furlong and Riedel, in press) as well as on 
several lines on the Juan de Fuca Plate (e.g. Figure C-1C). Preliminary amplitude versus offset (AVO) 
work completed by personnel at GSC-Calgary indicates that bright spots on the Juan de Fuca Plate 
might show a response expected for gas; this has also been suggested by previous work (i.e. McIver, 
1973; Hasselgren and Clowes, 1995). BSRs have been mapped in the Winona Basin (after Riedel and 
Rohr, 2012) as well as the Accretionary Complex (e.g. Riedel et al., 2010). Within the Accretionary 
Complex, the presence of gas hydrates has been confirmed by drilling (e.g. Riedel et al., 2010). 
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APPENDIX D – QUALITATIVE ASSESSMENT DETAIL (PETROLEUM, MINERALS AND 
OTHER RESOURCES) 

D.1 Qualitative Petroleum Potential Assessment: 

D.1.1: Petroleum Systems Analysis 

1D Basin modelling overview and model locations 

1D basin models were generated to evaluate the potential for conventional hydrocarbon generation 
across the study area. As noted in Appendix C.6, source rock presence and quality within the study 
area is uncertain. Average measured TOC content is low (less than 1%) for available data from thin and 
or marginal test sites. Information from analogous deep water basins in subductions zones indicates 
potential for sediments to contain higher TOC (up to 10% or more) in association with upwelling cells. 
Consequently it is possible that organic rich sediments may be present in the study area. Additionally, 
zones with higher preservation of organic matter (higher TOC) are expected where sediments are 
deposited in anoxic and/or euxinic parts of the basin. The 1D models presented in this section were 
designed to evaluate petroleum maturation potential (at what burial depth and temperature a postulated 
source rock would be mature and able to generate and expel hydrocarbons) at selected sites. 

 
Different scenarios were tested to account for variation in sediment thickness, geothermal gradient, 

time, and localized geologic events such as basalt intrusions. Four representative 1D models include:  
i) Winona Basin; ii) Accretionary Complex, iii) Juan de Fuca Plate (Middle Valley) and iv) Juan de Fuca 
Plate (Trench). Model locations targeted thicker sedimentary accumulations in Middle Valley and the 
Juan de Fuca trench. 
 

Model Inputs and Assumptions 

Each 1D model was populated with a simplified stratigraphic column based on assumptions for 
sediment age, thickness, and lithology. Model inputs are summarized in Table D-1. A range of 
reasonable thermal conditions for each location (described further in Appendix C.4) were applied to 
each model to test i) burial history and ii) potential to mature organic matter and generate conventional 
burial-driven hydrocarbons. A summary of sediment ages, sediment thicknesses, and thermal 
conditions for the various scenarios tested is provided in Tables D-2A and D-2B. For each model, the 
sediment column was estimated using current knowledge of the depositional environment 
(Appendix C.6). 
 

1D Model Results 

A total of 27 scenarios have been tested for 1D models at four locations in the study area (Figure 4) 
to evaluate hydrocarbon generation potential. Results are summarized in Table D-2A and B. 
A geologically representative “base case” model was selected for each area (Figure D-1; Table D-2A), 
and, where possible, model results were considered and extrapolated through the study area to inform 
the hydrocarbon assessment. The sparsity of control data demanded extensive sensitivity testing that 
involved multiple iterations of models at each chosen location to reflect the variability in thermal 
conditions, sedimentary overburden thickness and depositional age. Results indicate that hydrocarbon 
generation potential on the Juan de Fuca Plate is very limited: the potential to generate oil is only 
predicted in the thickest parts of the subduction trench and Middle Valley. Potential is greater in the 
thicker sediments of Winona Basin, where oil and gas generation is predicted. Generation potential in 
the Accretionary Complex is predicted to occur where thickness exceeds 2.4 km. 
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Table D-1. Selected base-case inputs for 1D models. 
 
Note: Some of the papers originally only cited heat flow values so they were converted to geothermal gradient 
using the equation proposed by McKenzie et al. (2005):  Q=k*(dT/dz). Q is heat flow; k is thermal conductivity; 
dT/dZ is geothermal gradient; and W/(m*K) is a standard conductivity unit (Watts per meter Kelvin). The 
referenced heat flow values (units are mW/m2) are in parentheses next to their converted geothermal gradient 
values. A thermal conductivity of the oceanic crust (k=3.183 W/(m*K)) is used in Middle Valley, and the thermal 
conductivity of clastic sediments (k=2 W/(m*K)) is used for the Accretionary Complex. 
 

 

      Table D-1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table D-2A. Selected base-case results for 1D models. 
 

 
 

   Table D-2A 
 
 
 
 
 
 
 
 
 
 
 
 

 
* At least 2,300 m of sediments is needed to generate hydrocarbon at Middle Valley when geothermal 
gradient is 75°C/km. The sediment thickness in the area is expected to be less than 2 km so at least 300 
m more sediment is needed to reach maturity window.  Hydrothermal influence may generate 
hydrocarbons on a local scale and at shallow depths. 



54 
 

Table D-2B. Table of results for each of the different scenarios tested. 
 

 

Table D-2B 
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                            Figure D-1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure D-1. Base case 1D models for the study area. 
(A) Juan de Fuca Plate (Middle Valley), (B) Accretionary Complex, (C) Winona Basin, and (D) Juan de Fuca Plate (Trench). NOTE lithology 
represents a range of turbidite packages ranging from clayey to sandy turbidites. Key: Black numbers (under the geothermal gradient) represents 
the sediment thickness (depth to basement) used for each model. The double yellow arrow and values beside shows the depth to the top of the 
predicted oil (maturation) window (in A and B, sediments are too thin while in C and D, oil window is reached); Mio. – Miocene; ACR. – accreted 
sediment packages. 
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i) Winona Basin: 
 

Following multiple scenarios the 1D model (Table D-2B) in the Winona Basin, a representative 
geothermal gradient of 75°C/km (Davis and Riddihough, 1982) was applied, resulting in a 
predicted top of oil generation window at a depth of 2.2 km (Figure D-1C). Multiple basalt 
intrusions may have locally matured organic matter outside of this oil generation window, but 
this effect is unlikely to generate any significant quantities of oil (Kulm et al., 1973). The 
significant thickness of the sedimentary succession suggests that deeper sediments have 
reached both the oil and gas generation windows (Figure D-1C). 

 
ii) Accretionary Complex: 

 
Multiple scenarios of the 1D model were tested at the Accretionary Complex (Table D-2B). 
Burial history results suggest that at the study location, at least 2.4 km of sediments are needed 
to generate oil assuming a geothermal gradient of 55°C / km (Hyndman et al., 1990; 
Grevemeyer and Villinger, 2001; Figure D-1B). Hyndman and others (1990) reported heat flow 
values. An assumption of thermal conductivity was needed to convert from heat flow to 
geothermal gradient and we tested k=3.183 W/m*K (oceanic crust) and 2 W/m*K (clastic 
sediments. The different thermal conductivities resulted in a wide range of geothermal gradients 
(Table D-2B). 
 
iii) Juan de Fuca – Middle Valley: 

 
At Middle Valley, multiple scenarios were employed (Table D-2B) and burial history results 
suggest that a geothermal gradient of 75°C/km is required to generate oil at depths of 2.3 km 
(Figure D-1A). Multiple basalt intrusions are likely to have caused localized maturation of 
organic matter, evidenced by the presence of condensed aromatics and olefins in the migrated 
oil shows. However, this is unlikely to have resulted in significant widespread oil generation. 
Hydrothermally matured organic matter is well documented in Middle Valley (Simoneit, 1994; 
Rushdi and Simoneit, 2001, Ventura et al., 2012). The small scale variability in thermal 
conditions in Middle Valley is well represented by the shallow probe heat flow survey of Davis 
and Villinger (1992, Figure 15). 

 
iv) Juan de Fuca – Trench: 

 
Multiple scenarios of the 1D model were tested at the Juan de Fuca Trench (Table D-2B). 
Whiticar and others (1995) estimated a geothermal gradient of 68°C/km at Site 888 (ODP 146). 
This model shows that at least 2.2 km of sediment is needed to generate oil with this gradient 
(Figure D-1D). 
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                 Figure D-2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure D-2. Juan de Fuca Plate, Middle Valley Heat Flow Map. 
 
Close up of heat flow data from Davis and Villinger (1992) plotted on sediment thickness map. 
 
 

 



58 
 

D.1.2: Petroleum potential in the study area 
The results of the petroleum assessment are summarized in the Petroleum Potential Map (Figure 1) 

and Tables 1A, 1B, and 1C. A qualitative assessment of individual petroleum systems elements was 
conducted for each of the five regions in the study area (Figure 2) following a four-step approach 
detailed in Section 4.1 (Main Report). Petroleum system element interpretations and play definitions are 
based on geological and geophysical work (Appendix C) and informed by 1D basin models 
(Appendix D). The petroleum assessment considered thermogenic and biogenic systems. 
 
A total of six petroleum plays were considered (Figure 1C): 
 

• Structural Plays: 
o Compressional anticlines and folds, 
o Extensional fault blocks, 
o Strike slip dominated structures and  
o Compression and/or strike slip dominated anticlines and folds) 

 
• Stratigraphic Plays: 

o Turbidite Channel fill 
o Submarine Fan pinch out 

 
Summaries of the geological cumulative chance of success (CCOS) and the technical cumulative 

chance of success (TCCOS) maps are provided in Figures D-3 and D-4 respectively. The petroleum 
potential map provided in Figure 1 is a stacked technical cumulative (STCCOS) map, which represents 
the combined petroleum potential for all plays within the study area. 

 
We conclude that a large part of the study area, including most of the Pacific Plate, has very low 

potential or no potential for conventional petroleum resources. 
 
Low to moderate conventional petroleum potential is predicted in Winona Basin and the Accretionary 

Complex (Figure 2). 
 
Low conventional petroleum potential is also predicted for the easternmost areas of the Juan de 

Fuca plate and Explorer microplate, which contain up to 2.5 km of basin fill with structural and 
stratigraphic plays. 

 
In addition to the hydrocarbon potential considered above, there is also potential for non-commercial 

occurrences of hydrothermally generated hydrocarbons (as documented in Middle Valley). 
 
While the Study Area has very limited seismic and well data, this study did not identify any areas 

with high, predicted potential for significant petroleum resources. 
 
 



59 
 

 
 
 

Figure D-3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure D-3. Geological Combined Chance of Success Maps by Play. 
 
Six plays were assessed (See Table 1C, Main Report). The Winona Basin and Accretionary Complex structural plays. Thermogenic hydrocarbon 
potential was considered to be greater in the thicker basin fill areas along the eastern edge of the study area (in the Winona Basin and 
Accretionary Complex regions). Biogenic gas potential was considered to be greater in thinner sedimentary deposits on the Juan de Fuca, 
Explorer and Pacific plates. 
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Figure D-4 

Figure D-4. Technical Combined Chance of Success Maps by Play 

Six plays were assessed (See Table 1C, Main Report). Thermogenic hydrocarbon potential was considered to be greater in the thicker basin fill 
areas along the eastern edge of the study area (in the Winona Basin and Accretionary Complex regions). Biogenic gas potential was considered 
to be greater in thinner sedimentary deposits on the Juan de Fuca, Explorer and Pacific plates. Global scale factors used to create this map are 
summarized in Table 1C. 
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D.2 Unconventional Gas Hydrates Resources 
Gas hydrates are ice-like solids that trap light hydrocarbons, typically methane, between 

frozen water molecules. Gas hydrate is considered an unconventional hydrocarbon primarily 
due to the fact it’s trapping mechanism is geochemical, rather than geo-mechanical. Hydrated 
gas contains gas molecules in cage structures of ice within sediment pore space. Gas hydrate 
formation is dependent upon specific temperature and pressure conditions existing in 
combination with availability of water and gas. Gas hydrate can (i) form and be stable at 
temperatures above 0°C, and where hydrostatic pressure is greater than that created by 250 m 
of water or more, and (ii) be detectable at relatively low gas saturations. Consequently, 
evidence for gas hydrates exist below the sea floor around the globe at any latitude. Gas 
hydrates form using methane and heavier gases regardless of biogenic, abiogenic or 
thermogenic origins. They form and dissociate on time scales related to their temperature and 
pressure controls, so are far more transient than conventional natural gas. Marine gas hydrate 
is normally hosted within young unconsolidated sediments and tends to be less than 1,000 m 
below seabed. Other factors that affect gas hydrate formation include: (i) sedimentation rates; 
(ii) biogenic in situ methane production; (iii) organic carbon content; (iv) influx of methane by 
advective fluid transport; (v) organic carbon utilization by microbes; (vi) salinity; and (viii) 
porosity. 

 
Gas hydrate academic and government research, in both terrestrial and marine 

environments has seen significant scientific advancements over the last twenty years. 
Numerous textbooks, case studies, and research have been produced regarding its scientific 
characterization, exploitation as an energy source, and as a global source of environmental 
carbon. Countries including South Korea and Japan have had national strategic programs to try 
to develop domestic energy supply from gas hydrate, Today global interest in marine gas 
hydrate as a viable energy resource has waned significantly, in large part due to breakthrough 
advancements in the development of less costly and more accessible shale gas plays, and due 
to technological challenges to reliably and economically produce gas hydrates. Major 
technological challenges also arise from the propensity of gas hydrate deposits to produce large 
amounts of both water and sand along with the gas. It is now recognized that the most viable 
gas hydrate deposits to be exploited are those onshore under permafrost that have a leg of free 
gas beneath the hydrate. These deposits can be conventionally produced by depressurization 
that drives continuous gas hydrate dissociation and replenishment of the conventionally-
produced free gas leg. 

 
Areas of gas hydrate potential are identified in both the Winona Basin and the Accretionary 

Complex (Figure 6). Gas hydrates in the Accretionary Complex are sourced by a combination of 
in situ biogenic methane with minor methane contributions from fluid advection from deeper 
sources (Riedel et al., 2010). An IODP transect in the area showed that the top of the gas 
hydrate occurrence zone (GHOZ) deepens landward, most likely due to lower advection rates 
and lower sedimentation rates closer to the shelf edge (Malinverno et al., 2008). Gas hydrate 
occurrence is laterally variable because the hydrate has a preference to form in coarser grained 
sandy or silty facies (Riedel, et al., 2010). In Winona Basin, gas hydrate indicators (bottom 
simulating reflectors – BSR’s) are found up to 40 km outboard of the continental slope confined 
to folds and ridges (Riedel and Rohr, 2012). Contrary to what was observed in the accretionary 
complex, gas hydrates in Winona Basin are inferred to be derived from thermogenic methane 
(Riedel and Rohr, 2012). Gas hydrates produced by biogenic methane are generally pervasive 
throughout the area. However, in Winona Basin the BSR’s are isolated in structural highs 
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suggesting the methane is being sourced by advective fluids from a deeper thermogenic source 
(Riedel and Rohr, 2012). In 2001, Majorowicz and Osadetz estimated the Canadian Pacific 
offshore natural gas potential from gas hydrates to be 0.32-2.4 x 1013 m3 (this value includes 
gas hydrates in the study area and those to the north adjacent to Haida Gwaii). 

D.3 Emerging Technology Initiatives 

D.3.1 Submarine Geothermal Energy Potential 
Seafloor spreading centres have potential to be a significant future source of clean, 

renewable geothermal energy, due to high temperatures (greater than 300°C) that can be 
encountered at shallow depths below seafloor (Hiriart, 2010; Atkins and Audunsson, 2013, 
Snell 2015). This constantly replenishing thermal energy is created and stored in the earth by 
the radioactive decay of isotopes including potassium, uranium and thorium (Laszlo, 1981; 
L. Ryback, 2007). Hiriart and others (2010) noted that if only 1% of the known hydrothermal vent 
sites around the world were exploited, as much as 130 000 MegaWatts (MW) of electricity could 
be generated, which is about the same amount of geothermal power generated on land using all 
existing techniques. New technology innovations are needed before marine geothermal energy 
generation will be possible. Advances are already being made with the design of prototypes of 
submarine generators that could sit above active hydrothermal vents as well as semi-
submersible generators so that drilling and environmental impact may be minimized 
(Hiriart et al., 2010). Iceland, widely recognized as one of the most sustainable energy systems 
in the world, derives its geothermal power from an aerially exposed seafloor spreading centre 
that cuts through its centre. High temperature geothermal resources are also expected in 
offshore Iceland (Atkins and Audusson, 2013). The first offshore geothermal exploration leases 
were issued in April, 2017 (Iceland Magazine, 2017) and advances are being made to design 
technologies to reduce the environmental impact of development. 

 
Offshore exploration methods for marine geothermal potential are presently focused on the 

identification of hydrothermal vent fields. Atkins and Audunsson (2013) identify candidates in 
offshore Iceland and rank prospects by comparing location, distance to land, water depth and 
vent temperatures. In April 2017, the Icelandic National Energy Authority granted North Tech 
Energy a permit to search for geothermal energy on two exploration areas on the Icelandic 
continental shelf (Iceland Magazine, 2017). Most seafloor spreading centres are far from land, 
with the exception of Iceland, but a large swath of active seafloor spreading centres are present 
in Canadian waters. Hydrothermal vent fields and high temperature conditions are documented 
at spreading centres in the study area (refer to Figure 4 and Appendix 3.2.4). Figure 6 shows 
the extent of high temperature areas where geothermal energy and hydrothermal hydrocarbon 
potential are possible. Active spreading ridges are not expected elsewhere in the Canadian 
offshore so the only area of high potential for generating large quantities of energy from marine 
geothermal resources in Canadian waters occurs in the study area. Numerous hot springs are 
present on land in British Columbia, with geothermal energy resource potential estimated at 
3,000 to 5,000 MegaWatts (EnergyBC, 2017). 
 

D.3.2 Carbon Capture and Sequestration 
CCS could contribute significantly to the stabilization of greenhouse gas concentrations in 

the atmosphere over the next several decades (Goldberg et al., 2008 citing: Working Group III 
of the Intergovernmental Panel on Climate Change (IPCC) (2005)). Ocean Networks Canada 
(ONC) and Lamont Doherty Earth Observatory (LDEO) are working together on a project to 
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understand the feasibility for Carbon Capture and Sequestration (CCS) at the Cascadia node of 
the NEPTUNE cabled observatory. The porous basalt of the oceanic crust of the Juan de Fuca 
and Pacific plates is a potential storage space for captured atmospheric carbon. An effective 
storage space must have sufficient reservoir capacity with enough stability to prevent CO2 
leakage. Mechanisms for trapping CO2 in this region likely include: (i) mechanisms common to 
CCS reservoirs on land and offshore (ionic, capillary and physical trapping (where low 
permeability layers prevent the CO2 gas from seeping to the surface), (ii) mechanisms unique to 
basalt crust (mineralization, where CO2 reacts with the Mg and Ca ions in the basalt to form 
stable carbonate minerals) and (iii) mechanisms unique to subseafloor environments (hydrate 
trapping, where CO2 hydrates form) (pers. comm. Goldberg, 2018; Goldberg and Slagle, 2009). 
Gravitational traps are not expected to be likely in this region (Marieni et al., 2013). 
Geochemical trapping is the preferred mechanism of CCS in this area as it provides a stable 
long-term storage solution for CO2 gas. 

 
Goldberg and Slagle (2009) outlined the geological conditions for oceanic crust to be used as 

a CCS reservoir in the marine environment. Basaltic oceanic crust is a particularly effective CCS 
reservoir because permanent geochemical trapping of carbon is achieved when carbon dioxide 
gas (CO2) reacts with ions in the basalt and forms a stable solid carbonate (this process differs 
from CCS reservoirs in the Western Canadian Sedimentary Basin where the CO2 that is 
sequestered remains a gas, which requires long term monitoring). A potential marine CCS 
reservoir has oceanic crust that is 15 Ma or younger, a sediment cover at least 200 m thick; and 
should be in water depths greater than 800 m, located at least 20 km from any 
recharge/discharge areas (e.g. spreading ridges and seamounts) and should not be in areas of 
enhanced seismicity. A potential CCS reservoir should also have sufficient porosity for 
sequestration, should not have pore spaces filled by oil or gas and the deep sea sediments that 
cover the basaltic reservoirs should form low permeability barriers that impede vertical fluid 
migration. Assessment of seabed and shallow sediment porosities and permeabilities was 
beyond the scope of this assessment due to limited data and expected local scale variability in 
mixed turbidite and pelagic sediments in the study area. Underwood and others (2005) report 
that basal hemipelagic layers encountered in ODP Leg 168 wells become effective hydrologic 
seals with seepage rates of approximately 1 mm/yr once the sediment-basalt interface is buried 
by 100 to 150 m of strata.  Areas likely to contain potential CCS reservoirs are depicted in 
Figure 6. 
 

D.4 Mineral Resources 
Although the primary mandate of the MCT initiative is to assess conventional petroleum 

potential, early in the research process it was noted that the Pacific offshore may contain 
significant base metal-mineral resources. Areas with potential to contain mineral resources 
include spreading ridges, seamounts, and the seafloor at depths >3500 m (Figure 7). These 
areas are potential hosts for volcanogenic massive sulphides (VMS), Ferromanganese crusts 
(Mn, Fe Crusts), and manganese nodules (Mn Nodules) (Hannington et al., 2017). 
 

D.4.1 VMS deposits 
VMS deposits form when hot fluids from seafloor volcanic vents chemically react with 

seawater (Tornos et al., 2015). This change in chemistry precipitates a variety of precious and 
base metals (as minerals) including copper, zinc, lead, gold, and silver. Subsea mining of VMS 
deposits is a developing field. In September, 2017, Japan announced the successful completion 
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of the world’s first pilot test for the excavation and retrieval of seafloor polymetallic sulphides 
from under the sea, at a water depth of 1,600 m near Okinawa Prefecture (RSC Mining and 
Mineral Exploration website, 2017; SubSeaWorldNews, 2017). The Solwara 1 VMS mine in 
offshore of Papua New Guinea is reaching the development stage (Lipton 2012). Active vent 
fields (and associated VMS deposits) have been mapped in the Pacific offshore, with the 
Endeavour vent field representing a primary study area (Figure 7; Jamieson et al., 2014). Early 
estimates of mineral tonnage (~45 000 tonnes) at Endeavour was focused around the active 
vents, however new assessment techniques and exploration into inactive vent fields has 
increased estimated tonnage to 1.5 million tonnes (Jamieson et al., 2014). Active spreading 
ridges extend southward into US waters, and westward past the Economic Exclusive zone, into 
international waters, but no other active spreading ridges are known in the Canadian offshore so 
it is likely that the only area of high potential for VMS deposits in Canadian waters occurs in the 
study area. 

 

D.4.2 Ferromanganese Crusts 
Ferromanganese (Mn, Fe crusts, Figure 7) slowly precipitate from cold bottom water and are 

often enriched in Rare Earth Elements (REE’s, Hein and Peterson, 2013). High technology 
devices such as computers, cell phones, and solar panels are dependant on REE’s. The Tropic 
Seamount (located more than 500 km from the Canary Islands) may contain 2.67 tonnes of the 
rare earth element tellurium (~8% of the world’s supply of tellurium; Jamasmie, 2017). 
Ferromanganese crusts can form in depths of 400 to 7000 m, but the zone of primary 
enrichment occurs between 800 to 2,500 m depth. Limited information is available for rind 
thickness (4 to 20 mm from NOAA database from seabed dredge samples in and adjacent to 
the study area) and mineral grade/tonnage/concentration for these samples is unknown. Conrad 
et al. (2016) analyzed ferromanganese crusts in the analogous offshore California continental 
margin, and found crust growth rates ranging from 1 mm to 21.9 mm/Ma, with typical growth 
rates of 4.7 mm/Ma. Rare earth element concentrations for these young seamounts (<11 Ma) 
are only slightly lower than those observed for the much older (up to 80 Ma) Pacific Prime Fe-
Mn Crust Zone (PCZ) crust (an area in the Central Pacific that is recognized as being of the 
greatest economic interest in the world for mining mineral-rich crusts (Kelly and Amon, 2017)). 
Numerous seamounts that are likely to contain Ferromanganese crusts are present within the 
study area, and a smaller number are present to the north of the study area, including the 
SGaan Kinghlas - Bowie Seamount MPA. 
 

D.4.3 Manganese Nodules 
Manganese nodules (Figure 7) form at water depths between 3,500 and 6,000 m through the 

interaction of thermal fluids and seawater in an oxygenated abyssal plain environment (Hein 
and Peterson, 2013). These nodules contain Ni, Cu, Li, and REE’s. Although the REE’s are less 
concentrated in nodules than in crusts, manganese nodules are easier to extract (Hein and 
Peterson, 2013). The northwest corner of the Pacific study area has water depths >3,500 m and 
low sedimentation, over an area of approximately 9,200 km2. For these reasons, it was 
considered the only high potential area for Mn nodules. A much larger area (~49 000 km2) likely 
to contain manganese nodules is identified north of the study area. 
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