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i. Disclaimer.

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability of
responsibility for the accuracy, completeness, or usefulness of any information, apparatus
product, or process disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not necessarily state of reflect those of the
United States Government or any agency thereof.
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iii. Overview.

The Fourth Workshop of the International Committee on Gas Hydrates Research and
Development was held during 9-11 May 2005 in Victoria, British Columbia, Canada. Invited
national agency representatives and international researchers from university, government, and
industry convened to assess research priorities and to promote international collaboration on
methane hydrate research. The 2.5-day workshop included plenary lectures and panel
discussions, conducted as a working event where all participants engaged in open discussions to
develop collaborative methane hydrate studies. The workshop was organized by the Centre for
Earth and Ocean Research at the University of Victoria, Victoria, British Columbia, Canada; the
Marine Biogeochemistry Section at the Naval Research Laboratory, Washington, DC, USA, the
Hawaii Natural Energy Institute of the University of Hawaii, Honolulu, Hawaii, USA and in
cooperation with the Institute for Energy Utilization, AIST, Hokkaido, Japan; the Department of
Physics and Technology at the University of Bergen, Bergen, Norway; the Office of Naval
Research - Global; the Geological Survey of Canada and the United States Department of
Energy.

This series of annual international methane hydrate research and development workshops
was initiated during March 2001 at the University of Hawaii. Subsequent workshops have been
held in Washington, DC, USA and Vina del Mar, Chile. At the previous three meetings, the
focus was on presentation of research results on selected hydrate themes, and description of
national hydrate research programmes. The workshops have resulted in international field and
laboratory collaborations between US, Canadian, Japanese, Chilean and German scientists
working on methane hydrate exploration off the coasts of the US, Canada, Chile and Japan.

At the Victoria workshop, the objective was more ambitious. A primary goal was to
begin discussions on developing plans for continuing the collaborative scientific work among the
nations. It is our conviction as organizers of the workshop that the national research programmes
could greatly benefit by combining resources to carry out experiments, and sharing the results of
the research. The workshop was organized around four themes that included: 1) Methane
Hydrate Resource Characterization and Distribution, 2) Methane Hydrates Kinetics, Dissociation
and Biogeochemistry, 3) Environmental Concerns: Seabed Stability and Ecosystem Health, 4)
Methane Hydrate Future Development.
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I. INTRODUCTION:

The 4™ International Workshop on Methane Hydrate Research and Development
was held in Victoria, BC, Canada from May 9-11, 2005. The Workshop organizers were Dr.
Ross Chapman, Center for Earth and Ocean Research (CEOR) at the University of Victoria,
Victoria, British Columbia, Canada, Dr. Richard Coffin, Marine Biogeochemistry Section, US
Naval Research Laboratory, Washington DC and Sonia Wolff, Assistant Director, Office of
Naval Research Global LA.

The Workshop was sponsored by the Center for Earth and Ocean Research at the
University of Victoria, British Columbia, Canada; the Marine Biogeochemistry Section at the
Naval Research Laboratory, Washington, DC, USA; the Hawaii Natural Energy Institute of the
University of Hawaii, Honolulu, Hawaii, USA; and in cooperation with the Energy Technology
Research Institute, AIST, Japan; the Department of Physics and Technology at the University of
Bergen, Bergen, Norway; the Office of Naval Research-Global; the Geological Survey of
Canada and the United States Department of Energy. Building on the success of the three
previous international workshops on methane hydrates, this workshop was seen as an excellent
opportunity to promote open discussion to identify the most important questions in hydrate
research that can be addressed by collaborative international experiments.

The workshop included plenary lectures and open discussions in breakout sessions that
were conducted as a working event where all participants had the opportunity to contribute. The
objectives at this meeting were to promote open discussion to identify knowledge gaps in hydrate
research, and set research priorities that could be addressed by collaborative international
experiments. It was our conviction as workshop organizers that the national research programs
could greatly benefit by combining resources to carry out experiments, and by sharing the results
of the research.

The breakout sessions were organized in four theme topics. The discussions in each
group were facilitated by a session leader, who was assisted by a rapporteur to record the
discussions that took place. The theme topics included:

1. Methane Hydrate Resource Characterization and Distribution: This session focused
on current hydrate exploration in marine and arctic environments. In addition to surveys
of the hydrate characterization and distribution, session topics included geophysical,
geochemical and biological parameters that are relevant to the field survey.

e Session Chair: Dr. Warren T. Wood, Geophysicist, Marine Geosciences
Division, U. S. Naval Research Laboratory

2. Methane Hydrates Kinetics, Dissociation and Biogeochemistry: This session was
intended to combine laboratory, field and theoretical investigations of physical,
chemical and biological influence on hydrate stability, molecular content and lattice
saturation.

¢ Session Chair: John Ripmeester, Group Leader, Steacie Institute of Molecular
Sciences, National Research Council of Canada



3. Environmental Concerns: Seabed Stability and Ecosystem Health: Research topics
in this session included the influence of coastal hydrates on industrial platform
stability, ocean carbon cycling, global warming and coastal inhabitant safety.
Research focus between the nations was be integrated to address this broad range in
topics.

* Session Chair: Frederick Colwell, Microbiologist in the Biotechnology
Department at the Idaho National Laboratory, operated by Battelle Energy
Alliance

4. Methane Hydrate Future Development: Discussions during the three previous
International Workshop on Methane Hydrate R & D have revealed different national
focuses in hydrate research. Efficient integration of research between nations requires
incorporation of the national goals within the collaborative research plan. This session
combined discussion on the participants’ research objectives and the intermediate
steps to accomplish the goal.

* Session Chair: Art Johnson, President, Hydrate Energy International

The discussions in each theme group focused on the priorities of the research that should
be done to address knowledge gaps, selection of appropriate sites for field studies, description of
technologies and techniques for geophysical, geochemical and biological data acquisition, and
identification of collaborative research partners. A central goal across all the groups was to
establish connections between experimental work in the field and laboratory research. Although
there were no formal sessions for orally contributed papers, participants were given the
opportunity to display posters at the workshop, and to present briefings on specialized research
that was relevant to the discussions in the breakout groups. Summaries of the discussions are

presented below in Section 4. A final plenary session focused on integration of the ideas from
the four sessions, and summarized the recommendations.



II. WORKSHOP SCHEDULE:

HYDRATES IV WORKSHOP PROGRAM

LAUREL POINT

Sunday, 8 May
TIME
4:00PM-8:00PM
Marble Lobby
7:00PM

Salons ABC
Monday, 9 May
TIME
7:00AM-8:00AM
Terrace Room

8:00AM-10:00AM
Salons ABCD

10:00AM-10:30AM
Terrace Room
10:30AM-12:30AM
Salons ABCD

12:30PM-1:30PM
Terrace Room

1:30PM-3:30PM
Salon A: Theme 1

1:30PM-3:30PM
Salon B: Theme 2

1:30PM-3:30PM
Salon C: Theme 3

1:30PM-3:30PM
Salon D: Theme 4

3:30PM-3:45PM
Terrace Room

Registration

H a p p vy

SESSION

Breakfast

Main Plenary
Session Chair:

Ross Chapman
University of Victoria

Coffee Break

Main Plenary

Session Chair:
Richard Coffin

Naval Research
Laboratory

Lunch

Methane Hydrate
Resource
Characterization and
Distribution

Methane Hydrates
Kinetics, Dissociation

and Biogeochemistry

Environmental
Concerns: Seabed
Stability and Ecosystem
Health

Methane Hydrate Future
Development

Coffee Break

SPEAKERS

Charles Paull:
Deposits?

Does Gas Escape from Gas Hydrate

Scott Dallimore: Characterization and distribution of
gas hydrates at the Mallik field, Mackenzie Delta,

Canada

Stefan Buenz: Gas hydrates and free gas in submarine
slope failures: The Storegga Slide case study

Richard Coffin: Biogeochemical Evaluation of Hydrate

Rich Sediments

Dendy Sloan: Hydrate Kinetics

Frederick Colwell: Rates of Biological Methane
Production in Marine Sediments

Kirk Osadetz: Societal and structural trends affecting
has hydrate research in Canada

Art Johnson: Gas Hydrate: The Paths Forward

Chair: Warren Wood
Marine Geosciences
Division, U. S. Naval
Research Laboratory

Chair: John Ripmeester
Steacie Institute for
Molecular Sciences,
National Research Council
of Canada

Chair: Frederick Colwell
Biotechnology Department
Idaho National Laboratory,
(Battelle Energy Alliance)
Chair: Art Johnson
Hydrate Energy
International

All sessions: Open
discussion on
knowledge gaps and
barriers in hydrate
research



TIME

3:45PM-5:45PM
Salon A: Theme 1

3:45PM-5:45PM
Salon B: Theme 2

3:45PM-5:45PM
Salon C: Theme 3

3:45PM-5:45PM
Salon D: Theme 4

Tuesday, 10 May
TIME
7:00AM-8:00AM
Terrace Room

8:00AM-10:00AM
Salon A: Theme 1

8:00AM-10:00AM
Salon B: Theme 2

8:00AM-10:00AM
Salon C: Theme 3

8:00AM-10:00AM
Salon D: Theme 4

10:00AM-10:30AM
Terrace Room

10:30AM-12:30PM
Salon A: Theme 1

10:30AM-12:30PM
Salon B: Theme 2

10:30AM-12:30PM
Salon C: Theme 3

10:30AM-12:30PM
Salon D: Theme 4

12:30PM-1:30PM
Terrace Room

SESSION
Methane Hydrate
Resource
Characterization and
Distribution
Methane Hydrates
Kinetics, Dissociation

and Biogeochemistry

Environmental
Concerns: Seabed
Stability and Ecosystem
Health

Methane Hydrate Future
Development

SESSION
Breakfast

Methane
Resource
Characterization
Distribution
Methane Hydrates
Kinetics, Dissociation and
Biogeochemistry
Environmental Concerns:
Seabed Stability and
Ecosystem Health
Methane Hydrate Future
Development

Hydrate

and

Coffee Break

Methane Hydrate
Resource
Characterization and
Distribution

Methane Hydrates

Kinetics, Dissociation and
Biogeochemistry

Environmental Concerns:
Seabed Stability and
Ecosystem Health

Methane Hydrate Future
Development

Lunch

SPEAKERS

Chair:

Chair:

Chair:

Chair:

Warren Wood

John Ripmeester

Frederick Colwell

Art Johnson

SESSION CHAIR

Chair

Chair

Chair

Chair

Chair

Chair

Chair

Chair

: Warren Wood

: John Ripmeester

: Frederick Colwell

: Art Johnson

: Warren Wood

: John Ripmeester

: Frederick Colwell

: Art Johnson

All Sessions: Priorities
for new experimental
research

SPEAKERS

All Sessions: Formulate
plans for collaborative
experiments. Focus on
experimental sites, use of
existing infrastructure and
programs.

All Sessions: Formulate
plans for collaborative
experiments. Focus on
experimental sites, use of
existing infrastructure and
programs.



Tuesday, 10 May
TIME
3:30PM-3:45PM
Terrace Room

3:45PM-5:45PM
Salon AB

3:45PM-5:45PM
Salon CD

7:30PM
Terrace Room
Wed., 11 May
TIME
8:00AM-9:00AM
Terrace Room

9:00AM-12:00AM
Salon ABCD

SESSION
Coffee Break

Results and Discussions:

Methane
Resource
Characterization and
Distribution

Methane Hydrate
Future Development

Hydrate

Results and Discussions:

Methane Hydrates
Kinetics, Dissociation
and Biogeochemistry
Environmental
Concerns: Seabed
Stability and
Ecosystem Health

Dinner

SESSION

Breakfast

SESSION CHAIR

Chairs:
Warren Wood
Art Johnson

Chairs:
John Ripmeester
Frederick Colwell

SESSION CHAIR

Summary and Closing Remarks

SPEAKERS

Integration of research
across hydrate research
themes. Develop links
between experimental
research in the field and
in laboratories

SPEAKERS

Ross Chapman
Richard Coffin



III. WORKSHOP PRESENTATIONS:
A. Opening Remarks:

1. Introduction. Ross Chapman, CEOR-UV and Richard Coffin, NRL.

4h International Workshop on Methane Previous Topics

Hydrate Research & Development

Coastal hydrate mapping
Variation in hydrate content

Chairs: + Biological influence on hydrate
Ross Chapman, SEOC, Universaty of Victoria, Victonia, BC fOrl:nathn, Sté{blhty, content and
Richard Coffin, Marine Biogeochemistry Section, NRL-DC lattice saturation

Stephen Masutani, Hawaii Natural Energy Institute. University of Hawaii, HI « Methane hydrate dissociation

Bjorn Kvamme, Department of Physics. University of Bergen, Norway
» Environmental safety, platform stability

« Laboratory experimental designs
%]Lmiversily School of Earth ! ¢
A=l of Victoria| and Ocean Sciences i &

« Field survey and technology methods
» National program organization

Previous Workshops
Sessions 4 IWMHRD

* Honolulu, Hawaii — March 2001
» Washington, DC — October 2003
* Vina del Mar, Chile — November 2004

+ Methane Hydrate Resource
Characterization and Distribution

+ Methane Hydrates Kinetics,
Dissociation and Biogeochemistry

+ Environmental Concerns:
Seabed Stability and Ecosystem Health

+ Methane Hydrate Future Development

International Collaboration

Change in Approach
for 42 IMHRD

« Limit presentations to topic overviews

» Share science with poster presentations

+ Plan international collaboration

+ Integrate advanced technology on
research approaches

+ Share technology to support a
broad basic and applied research goals

« Complete workshop with collaborative
project plan(s) and commitment(s)




Key Goals for 4% IWMHRD Workshop goals

Research focus

* Plans for effective field and
laboratory research

Collaborative site selection
* International participation
— Sharing technology and infrastructure

* Funding availability

* Integration of lab, modeling
and field activity

Establish location for the
50 TWMHRD

¢+ Thank you Sonia Wolff

— Exchange of data, knowledge

Opportunities for effective

Workshop Objectives collaboration

+ Identity knowledge gaps in
hydrate research themes

+ Develop global perspective
on research priorities

+ Data ‘mining’

— Sharing existing data from lab and field
+ Create inventories

— International expertise

+ Design experiments - Methods and technology
Inf te field and lab <h — Data and results
- tegra € I1eld and lab researc _ Models

Assumptions New experiments

+ ‘Remote’ participants
— IODP Cascadia 311: Sept-Oct 2005

+ Michael Riedel: Co-Chief Scientist

— ROPOS: submersible dives

+ International sites
— New Zealand, Chile, Gulf of Mexico

Western Europe

* No new money
« International collaborations:
— Cost and technology sharing
— Data base development
— Make use of existing national programs




Workshop format

Regions for International Collaboration

+ Four hydrate research themes
Cascadia ) + DPlenary:

— Invited talks on hydrate research
in each theme

+ Breakouts:
— Discussions on 4 themes
+ Integrate plans from themes and summarize

Knowledge Gaps
9 [ Experiments

Plans

Gulf of Mexico "=ttt

Sessions 4t [IWMHRD

* Methane Hydrate Resource Characterization
and Distribution
Chair: Warren Wood

New infrastructures

« Cabled ocean observatories

— NEPTUNE *  Methane Hydrates Kinetics. Dissociation
. . and Biogeochemistry
— Collaborative experiments at Chair: John Ripmecster
Hydrate nodes

+ Environmental Concerns: Seabed Stability
and Ecosystem Health
Chair: Rick Colwell

*  Methane Hydrate Future Development
Chair: Art Johnson

B. Invited Presentations:
1. Does gas escape from gas hydrate deposits? Charles Paull, MBARI.

A copy of the presentation was not available for this report. The following text is a review of the
presentation.

The focus of this presentation was gas flux from hydrates and related seafloor slumping
and thermal decomposition. Regions for focus in the presentation were Storrega Margin and the
Candian Arctic Shelf. This topic was addressed with geochemical data from cores to assess gas
leakage due to diffusion. Methane concentrations in core porewater is not a good indicator of the
profiles, alternately sulfate gradients can be used as an indirect parameter for the vertical
methane profiles. This approach is applied with the assumption that the surface sediment
vertical methane profile occurs through anaerobic methane oxidation with sulfate serving as the



terminal electron acceptor. The depth of the sulfate and methane gradient is proportional to the
vertical methane diffusion.

Interpretation of slumping with analysis of porewater gradients in regions such as the
Storegga Slide is observed with non conservative vertical sulfate profiles. Similar shifts in the
hydrate stability zone were observed in the analysis of piston core porewater analysis, with non
conservative profiles in samples from the Beaufort Sea on the Canadian Arctic Shelf.

These data suggest that there are gas losses, however, fieldwork has not confirmed this
estimate that has been interpreted from porewater sulfate profiles. In current studies, gas venting
is associated “pingos” that form with ice formation and melting. In marine systems it is expected
that these structures form because of fluid pressure from decomposing gas hydrates.

Methods: Cores and seismic profiles, vibracores on PLFs, and some ROV work.

2. Characterization and distribution of gas hydrates at the Mallik field, Mackenzie
Delta, Canada. Scott Dallimore, Canadian Geological Survey.

A copy of the presentation was not available for this report. The following text is a review of the
presentation.

This presentation provided an overview of methane hydrate exploration on the Mallik
Wells, in the Mackenzie Delta, Canada. Information included an overview of lessons learned,
discussion on the comparison of terrestrial and marine hydrate bearing regions, and an overview
of topics pertaining to hydrate contribution to the natural gas reserve and global warming.

Part of the presentation included the difference in hydrate exploration in coastal waters
and Arctic tundra. In the evaluation of hydrates in these diverse environments standard protocol
include stability curves, sediment and soil gas compositions to determine if a suitable reservoir
exists. In these systems, the hydrate burial depths and gas sources (thermogenic vs. biogenic) are
different. The difficulty in survey marine systems results in few quantified estimates of hydrate
distribution. On the other hand, Arctic gas hydrates have been found in 50% of the wells that
have been drilled.

The major conclusion from this presentation was that experimental exploration of
methane hydrate deposits on the Mackenzie Delta was successful. Future studies need to
incorporate economic evaluation with an integration of topics such as the methane hydrate
quantity, distribution, prospecting strategies, production technology, quantification of
environmental, economic and policies issues for determination of the energy resource potential.

10
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3. Biogeochemical Evaluation of Hydrate Rich Sediments. Richard Coffin, Naval

Research Laboratory.

Biogeochemical Evaluation of
Hydrate Rich Sediments

Richard B. Coffin
Section Head, Marine Biogeochemistry
NRL. Washmgton, DC
202-767-0065
reoffin@eccs.nrl navy mil

Presented: 4 International Workshop on Methane Hydrate Research and Development,
Victoria, British Cohanbia, May 9-11, 2005

Presentation Objectives

NRL methane hydrate overview
Biogeochemical topics
SMI application

Thermogenic methane source

NRL Hydrate Survey Sites

©
o ©
©
c
o *o o (O
‘, © 4
B ©° Xy g o
00 y(* o
e g S
© (-
o ©
. ¥
©
© Gas Hydrate Finds
L * NRL Field Efforts -
o
© USGS/Oil and Gas Journal

4

DU

NRL Hydrate Research Elements

» Geologic structure (faults, composition, density, porosity,
shear strength and permeability).

* Hydrate distribution

*» Hydrate content and structure

* Hydrate formation and stability

* Biogeochemical role in stability

* Fluid and gas flux through the seafloor
» Age of hydrate and sediments

* Numerical models for lattice gas simulations for
microscale transport

*» Conventional hydrologic models for macro scale transport

* Relation of dissociation to mass wasting

Methane Hydrate Associated
Research Topics at NRL

Geoacoustic anomalies

Coastal seafloor stability

Ocean carbon modeling

Global climate change

Energy resource

CO, sequestration

Global Economy

In situ acquisition for monitoring platforms

Predictive models of sediment strength and geoacoustic
reverberation and scattering in littoral areas

s
B Geophysical/Geochemical Hydrate Survey
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Geochemical Parameters

* Gases (Methane, Ethane, Propane)
* Sulfate

* Chloride

* Hydrogen Sulfide

« DIC concentration

* Percent Organic Carbon

* Stable Carbon Isotope Analyvsis (CH,, DIC, POC)

» AHC Sediment Organic Carbon

On Board Lab

Figoea L Saupl g alng o usd Chlomm oot

El I Source and Fate of Methane

H Carbon Isotope Analysis

813C
AMC

XoC = (Csample-hf’l/ Cstandard-h/l) - 1x 1000

El ! NRL Graphite Laboratory

Instrumentation

* GC cryogenic trap
Cryogenic * 10 port graphite line
Distillation Graphite * 6 port cryogenic distillation line

+ methane oxidation system

» UV oxidation system

* solid orgamc combustion system
* GC/IRMS/ITMS

Vi
AMC and 813C Parameters

Gas Inline * Dissolved organic and inorganic carbon
+ Particulate organic and inorganic carbon
* Biomarkers

+ Methane

+ Ethane to Hexane
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NRL AMS Facility

=

State-of-the-art AMS facility
* 40 cathode MC-SNICS ion source
» Pretzel recombinator magnet
* High-speed beam chopper
* Sphit-pole spectrograph with:
- 12 MCP detector modules
- Low noise Faraday cups

2-D Carbon Isotope Analysis

v
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T T T T T
-120 -90 -60 -30 0

diC

biogenic methane
thermogenic methane
temestrial carbon
marine phytoplankton
C4 marsh plants

@ssso00

ocean carbon

Methane Sources
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NRL Accelerator Mass Spectrometer
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AlC

Biogeochemical Topics
CH,+ 850/ ?HCO; +HS +H,0
Anaerobic Methane Oxidation
* Methane fate
= SMI
* deep hydrate prediction
CO,+4H, 2 CH,+ 2H,0
Methanogenesis
* Methane production
* Energy source
* Hydrate composition
CH,(CH)n(CH ) ~15%¢ 3 CH,
Thermogenic Methane Production
* % contribution sediment hydrates
* Ocean carbon
* Vertical migration
CH,+2H,0 2 €0, +4H,
Aerobic Methane Oxidation
* Water column carbon cycling
* Coastal carbon modeling,

7
-

Biogeochemical Relevance

* SMI to predict deep hydrate distribution

* Carbon cycling to the sediment water column
interface

« Carbon (energy) to the water column

Methane formation and oxidation. hydrate gas content
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Microbial Methane Cycling

Thermogenic Methane

Vertical Methane Flow

CH, = 50, —HCO* + HS +H,0
s0,*

A Shallow BSR. high heat flow, sulfate depletion
B. No BSR, high heat flow, shallow SMI
C. BSR, mtermediate heat flow, SMI

C D. No BSR, low heat flow, deep SMI
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AM““‘
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‘Wipe Out
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Anaerobic Methane Oxidation

Atwater Valley Sites
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Cross Sectional
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h Atwater Valley Seismic Survey

35 kHz seismic transect

Seismic Line AVES courtesy of USGS

NRL GMO05 DTAGS & GMO04 Piston Coring and Thermometry Transect

EI l Vertical Fluid Advection

h !Geophysics.‘-’Geochemistry Data Integration

Heatflow

Heat Flow (mW/m2)
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linear concave down

Methane (mM)

Sediment Depth
Sediment Depth

Sulfate (mM) Sulfate (mM)

CH, +S0,> — HCO*> + HS + H,0

. 200 o 20
] —m— Sulfare
£ 300 E 00
2 —=— Sume b Ve
400 —§— Meathane 00
300 00
600 Care 1 &0 4 Core 2
Between Mounds D & F
! »
E Atwater Valley SO,Z, CH,
s0,° 50,7 mM
o 5 10 15 20 25 30 0 5 10 15 20 25 30
CE,mM o,
0 2 4 6 8 10 1n 4 [ 2 4 s 0 n 12
0 (]
100 200
200 —=— Sulfate a0
% 300 - %
600
400 —m— Sulfare
800 —#— Methare
500
ool coms3 oo Com=?

Mound F

15



Atwater Valley SO,2, CH, B Pore Water Chloride vs. Methane
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4. Societal and structural trends affecting gas hydrate research in Canada. Kirk
Osadetz, Geological Survey of Canada.

Abstract

Canada depends critically on petroleum as its primary energy source, the driving force for
investment growth and the source of its record (2004) trade surplus. Switching to natural gas is
part of Canada’s Kyoto strategy. It has immense gas hydrate resources and it has also provided
and hosted leading gas hydrate research and researchers. One might conclude that Canada should
remain a research leader, but the future is challenging because of a “market-driven” energy
policy and a restructuring of public research funding. Market demand and price drive supply, and
corporate demand drives energy research. Restructuring will make the universities and industry
the primary science-providers, while transforming government institutions, historical
contributors to gas hydrate research, into facilitators. A public interventionist S&T roadmap like
that which realized the potential of Canadian bitumen is unlikely. Changes are being made
slowly, making for a contemporary “business as usual” environment, but with change appearing
inevitable. Industry recognizes the new environment without embracing gas hydrates as an
economically competitive potential supply. Lack of transportation, uncertainties in well
performance and the minimization of geotechnical risks have pushed gas hydrates deep into the
corporate agenda. Long-term success requires that gas hydrate research is championed by
industrial demand and that reservations regarding economic competitiveness are successful
addressed.
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The Situation

Several Plans and Scenarios for the Future of both International
and Canadian Gas Hydrate R&D exist, and are being acted upon,
on several levels (National/Corporate/Program/Project/Individual).

Based on these plans, there are a number of Intramural and

Extramural collanratiuns and Co-operative Activities that have

Erovided or could pravide important R&D progress and
reakthrough’s.

There is a well informed consensus that the Future looks much like
past (a uniformitarian approach).

There is a chance that the Future may look nothing like the past (a
catastrophic approach).

Fourth Interational Workshop on

Methane Hydrate Research and Development

-

Pathways

The Technology Push Model or “Innovation Pyramid” (basic science
-> design and engineering -> manufacturing -> marketing -> sales).
The current general model of Canadian R&D.
Climate change GH R&D is the type model.

The Market Pull Model (market need -> development ->
manufacturing -> sales)
For Commodity Demand, are supplies short or is it access?
For Industrial Demand, are there unforeseen events?
Flow assurance GH R&D is the type model

'Gl'he Curiosity Driven Model (the method of the Dead European
Rk - The “Dogbert” model of “Success by Pilfering Office Supplies” .

“The public saw technology and thought it was Science”
Edmund Burke

- Fourth International Workshop on

Methane Hydrate Research and Development

Global Energy Impressions

FT.com highlighted the risks to energy security outlined in the World
Energy Outlook 2004 and quoted the IEA as saying that “Major oil and
gas importers, including most OECD countries, China and India will

ecome ever more dependent on imports from’ distant, often politically
unstable parts of the world”

BBC News Online remarked on the energy security issues and
'stability fears’ outlined in the IEA report, and quoted Mr. Mandil as
saying that "oil markets are likely to become less flexible and prices
more volatile".

Oil & Gas Journal described the main trends for demand, imports, oil

prices, investment and CO2 emissions. It quoted Mr. Mandil saying that

although he was “‘optimistic’ that energy resources are adequate to
meet the nearly 60% increase in demand expected between now and
2030", there are also “symptoms of a considerable malaise in the world
of energy”.

IEA Website: Press Comments on |EA World Energy Outlook 2004 ed
- o Fourth International Workshop on

Methane Hydrate Research and Development

APEC Energy Security Strategy

APEC Energy Ministers (in Manila) agreed that access to adequate, reliable and

affordable energy is fundamental to achieving the region's economic, social and

environmental objectives....

The importance of these efforts is further highlighted by the recent rise in
global oil prices and its potential impact on economic growth and sustainable
development within the APEC region.

To meet this challenge:
- They suppnrt the creation of a competitive and transparent marketplace

ing that some Member Econemies consider nuclear power as an
option for their energy mix .

— They support research on the potential of methane hydrates as a future
energy source and direct the EWG to communicate research developments
within their economies.

Support for Gas Hydrates Fuel Research was explicity endorsed by the APEC
Economic leaders 21 November 2004 as part of the Energy Security Initiative —
energy security, sustainable development and cammon prosperity (CAIRNS)

hitp: pec/leaders_declarats dii

Fourth International Workshop on

Methane Hydrate Research and Development
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A Recent Canadian Energy Snapshot

Canada produced 45% more energy than it consumed in 2002.

Canada has been a net producer for 37 years and it is a significant
exporter of energy, primarily to the United States.

In 2001 alone, Canada ex#)orted energg products worth $55.1 billion,
which represented 14% of all exports. Exports = two-thirds of Canada's
annual oil and over one-half of natural gas production

On a per capita basis, each Canadian consumed ~353 gigajoules of
energy in 2002, compared with ~222 in 1967. (30-litres of gasoline

contaih ~gigajoule).

Human Activity and the Environment 2004 edition

- Fourth International Workshop on

Methane Hydrate Research and Development

Uniguely Canadian

Considerations

A Net Energy Exporter.
A “Free” Integrated North American Energy Market.
Natural Gas Hydrate Resources are co-located with
Stranded Conventional Petroleum Resources.
» Gas Hydrates Compete in a Resource-rich
Environment.
A Kyoto Signatory.
+ Fuel and Climate R&D are commonly
administered separately.

A Changing Social Structure for Science.

» The Migration of Science Performance out of
Government.

- " Fourth Interational Workshop on

Methane Hydrate Research and Development

Canada’s National System of Innovation

Gov Info Programs

‘ | Venture Capital

Industrial Assistance Programs
Granting Councils & Foundations

Funders

Business

\ 1l e

Research Institutes
Universities

Fundamental Applied R&D Commercial
Research

Performers

Increased Market

Long Time to Market Short”

S&T Funding Trends

Federal Expenditures on S&T as a % of Federal
Budget Estimates (1994-2003*)

55

ge ¢
growth 1997-03

+ Federal Spending 45 /\/
- 27% A //
* S&T s
- 7% \//
15

* projected

s
Source Stafistics Canada Cat No. F88-204 XIE 1954 1966 1086 fee7 1665 1260 2000 2001 2002 2003

- | Fourth International Workshop on

Methane Hydrate Research and Development

R&D Funding Trends

Federal Expenditures on R&D, by performing sector (1992-
2003*} 2,500

2,000

1,500

1,000

500

. 1992 1983 19%4 1985 1996 1957 1998 1999 2000 2001 2002 2003
projected Source Statistics Canada Cat No_F88-0006XIE
- " Fourth International Workshop on

Methane Hydrate Research and Development

Priorities in Knowledge Performance

« Address key challenges for the university research
environment.

« A Government Focus on Educational Institutions as the providers
of basic science.

» Renew S&T capacity to respond to emerging public
policy, stewardship and economic challenges and

opportunities.
« Transformation of Government R&D from Science Performance
to Science Facilitation in Academia and Industry.

» Encourage innovation and the commercialization of
knowledge in the private sector.

+ Reverse the trend of declining Canadian Industrial R&D.
Modified frem NRCan Chief Scientists Presentation
- N Fourth International Workshop on

Methane Hydrate Research and Development
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Natural Gas is A “Cleaner” Fossil-Fuel
Energy Source

304 264

The Implications of Science Models
for GH R&D

The Technology Push Model or “Innovation Pyramid” (basic science -
> design and engineering -> manufacturing -> marketing -> sales).
- Several opportunities are present, in climate foresight; GHG
sequestration and energy supply.
- The Market Pull Medel (market need -> development ->
manufacturing -> sales).

- Commodities: not expected in a resource “rich” setting
Industrial Demand: opportunities related to both energy
extraction (geohazards) and environment (enhanced recovery).
There is a relationship between MP and TP, as indicated by
Climate change.

29 5
r-rIrsd

intCiTJ

- The Curiesity Driven Model .

Carbon Emission Factors

- Adifficult proposition.

Natural Oil Coal
- Fourth International Workshop on ~ Fourth International Workshop on
Methane Hydrate Research and Development Methane Hydrate Research and Development

Market Pull — Climate Change Market Pull ~-Hazards

»  As conventional petroleum exploration, particularly for

Canada will spend $10 billion over seven years to help Canada cut CrUde oil, moves into more Cha"enging terrestrial
its average greenhouse gas emissions by 270 megatonnes a year (Arctic) and marine (Deep Water) settings the hazards
L e posed by gas hydrates to Exploration and Production
It is committing to: Increases.

« Draw 20 per cent of its electricity from renewable sources by 2010.
* Replace its vehicles more quickly and with fuel-efficient alternatives

including hybrids. . Potential Hazards Include:

+ Create three funds to: 1. Open-hole instability caused by dissociation and associated
- Buy greenhouse gas emission credits from other countries. free gas
- Invest in new technologies to help industrial large emitters meet GHG N L .

targets. 2. Well head and casing integrity.
- Develop renewable energy ($1.8 in the February 2005 budget). 8 !
~ Implement conservation and efficiency measures. SLiydete T’urmatllc?n Stibseslequipment;

4. Seafloor Instability.
74 per cent of the targets will be achieved through the actions of individual 5. Flow Assurance.

Canadians, even though individuals are responsible for enly 23 per cent of
Canada’s emissions.

. Most of 53 GH papers presented at the 2005 OTC addressed GH

http://www.climatechange.gc.ca/english/ccplan.asp Hazards.
- Fourth International Workshop on - Fourth International Workshop on
Methane Hydrate Research and Development Methane Hydrate Research and Development

Market Pull — Climate Change Technology Push — Climate Change

— The entire climate ch issue is a
issue.

y push/foresight

+ The role of gas hydrates in climate change, past, present and future

il o remains an important general topic to address.
Market Pull is expected to:
e Increased demand for natural gas. — There is an interaction between market pull and technology push.
» Increased opportunities for GHG emission Motivated by Public o Itermational Treat o
i i 1 - otivated ublic Policy and Internationa reaties several industries
red UCtIO_n and Sequest_ratlon, esEeuaIIy from will (onsideying GHG segryeqat\'on and sequestration, possibly in hydrates
large point source emitters, such as natural gas as an opportunity for both science and technology R&D.

and tar sands/heavy oil plants.

Activities that produce high purity Carbon Dioxide for enhanced oil
recovery or coal bed methane recovery are expected to be economically
favourable.

GH R&D opportunities can be expected with

FESPECt 0! Long distance transportation of carbon dioxide is feasible (e.g. The
e Carbon dioxide sepa ration and sequestration. Alamo Oregon to West Texas carbon dioxide pipeline).

Related GH R&D will have to meet economic tests, but these might be
“facilitated” by regulation and policy.

- Fourth International Workshop on - Fourth International Workshop on

Methane Hydrate Research and Development Methane Hydrate Research and Development
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.

*Non-conventional resources and reservoir can, or must, be defined by

Technology Push - Energy Supply

Destruction Demand.

« Industrial demand reduced in response to high current prices (N.W.
U.S.A. Aluminum Industr

Competition From

+ GH's compete with both co-located conventional resources and more
favarably located non-conventional resources for incremental supply

5ther Sources of Supply.

Gas Composition Disadvantages.
« The "dryin%" effects of hydrate formation and lower reservoir

pressures have a cost.

Cost and Lack of Infrastructure.

« Most GH'’s are located in difficult environments where the costs of

production and infrastructure are hi

h
North American Security o? Supply.

* Many analysts believe that natural gas prices will fall to $4.50/MMBtu,
which, like high storage values, makes resource scarcity unlikely.

- Fourth International Workshop on

Methane Hydrate Research and Development

Cretaceous-Tertiary Greater Green River Basin
(from Shanley et al., 2004)

Cumulative %

Production
00

6.4 0f 11.3 Tef of gas
(56% of the reservel
occurs in ~35% of the wells
where, <1.5 Bbls of water is
produced with each MMcf of gas.

0.0001 001

10 100.0 10,0000 1,000,000.0

Bbl Water/MMcf Gas

reservoir performance characteristics that must be inferred or
represented by proxy accumulation data.

- Fourth International Workshop on

Methane Hydrate Research and Development

Technology Push - Energy Supply

+ U.S.A. Coalbed Methane production provides a

suitable model for industrialization and

commercialization.

To involve industry in the development of GH

energ}l supply requires the provision of data and
s that will permit the economic evaluation of
opportunity against alternative sources of supply.

model

This isn’t news, but points toward a need for

classification of occurrences and accumulations.

Fourth International Workshop on

Methane Hydrate Research and Development

Total remaining resources
categorized by three criteria:

@ Ec ic and ¢ cial
viability (E) h

@ Field project status and E!
feasibility (F) \

@ Geological knowledge (G)

|
| V/

United Nations Framework Classification for Energy and Mineral Resources.

http://www.unece.org/ie/se/pdfs/UNFC/UNFCemr.pdf

UNFC Codification

@ Categories are
referenced in one fixed E,
sequence: EFG :
2
@ Category names may E,
then be replaced by L\
language independent . 2 °
arabic numbers = . S5 N
&

Modes of Gas Hydrate Occurrence

+ Terrestrial (Mallik-like) Accumulations

— Common in permafrost regions and shallow arctic seas.
Possible thick rich and co-located with conventional
resources.

« Sub-sea Marine (Cascadia-like) Accumulations
— Detected using Bottom-Simulating-Reflections (BSRs).
Typical of continental shelves and slopes. Differences
between well and seismic geophysical datasets remain
unresolved.

« Seafloor Marine (GOM Mounds-like) Accumulations
— Discrete rich accumulations at the seafloor. Hard to detect,
sites of biological activity.

- . Fourth International Workshop on

Methane Hydrate Research and Development
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Modes of Gas Hydrate Occurrence

+ Terrestrial (Mallik-like) Accumulations

— Likely infrastructure assist from conventional resources.
Thick, rich accumulations that can be associated with free
gas or confined water, which could facilitate reservoir
energetics.

+ Sub-sea Marine (Cascadia-like) Accumulations

— Widespread, but lean accumulations not characteristically
associated with either good reservoir or a good reservoir
energy situation.

+ Seafloor Marine (GOM Mounds-like) Accumulations
— Rich accumulations that are the least poorly characterized.

- Fourth International Workshop on
Methane Hydrate Research and Development

Possible GH Accumulation
Roadmap Criteria

Yield
*“Value Chain.”

s(prospect, discover, produce)
*Reservoir Performance.
sReservoir Yield.

Value Chain

Reservoir Performance
+

*There is a need for reconciliation against an
acceptable method of resource classification.

- Fourth International Workshop on

Methane Hydrate Res:

and Development

5. Gas hydrates and free gas in submarine slope failures: the Storegga Slide case
study. Stefan Buenz, University of Tromse.

Gas hydrates and free gas in submarine
slope failures: the Storegga Slide case study,

Stefan Biinz & Jiirgen Mienert

University of Tromse, Norway

Conclusions

Climate Change Science and Geohazards provide a “Market Pull” demand for
GH R&D, with the first being driven by public R&D priorities and the second
being driven by deep water crude oil E&P.

+  Fuel Supply provides an opportunity for “Technology Push” GH R&D,
complicated by the structure of the North American natural gas market, where
GH are just another non-conventional resource.

+ In Canada, at least, there are societal and strucutral reasons to transfer GH
Fuel Supply R&D to Industry from the Public Sector.

+ The transfer of GH Fuel Supply R&D to Industry requires an improved
classification and description of accumulations that will facilitate the industrial
decision making process and focus Industrial R&D and E&P on the most
attractive classes of opportunities.

+ None of this is news, but we have to consider if there is a need or are ways to
improve our responsiveness to those things driving GH R&D.

- Fourth International Workshop on

Methane Hydrate Research and Development

Norwegian Margin

Storegga Slide
+
Gas-hydrate related BSR
+
Ormen Lange gas reservoir

Is there a link b
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[Importance of gas hydrates

Possible future energy
Submarine landslides

Global climate

[Gas hydrate and free gas as geohazard

Seafloor failure
Drilling (overpressures, gas blow-out)

Seafloor pipelines

[Key to understanding submarine slope failure

Increase of pore pressure within sediments
decreases effective soil strength.

Possible processes:

high sedimentation rates during peak glaciations
gas hydrate dissociation

Gas charging of shallow
sediments

Diapirism

Earthquakes

[References

Marine Geology, COSTA - Continental Slope
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Marine and Petroleum Geology, Ormen Lange, An
integrated study for the safe development of a
deep-water gas field within the Storegga Slide
Complex, NE Atlantic continental margin, Volume
22, No. 1-2, Feb. 2005

[Outline

The Storegga Slide

Possible involvement of gas hydrate on the
development of the slide

Impact of gas on slope failure

Summary

[Mid-Nomegian margin

AT

[
Geological Background

Continental break-up at the
Paleocene/Eocene boundary

Subsidence and hemi-pelagic X
deposition until Pliocene Yropdeiad’
Flatform
North-south directed dome

structures (Vagnes et al.,

1998):

Potential hydrocarbon reservoirs
Pliocene - Holocene glacigenic

deposition (Naust Formation
sediments)
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Outline Glide planes in the Storegga Slide

Side 1 backwall

500m,

Geological background of the mid-Norwegian margin

Possible involvement of gas hydrate on the
development of the slide

Exposed and

Impact of gas on slope failure - i) polished glide plane INO3

s il

Summary

Storegga Slide Large-scale slide developm

Multi-phase slide during one
major "failure event” at 8200 yrs
BP.

Slide took a deep cut of ca
700m into the margin

vering 3
it
Total slide volume ~3500 km?. E”

Area of impact ~80000 km?. ¥

g 5 P
Headwalls approx. up to 300 m >, 4 . g g L
high and 300 km long : i
sLiDE £
Sidewalls approx. up to 100 m
high_

~ North Sea
Fan

T

Haflidason et al_, 2004 Rise etal , 2005

Storegga Slide complex depositional
environment Outline

Geological background of the mid-Norwegian margin

The Storegga Slide

Impact of gas on slope failure

Summary

After Bryn et al., 2003
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Storegga gas hydrate system

Understanding the distribution of the BSR and gas
hydrates.

Understanding the role of gas hydrates in slope
stability.

Storegga gas hydrate system

Distribution of the BSR:

Aerial extent: 4000 km?

Continuous along northern
flank of Storegga Slide

Patchier within slide area

Lower termination at the base
of Naust formation

Northern boundary correlates
with glacigenic sediments

Dense occurrence of fluid-
escape features on the upper
slope, and sparse elsewhere

Bunz et al, 2003

lower slope upper slope,

sw

2
Helland-Hansen Arch

- polygonal fautts

e | ’ / — 10 km —>

T
intercept base GHSZ - intercept base GHSZ

base Naust frm. glacigenic debris flow deposits

Binz et al., 2003

Storegga gas hydrate system

BSR distribution:

Gas hydrate stability
conditions (P, T, host
sediments) constrain most
continuous BSR / gas hydrate
occurrence to a small zone
along the northern sidewall of
the Storegga Slide.

|gm # == intercept base GHSZ - seafioor
s = *irtercept bass GHSZ - base Naust fm
Bunz et al, 2003 inlercept base GHSZ - base glac. sediments

Storegga gas hydrate system

‘Widespread occurrence
of glaciogenic debris
flow deposits probably
Erevent gas hydrate

uild-up in many areas
along the margin.

Storegga gas hydrate system

Glaciogenic debris flow deposits are dominant along the mid-
Norwegian Margin.

sw

Storegga Voring Plateau e T schichn
Siida scar Litoracie Il ergeter

56t 500
Liofocke | enneter

Helfand Hansan
Arcn
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[Risk of gas-hydrate induced slope failure [Gas-hydrate stability zone modelling

slide-unaffected slope area
Widespread occurrence of « —
glaciogenic debris flow . d inbilo hydiate devetopmnt headwal
deposits drastically
decreases area where gas
hydrates could have
contributed to slope failure.

Storegga Slide northern sicewall

» o+ Jmo0-026
Helland-Hansen arch 10 km

Mienert et al , 2006

two-way travel time (s)

[Storegga gas hydrate system

Modelling of gas hydrate stability thro
glacial cycle.

(w) j8nay e8S (14 MOjaq Yidsp

slope - shell 'E Mienert et al., 2005

[Gas-hydrate stability zone modelling [Outline

PD son lovel ——y

Geological background of the mid-Norwegian margin
The Storegga Slide

Possible involvement of gas hydrate on the
development of the slide

(1) [onsj BOS O MOJET Yydop

Summary

Sea fevel change: 120 m

G = 50°C/km

BWT change at boginning.
afthe Hologara

() ZGH Jo Ssauyoy Uy 3BLRYD

(=) BT dommated (-)

Mienert etal.,
slope shelf 2005
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Study area Key horizons for this study

N NHS602 Inline 2158

Stratigraphic

units

THaust

Pleistocene

Thaust T

TNaustU ¢
Crmen Lange ~TNaT W
gas iese vl

Fliocene |

-base Nougt
formation | _

Binz et al, 2005

Objectives Seafloor interpretation

The Storegga Slide — 3-D seismic image from the headwall area
Investigate the architecture of slope failures in the
proximity of the Ormen Lange gas reservoir.

Analyse relationship between slope failures and gas
that is leaking from the reservoir.

Biinz et al., 2005

Impact of gas on slope failure Ty sl b )

Seafloor
interpretation

Evidence for shallow gas and fluid flow

Impact of fluids on slope failure

Conclusion

Bunz etal, 2005
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Horizon A

interpretation

First undestroyed horizon undermneath Storegga Slide.

NH9602 Inline 2158

Bunz et al., 2005

e solreny
Green arrows indicate

sediment flow
direction

=

Horizon A

interpretation

W

Sediment bioeks
breaking up =
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a

o1

rac

P

Bunz et al, 2005

Horizon B1 + B2

interpretation

NH9602 Inline 2158

Bunz et al, 2005

prea affested
by sedmen: low

Soreme conerercy

Horizon B1

interpretation

Binz ctal., 2005

Horizon B1 + B2

interpretation

map of mass flow

Arcuate
ridges

§ Liquefied sediment Maximum
with blocky remnants sccretion
time thickness (ms)

o [
i

Binz et al, 2005

Horizon B1 + B2

interpretation

LA
Eroded su

AR T Rolygonalrauts

Sediment
blocks

ZORMEN LANGE DOME &1, /¥——5 km——H o

Biinz et al , 2005
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Horizon B1 + B2

interpretation

Fluid leakage from the reservoir

Top of mass flow _ Base of mass flow

Top of Ormen Lange dome

Lower Storegga headwall

amplitude amplitude

Banz et al , 2005

Impact of gas on slope failure Impact of gas on slope failure

Structural interpretation of the subsurface Structural interpretation of the subsurface

Evidence for shallow gas and fluid flow

Impact of fluids on slope failure

Conclusion

Conclusion

T = == T3
Y Integrated seismic

amplitude
Damer |

. o JF——y ————
Fluid impact on [ omen Lo on
slide mechanism =

Indications for
fluid flow in the
subsurface

T |

Top of mass flow

amplitude

Banz et al., 2005

Banz et al , 2005
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[Concl usion
Evolution of
stability

Evidence for fluid leakage out of a large gas
reservoir in the Ormen Lange dome into
sedimentary strata at shallow depth.

Today's seafloor morphology

can be exlained by the
distribution of gas.

Gas probably contributed to slope instability and
affects the failure mechanism.

Stability is inherited to Gas. ascand

) Areas that lack evidence for gas remained stable.
overlying strata.

This stability is inherited to overlying sediments.

The location of the lower Storegga headwall (lII)
can be explained by the distribution of gas.

Bunz et al., 2005

[Impact of gas on slope failure

Structural interpretation of the subsurface

Evidence for shallow gas and fluid flow

Impact of fluids on slope failure

6. Hpydrate kinetics. Dendy Sloan, Colorado School of Mines.

The CSM Hyd

.

Dendy Sloan, Carolyn Koh, Kelly Miller

4th International Workshop on Methane
Hydrate R&D

Victoria, BC, Canada
May 9, 2005

ﬂ Center for Research on Hydrates & Other Solids, Colorado Schaol of Mines E

32



Determination of Film Growth Rates

X=132077t
R =0.9999

> s s
Time (seconds)

Growth Rate = dX/dt = 320.77 um/secC

Methane Hydrate Growth Occurs Predominately at
the L -V Interface

AT = Teq - Toun
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NMR RAMAN

Multicomponent Hydrate PT data with
hydrate structure
- composition : '

Definitive hydrate
structure

Lattice parameters
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Figure 3.4 Schematic of the Experimental Apparatus

Fiiure 5.0 Typical Growth Rate Curves
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Design Conditions

Hydrates

@
a
e
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[

Start-up Conditions

No Hydrates
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Jemperature, o

Moudrakovski,

BEOTECHNALOGIEN
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7. Rates of biological methane production in marine sediments. Frederick Colwell,

Idaho National Laboratory.

Rates of Biological Methane
Production in Marine
Sediments

F.S. Colwell

Idaho National Laboratory
Collaborators: Stephanie Boyd, Mark
Delwiche, David Reed
Acknowledgements: U.S. Department of

Energy, Office of Fossil Energy; Ocean
Drilling Program, Leg 204 Science Party

i)

E Idoho National Laborotory

L

Modeling of hydrates requires biological data
and better biological data than we currently
have

“Where, how, and at what rates does methane form, migrate,
collect in, and exit from hydrate/gas deposits? Once we
have quantified the fluxes that control the dynamic hydrate
system equilibrium, then we can estimate system
response to perturbation...” Sloan et al. 1999

+ Models that predict the occurrence, distribution, and
quantity of methane hydrates require better parameters for
the biclogical contribution (Xu and Ruppel, 1999; Davie
and Buffet, 2001; Gering, 2003; Dickens, 2003)

Basic steady-state view of the global carbon
cycle (Dickens, 2003)

Hydrates with 2,000 to Exogenic Carbon Cycle
12,000 gigatons of CH,-C

Milkov ef al. 2004; Volcanoes
venvolden and Lorenson, — . Blomass.

2001) Weal hering Blogenie Carbonate

4-24 times the mass of
terrestrial carbon '

Organic Mattor

Authigenic

Amount, distribution, and Carbonate

behavior of gas hydrates
should be sfudied as
dynamic processes

Accurate estimates to
come from temporal Seatinor
modeling of CH, inputs Venling
and outputs in appropriate

hydrate environments

CH, inputs are poorly

understood

5| Methanogenesis

Gas Hydrale Capacitor

CO, production (moles per liter per year)

=3
3832333333333 333333

— T T — T
Immabilized cells in fermenters|

1
1
Preservation Survival | Stired tank fermentations
L -ludgﬂesms
Activity of seafloor Lake sgdiment
methanogens? Surfac soils
Deep sealsediments
Deep sea waters
su.m Active Growth
Subsurface confining [:Ia;_
bopaavme |
= N 1
Dege consolidated rock formations :

elob
zu0k

g & 2IFIE BT T8I

S
Est. avg. microbial community doubling time (sec) o2 GAZ0205
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Metabolic activities expected from water chemistry analyses

8.E+04

versus metabolic activities estimated from radiotracer Dissolved H, and CH, I
h =
experiments were removed from f TE-04 o 0
Type of metabolism | Activity from Activity from | Possible suspensions of % 6.E+04
water chemistry | isotope expt | overestimate
(umol/kglyr) (nmolikglyr) | factor starved cells al:ld then E
CH, accumulation 8 S.E+04 %y = 1736.3% = 4644.6
Aerobic <0.05 >50,000 108 measured over time 8 ik R?=0.8168
Soluble <6 >30,000 10 g
carbohydrate £ 3E-04 =2
£
Acetate <20 >3000 10% g 2604 ¥
Sulfate reduction <0.001 >10 104 g /
g 1E+04
Terrestrial subsurface data from the US SE coastal plain (Phelps et al. 1994) 2 0.E+00 “‘
. t T T T
] 10 20 30 40
Difficult to obtain accurate values directly .
time (hr)
-Exceedingly low activities in the subsurface
.S le handli £ ds direct mi bial activit Methanogenic system Rate (fmol CH,/celliday) Reference
ample handling confounds direct microbial activity assays BRR starved M. submarinus 0.017
sLow sample density Lake sediments 31.5 Lay et al. 1996
Marine sediments 45.0 Williams & Malcolm, 1980

Anaerobic reactors 108.8-135.0 Li & Noike, 1992

Target the gene (mcr) that e e e _SH
codes for methyl Co-M
reductase (specifically the a
subunit of the C component of
the enzyme)

- Methyl Co-M reductase

— Terminal step in the enzymatic H
pathway for making methane

— meris generally confined to
methanogens; but also evident in "
the archaeal representatives of the -
anaerobic methane oxidizers 4

= —oH methane

crpcdoon
R IR

Realistic rates of methanogenesis for sediments
that contain hydrates

CHy-S-CoM 9=f—0OH

1) Measure microbial methane production at
maintenance levels of activity

2) Determine methanogen numbers in sediments
containing hydrates

3) Estimate the amount of methane made per unit .
volume in the sediments for hydrate models

Primers amplify mer DNA from five
orders of methanogens, but not from
closely related archaea

CoM-5-5-CoB

Using the primers conduct step-wise, quantitative polymerase chain
Growth-limited maintenance of Methanoculleus submarinus in a reaction (Q-PCR) in the presence of sample DNA and SYBR Green 1

biomass recycle reactor (chronically starved, constant biomass,

low activity) SYBR Green I 3
= How much methane produced per cell under chronic starvation? =
:
1.0E+09 E
¢ Formate %2 /
. a H2 - /
£ 1.0E+08 = ——Poly. (Formate) ssPNA — unbound dye —» E‘;_ /
r + — Poly. (H2) minimal fluorescence & /
E Threshold
1.0E+07 7
1.0E+06 = v v v . "7 Cyad Number
0 500 1000 1500 2000 SYBR Green | fluorescence
h related to the amount of
re Ry ks e Oeos LY double-stranded DNA
fold increase fluorescence i
. - R
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Methanocaldococcus jannaschii DNA extracted from

spiked sediment samples

6x 10° copies

Fluoiescance
100)

]

2

=3

6 x 103 copies

60 copies

Ko 50 Cycle

« The threshold cycle number is proportional to the log of the initial

DNA concentration

ODP Leg 204 (Figure from R. Collier)

Numbers of methanogens (fog 10%) per g sediment

0 1 2 3 4 5 6 7
1K) -
2 0 .
§ £
100
S E i
E "a - 1
200 . 1| Trend for totat
§ [ cells numbers
1| inmarine
& 300 N sediments
L] (Parkes, et al.
g 1L L~ 1909
& 1
] 400
Methanogen numbers for all Leq 204 samples
- 25% of the show evidence of

ly from <50 mbsf

* When >1000 perg
+ Numbers of methanogens still well below estimates of total cell numbers
. Consi het [

Depth (mbsf)

: = SMI= Sulfate Methare tarface

Depth (mbsf)

150

Site 1245

Highest methanogen biomass found at
1-5 mbsf, above SMI (7 mbsf); 800-
18,800 cells/g

Single high (10 cells/g) biomass
sample at 201 mbsf near Horizon A
Activities: <1.7 x 10 %o 3.1 x 10 “nmol
CH,/g/day

Shallow sediments dominated by
microbial methane; but with
thermogenic ethane, higher
hydrocarbons in conduits; C isotopic
values for DIC indicate that AMO is
mostly at the summit (Claypool et al.
2003) Legend

1t
Ext. Ext.
¢ = <Weally =
® = DNy = W
® =1 00000 el =

B = Bamam Sirvulat ng Refestar|

10,00 calery

sz T = Wyt Statiiny Zone

Site 1251

Most samples negative for
methanogen biomass even
within 0.5 m of SMI (4.5
mbsf)

Two high biomass samples
at 179 and 255 mbsf with 6.4
x 104 (near BSR) and 4.3 x
108 cells/g, respectively
Activities: <1.7x 10 fto 7.4 x
10 2nmolig/day

+ Rapid burial of sediments;

limited hydrate occurrence
(Claypool et al. 2003)

Two Way Travel T

Legend
1t 2nd
Fxt. Ext.
6 - <My = o
® - el = W
® =100 cellstg =

@ - -nm0celzg - M
B = Buttom Simulsting Relctor

sz T = Hydrate Stabilty Zone

Sl = Suifate Bethane Inferface I

P ibie rates?

105
104 ]
103
102 ]
101
100 |

10-1

)
"

10-Y
10-4
105

CH, production (nmole g-! day-)

10-4

10°L

100-700  mbst

il 2
i
1 '
= i‘l' '§|§
{ 1§ 178
8§ I
seafloor 2 l=II P’
-
1 E
Bake Rdge | Cascadia | Japan
(Leg 164) | Margin | Sea

| (Leg 146) | (Leg 128) | (METD

Most of our estimates:

~1.7 x 10-* nmole CH, /g/d

~6.2 x 10-* nmole CH, /g/yr
for ~106 yr

~620 nmole CH,/g

~6.2 x 10 mmole CH, /g

1

1

1 1.5% TOC present
1 (Waseda, 1998)

I ~15mg C/g
1

1

1

|

Hy and acetate

~180 mmole C/g

MNankai . .
Trough Typical estimates:

. ~1 nmole CH, /g/d

Data from Wellsbu
1992; Reed et al. 2002

Deep marine sediment core

~365 nmole CH, /a/yr
for ~106 yr
~3.65 x 10° nmole CH, /g

locations

et al. 1997; Cragg et al. 1996; Cragg et al.
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Summary Knowledge gaps in the understanding of

. - hydrates - Biogeochemistr
+ Biomass recycle reactors are useful for deriving y 9 y

maintenance level activities of cells; estimates of 0.017 - How can we refine the conceptual and predictive models of
fmol CH /cell/day are lower than pre\nous hﬁdrates as a climate change, seafloor stability, and resource
methanogenic rate determinations, but can go lower. enomenon?

- Estimated in situ methane production rates (amount of - Integrate biogeochemical rate data with eochemlstry and
CH, made/sediment mass/unit time) are at least 100 geology to make accurate adjustments of the models.
tlmes lower than earlier estimates. — Cooperation between modelers and experimentalists to

specify the model parameters that need to be strengthened

+ Most methanoglenlc rates inferred for Hydrate Ridge and the iterative steps to acquire these parameters.
samples are < 1.7 fmol CH,/g sediment/da: + What are the essential coupled processes that involve
(constrained by detection fimits of Q-PCR). biogeochemical properties of hydrate sediments?

- Some notable exceptions may be associated with - Study 'g.yd[,ates as a system to detect “emergent
geologic features. 2’°Perl'es rudly the intearated biol " o0

" R - Example: study the integrated biological (e.g., anaerobic
- Horizon A, BSR are intriguing targets for future omdafon of methane), geochemical (sulfate methane, DIC
research. flux), and hydrologica ?referred flow path dynamlcs}
processes |n seafloor sediments to determine how they are

— Use geochemistry to differentiate methanogenic coupled.
zones from anaerobic methane oxidation zones.

Knowledge gaps in the understanding of . . .
hydrates - Biogeochemistry Practical considerations related to the
biogeochemistry of hydrates
- What are the rates of key biological processes (e.g.,
methanogenesis, methane oxidation) in marine

sediments and how do they vary regionally and « Are there other science programs that can serve as
locally? templates for how to proceed with such integrative
— Comprehensive (accurate) datasets on the range of research?

methanogenic and methanotrophic (aerobic and anaerobic) ) . . .

rates in seafloor sediments. « What non-intuitive opportunities or agencies have
— What are the sources/sinks of energy for these cells? been overlooked as possible funding sources?
— Pressure, temperature, thermodynamic experiments with these - What does the crystal ball tell us?

cells that have been starved in biomass recycle reactors.

Seafloor investigations of “type" locations and targeted
studies of unique geologic features.

Coalescence of methods from different disciplines

“We have not succeeded in solving all of our problems. In fact,
the solutions we have found have served to raise a whole new

« E.g., men{:}e biogeochemical measurements (mnRNA-based set of questions. In some ways we are as confused as ever;
transcription assays enzyme-based activity assays) with however, we are confused on a higher level and about more
advanced COR important things” (source unknown)
— Mesoscale investigations?
I ————— |

8. Gas hydrate: the paths forward. Art Johnson, Hydrate Energy International.

The Paths Forward Paths

(Pulling the Pieces Together) We are all here because of our interest
in Gas Hydrate

Art Johnson But:
Hydrate Energy International = We are not all looking for the same
end result

= We have different timelines
4th International Hydrates Conf., Victoria, BC
May 9-11. 2005

0
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Some drivers for national methane An Example: Hydrate as a Resource
hydrate programs

= Energy Resource/feedstock (Japan, = How soon will it be needed?

India, Canada, China, Chile) = What will the gas price be?

= Can hydrate compete with LNG?

Uses of Natural Gas

Industrial Fertilizer

Some drivers for national methane
hydrate programs
= Energy Resource/feedstock (Japan,
India, Canada, China, Chile)

= Geohazard (EU, esp. Germany &
Norway)

= Global Climate (EU)
= Basic Science (EU, esp. Germany)

= U.S. — All of the above
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Gas Price Dynamics — North America
Switching to other fuels

Gas Prices Decreased consumption
Increased E & P

$3.50

$2.50
old Supply Switching from other fuels
Paradigm Bubble Increased consumption

$2.00 Decreased E & P

HEI Corporate Analysis
2004

Critical Components of a
Commercial Hydrate Prospect

= Appropriate Temperatures and
Pressures

= Reservoir Lithology (Sand)
= Sufficient Gas Migration (Dissolved)

= But how can we identify/quantify
prospects?

For Prospecting:
A Petroleum System

= Better seismic methods
= Acquisition, Processing, Reprocessing
= Better tie of seismic to lithology and
hydrate content
= "More holes in the ground”
= Semi-quantitative is a reasonable
way to high-grade areas of interest,
* Prospect definition requires more

A Question:

. Should our research efforts be

focused on a limited number of
geographic locations, or should we
expand to a larger number of sites
globally?

Another Question:

. How do we maximize data sharing

within the various parts of the gas
hydrate community, and with the
broader research community?

Another Question:

What are the opportunities for
bringing additional nations into our
collaborative efforts, and how do we
address the funding issues (and
research priorities) that will likely
result?
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Ireland

Drivers:

s Energy

Hydrate Potential: Mod. to High
Current Program:

» Integrated program of Government,
Industry and Academia

Strong Science Community

Modest program at present
Situation:

No short term gas shortage

Concern about future supply

IODP Porcupine Basin Expedition

Ukraine
Another Question:

Drivers

* Energy
Hydrate Potential: High . How do we increase industry

Current Program involvement is gas hydrate efforts?

* Minor Academic

Situation

* Oil and Gas industry dismantled o o
under Soviet direction - And what size company is best to

+ Strong Academic Community approach?
* Low funding

Russia

Early Leader on Hydrates Industry Perspectives on Gas Hydrate
Hydrate Potential: High ;

» Production at Messoyakha A 7 . ': Oldl View:

Current Program: - 2. & = Not commercial for 20-30 years

* Minor academic T T, = Expensive

Situation 8
« Large Conventional Gas Resource = Can’t compete with other resources

« Strong Academic Interest = Entirely New technology required
e Low Funding = "Not what our company does”
Opportunity: = “Not in my lifetime”

e Science Drilling at Messoyakha
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Changing Industry Perspectives on
Gas Hydrate

New View:

= Possibly commercial in 5-10 years
= More expensive, but not prohibitive
= Leverage existing technology

= Needs to be considered

Another Question

. How can we increase the amount of
data for gas hydrate that could be
gleaned from investigations not
focused on gas hydrate?

Another Question

Are there new technologies in other
fields that we need to utilize (or at
least include in our thinking)

= Examples:

* Gas-to-Liquids (GTL)
* Downhole combustion
= Being considered for heavy oil

Future Directions

During this conference:

= What are the most important
knowledge gaps?

= How do we address them?

= What are the steps for better
collaboration?
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IV. BREAKOUT SESSIONS

Workshop sessions were organized for discussion under the four workshop themes.
Subsequent to these discussions the breakout sessions were organized for continued discussion
between themes in Sessions 1 & 4 and 2 & 3. These four sessions were summarized on the final
day of the workshop. The following text is based on the notes that were provided by the session
chairs.

A. Session 1 — Chair, Warren Wood (NRL)

Methane Hydrate Resource Characterization and Distribution

Knowledge Gaps and Barriers in Hydrate Research

1. What are the knowledge gaps?

* Paucity of good quality, pertinent field observations, particularly;

o Spatial and temporal hydrogeology (all scales) of methane hydrate bearing
systems, (focused vs. diffuse flux, etc.)

o Effects on hydrate hydrologic system of a time dependent thermal regime
(primarily from seafloor or land surface T changes)

o Seismic velocity vs. hydrate content in sediment (fine & coarse grain)

o Electrical resistivity (log) vs. hydrate content in sediment (fine & coarse
grain)

* A means of remote identification and quantification of hydrate better than the BSR,
especially for permafrost hydrate, i.e. better proxies.
o Can Electro-Magnetic methods be used more effectively?
o How do bio-geologic factors affect gas hydrate production/accumulation (e.g.
terrestrial vs. marine organic carbon?

* Geotechnical behavior of hydrate bearing sediment, i.e. sediment bearing strength,
dynamics, and statics).

*  Modeling?
e Laboratory?
2. What are the barriers?

e Cultural:
o There is a lack of consensus in research focus and priorities
o Biases are based on individual research goals.
o We are too focused on BSRs in marine environments.
o In many Labs there is only one person doing hydrate research, resulting in a
lack of a “critical mass”.
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* Logistic:
o FUNDING/COST (lack of industrial involvement)
o Datasets and knowledge are limited to current sites that are being studied.
o Industry perspective vs. science (research) perspective. “Language Barriers”.

* Scientific:
o Lab sample results are frequently not applicable to the in situ environment.
o Simulating natural gas hydrate in the lab is extremely difficult.
o Itis very difficult to make hydrologic measurements in situ.

3. What are the Solutions?

e Cultural:
o Investigate importance of local geology in GH formation (e.g. contrast regions
that should have BSRs but don’t, vs. regions that do).
o Integrate laboratory experimental results with models.
o Link research efforts and activities to resource potential (industry
perspective).

* Laboratory:
o Standardize methodology for creating hydrates in the lab that best simulates
the natural environment to more accurate determine the effect of hydrate on
sediment physical properties (e.g. crack permeability, velocity and resistivity).

*  Numerical:
o Perform detailed hydrogeologic modeling.
o Construct and manage central databases, with integration and synthesis.

* Field:
o Dynamic areas require long term, continuous monitoring stations (e.g. Ole
Miss and Neptune systems).
Use magnetic imaging to identify regions of gas hydrates.
Investigate shear wave properties of hydrate bearing sediments.
Investigate anisotropy to identify
discreet features for enhanced permeability.
Perform hydrologic testing (e.g. tracer injection experiments)
Use instrumented pressure core.
Use AUV’s for targeted surveys (not wide-areas).

O O O O O O O

4.  Status of specific research programs: This includes a list of comments from briefings
on several ongoing projects.

a. HERMES (Angus Best)
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* EU 4 year project — Investigation of ecosystem hotspots along European Margin and
west coast of Africa
o Cold Seeps
o Mud Slides
o Mud Volcanoes
o Cold Water Corals
o
* Focus on benthic ecosystems

¢ Diverse team of researchers

*  Multiple cruises planned
o Some for Gas Hydrate research
o Opportunities for international collaboration

* Program is underfunded; need to bring some funding

* General research goals are fairly well established. Flexibility lies with individual
Chief Scientists

* Possible opportunities to link with efforts on Cascadia Margin (e.g. exchange of
researchers?)

* Opportunities for technology sharing with Cascadia Margin and Gulf of Mexico
(GOM)

* Current Capabilities Include:

OBS

Side-scan Sonar

ROV’s w. high-resolution imaging

3-D Seismics

Lab Facilities (geotechnical resonance column)

O O O O O

b. Jens Greinert - German Efforts (COMET, MUMM?2), Cruises planned within HERMES and
in New Zealand

* Temporal Methane Studies

¢ Sediment Samples (for AOM)

* Current Capabilities Include:
o Side-scan sonar

o Deep tow streamers
o Lad facilities for pressurized studies
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* Opportunities exist to get samples from cruises and to collaborate with other
programs

c. Georgia Tech — Built a device to accept a PCS to do seismic, heat, and resistivity...need
opportunities to test.

* Tentative plans exist in IODP areas to calibrate field measurement systems w/ well
log data.

* Track 311 HYACE tools for pressure core transfers w/ Geaorgia Tech devices to be
employed on Track 311.

d. NRL Capabilities (Warren Wood)

* Deep-tow seismics
o DTAGS

* Detailed Temperature
o Thermal Probes

¢ NMR
*  Microbiology

e Stable isotopes
o 8°C

e X-Ray CT

¢ Computer Simulations
o) Heat flow
o) Methane
o Carbon flux

e. EU collaboration w/ Russia (80% Russia, 20% EU money) — INTAS

*  Multiple research priorities including
o Hydrate nucleation and growth
o Study of hydrate accumulation
o Kinetics

* Examples of joint research program:

o ECOSSE —

o Wellbore Stability w/ CSIRO in Australia

o Effect of Repeated Formation and Dissociation of GH on Sediment Strength
w/ NZ
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o TSEC — Towards Sustainable Energy Economy — CO, Hydrates

* Capabilities —
o Extensive lab facilities for hydrate formation and dissociation simulations
o Microglass formations micro-model
o Porous media rig
o Ultrasonic rig

f. IRELAND — Padraic MacAodha

*  What is required for a Hydrate prospect?
o Hydrocarbon Source

Timing

Migration

Reservoir Rock

Seal

Trap

O O O O O

* Resource risk assessment model based on seismic data, sediment type, and known
reservoirs

* (Capabilities:
o Multi-beam and sub-bottom profiling
o New (~46m) research vessel
o ROV with deep tow and multi-beam
B. Session 2 — Chair, J. Ripmeester (NRC-Ottawa); Secretary — D. Sloan (CSM)

Methane Hydrates Kinetics, Dissociation and Biogeochemistry

1. Major Questions

* Decomposition of natural hydrate (production)
o What are we decomposing?
= [s it methane hydrate or a more complicated material?
=  What are the minor components? Will they need to be removed before
utilization of gas?
= How do they affect the P, T stability conditions? If the hydrate is more
complex, will the degree of destabilization need to be increased over
that for pure methane hydrate?
o Decomposing the hydrate system — that is hydrate in sediment.
= Can this be treated as an intrinsic hydrate decomposition (eg as
defined by Bishnoi) plus the effect of heat transfer plus the effect of
mass transfer?
= How does permeability change with decomposition of hydrate in
sediment?
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Note: There was no general agreement on whether such a thing as “intrinsic hydrate
kinetics” exists. First of all, we need to agree on a definition that can be tested by both
experimentalists and modelers. Once a general approach has been agreed upon, the data
generated can be used in developing predictive reservoir models.

* Formation kinetics (flow assurance, CO, sequestration)

o Nucleation statistics (or induction times) — we need information that is
independent of the experimental apparatus used.

o Growth - data is needed to link growth (from the smallest observable
particles) to formation conditions eg driving force, mass and heat flow limited
conditions

o We need to know the mechanism of hydrate inhibition.

Note: Very little work has been done, so the knowledge gaps are many. Modelers need
information on nucleation statistics, the connection between hydrate morphology and
formation conditions, etc. in order to compare their models with experiment. As well, the
interaction of hydrate inhibitors with hydrates needs to be understood at a molecular level
(modeling and experiment).

* Biogeochemistry
o The methane cycle

= We need to understand the role of microbial oxidation and the
consumption of methane in the overall picture of the methane cycle.

= Models are needed to identify the impact of the methane cycle on
global climate and its effect on ecosystems; where does the methane
released end up?

= More extensive piston core, push core, and seismic analysis are needed
to locate and understand the role of biogeochemistry in producing the
deep hydrate resource.

= As these measurements are very complex, there is a need for
interactions to determine which parameters are the key ones and how
to measure them.

= Everything needs to be brought together, T profile, cores, seismic data,
etc.

2. Session recorder (Tom Smith, ONR) offered a few observations on data availability,
data sharing, and interdisciplinary and group collaboration and proposed a solution to
the problem.

* Because of the great diversity of disciplines there are few opportunities for open
discussion (different disciplines seldom meet in the same location).

o Solution: set up a website (eg. hydrate@cineplex.org) that will allow open
discussions of hydrate issues, listing recent research results, opportunities for
collaboration, funding opportunities, research infrastructure that is available or
under development.
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o List serve is easy to set up, it will include e-mail addresses of all attendees,
o Links will be added to other hydrate websites as well as the CODATA
website for accessing archived data.

Note: Further plans on the nature and governance of the website were made at the
plenary session on Wednesday.

3.

Discussion around collaborations (also summarized in table produced by group
chaired by Rick Colwell)

IODP — 6 group members indicated an interest in joining the program — largely to
obtain core samples or to go to PGC to carry out experiments
Neptune — 1 group member indicated an interest in participating — geochemical data
pertaining to methane flux in the water column
Mallik 3 — likely to be mainly a prolonged production test (piggybacking science?)
o Very expensive as an experimental site (~$60M) — indicated need for a
reliable reservoir simulator with good predictive properties
o As input, requires verification of fundamental concepts of hydrate
decomposition (lab + microscopic modeling) before adding effects of heat and
mass transfer, permeability. An excellent opportunity for the microscopic and
reservoir modelers and experimentalists working at a variety of length scales
to contribute.

C. Session 3 — Chair, Rick Colwell (INL)

Environmental Concerns: Seabed Stability and Ecosystem Health

1.

Seabed Stability: In the area of seabed stability, knowledge gaps exist in recognizing
the locations that are prone to destabilization, in sensor development and in the
environmental effects of methane release on marine biota. Causes of seabed slips,
whether or not connected to gas hydrates, are not well understood. Seabed slips can
occur either as a single event, multiple progressive discrete events, or as a long-term
continuous movement.

The following knowledge gaps and barriers were indicated as impeding our
understanding of the processes that control seafloor stability in locations where
methane hydrates are present:
o There is a general lack of data on pore pressure and temperatures in the
sediments that might become destabilized and in sediments at control sites
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where destabilization is unlikely. This hampers the ability to model these
systems.

o There are new 3-D seismic tools that detect overpressure conditions (consider
the presentation by Stefan Bunz); however, these tools appear to require
calibration (i.e., careful measurements of the actual conditions in the
sediments where the geophysical tools are used).

o There is a lack of understanding of the temporal aspects of stability. For
example, does slow creep occur in unstable areas yet are we unable to detect
this slow motion? The events that initiate large slope failures are not known.

o We do not understand how physical properties of gas hydrates change during
formation and decomposition of hydrates in sediments. These events may
impact seafloor stability.

o The impact of biological processes on slope failure (e.g., the conditions or
rates that permit microbial activities to cause an increase in sediment pore
pressures) is unknown.

The following experiments were discussed as ways in which some of the knowledge
gaps might be addressed:

o Arrayed systems, fitted with appropriate temperature and pore pressure
sensors, may be able to detect conditions that precede slope failure. In
addition to locations that are considered candidates for slope failure, sites that
are considered control or background locations are important to instrument in
this fashion as well although it is acknowledged that such efforts are
expensive.

o New versions (less expensive on a unit basis, more accurate than the currently
used CORKS [circulation obviation retrofit kits]) of downhole tools or
wellhead systems located on the seafloor would enable better experimental
design and more accurate data to be collected in order to understand seafloor
conditions that might initiate slope failure. An example of such a system is the
Simple Cone Instrument for Measuring Parameters In-situ (SCIMPI).

o The tools required to obtain 4-D bathymetry data are available; however these
tools have not yet been used.

2. Ecosystem Health

The following knowledge gaps and barriers were identified with respect to ecosystem
health in hydrate-rich areas. After some discussion this topic area was broadly
defined as referring to ecosystem health issues that range from local (e.g., ecosystems
that develop on seafloor equipment or simply in the sediments) and global (e.g., the
biome affected by large-scale releases of methane from seafloor sediments).

o In addition to a general lack of knowledge regarding the size of the methane
hydrate reservoir there is perhaps an even more severe absence of data
regarding the size of the dissolved gas reservoir in marine sediments.

o The impact of gas emitted as bubbles and from seeps is unknown. The fate of
methane-C has not been traced through the biota to determine its impact on
the local ecosystem and the biosphere when released.
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o We do not understand in any detail the temporal and spatial distribution of
methane in the water column.

* The following experiments were discussed as ways in which some of the knowledge
gaps might be addressed:

o Uniform sampling of sediments and waters for dissolved methane needs to be
conducted. In order to be attained this experimental need is dependent upon
the development of better methane sensors. To achieve the necessary
advancements these methane sensors must be more sensitive, robust, and
inexpensive than existing sensors so that they can be deployed in a dense
array where the data are required. Such sensors should have real-time data
collection capabilities and should have cable tie-in options.

o Corresponding sampling and characterization of the structural and functional
attributes of microbial communities that exist in the sediments and waters
needs to occur in order to tie the geochemical conditions (e.g., dissolved
methane concentrations) to the biological community dependent upon this
source of energy. Eventually, it will also be important to tie the
responsiveness of the microbial community (i.e., methanotrophic activity) to
these methane fluxes allowing a more thorough understanding of the
dynamics of relevant microbial activities to this abiotic parameter.

o Collaborative research in any of the knowledge gaps identified would be of
value to the community. Specific note was made of efforts to build shallow
water observatories like the Canadian VENUS project as well as cabled
monitoring programs like the NEPTUNE and MARS programs. Additional
programs where collaborative R&D might be possible towards addressing the
key knowledge gaps include the U. Mississippi gas hydrate observatory, the
Rhone Delta, and the Japanese cabled observation system. The establishment
of undersea monitoring laboratories with nodes for attaching instrumentation
using a remotely operated vehicle would be invaluable for testing of newly
designed pressure, temperature, and methane concentration instrumentation.
There may be worldwide opportunities for seafloor monitoring projects,
although the overarching programs may not be specific to methane hydrates.
None of these systems except VENUS will be placed in a location where
seafloor stability may be an issue as typically, cable safety is integral to the
equipment design. Nonetheless, these systems could be used for
instrumentation development and measuring baselines for pressure
perturbation studies.

o Table 1 was developed to identify near-term collaboration opportunities for
international parties. The table identifies field sites (at least 12 listed) that will
permit some level of collaboration in the sampling and characterization of
hydrate formations. Some of these entries require careful editing by the
responsible cruise organizers to determine the accuracy of the details that are
noted in the table. As yet uncompleted, but deemed worthy of consideration
were “idealized sites” that might permit the description of the perfect location
for investigating a particular process or problem. It was also proposed that the
table include pending hydrate lab experiments that may include outside
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participants, experimental facilities for pressure studies, vehicles designed for
seafloor investigations, tools, and sensors. As the table is developed to include
tools or sensors it should include statements that indicate the objective,
readiness, availability, contact, and web address pertinent to the equipment in
question. A link to the NSF oceanographic sensors site will be important to
prevent duplication of effort. Significantly, a web-based forum for cross-

disciplinary

discussions

was

proposed.

Table 1: Overview of near-term collaboration opportunities for international collaborations.

Site Topic
Area

Chile Jan-Feb 2006

Gulf of Mexico- Microbial

microbial observatory  processes

(MC118) -June 2005  and
CFP due date products

New Zealand-July  Resource

2006

New Zealand-2007

New Zealand-2008

Hydrate Ridge

Cascadia-IODP

Cascadia-thermogenic
(Barkley Cany)

ecosystem
health

Japan

Objective

Further
exploration of
gas hydrate
seismic profiles
and coring of a
specfic mound
with significant
biological
activity.
Personnel
development
and training,
geomechanical
studies,
economics

5-10 years of
monitoring
(physical,
biological,
chemical) a
known hydrate
mound

Sediment

recovery from
seep sites,
piston coring,
seismic studies,
dredging for
carbonates

Biogeochemical
cycling of
methane of
entire water
column

DTAGS

Characterization
of hydrocarbon
seeps; geochm,
microbial and
geophys

Ongoing Effort

Seismic studies,
piston coring,
heat flow

Understanding
biological
systems in an
active hydrate
mound-
microbial
research

(see also hydrate
ridge rock
drilling)

Rock drilling
chemoherm (this
technology may
be available for
other projects)

Past
geophysical,
geochem
studies,
microbial

some

Needs-Opportunities

Water column flux,
10 spaces available,
open to suggestions if
space is available,
potential for newer
research vessel, side
scan sonar,
understand origin of
BSR and presence of
methane, temporary
on-site assignments
(~ 1 year)

June 2005 CFP

Open space for a
large number of
people

Ship is full, but data
analysis opportunities
available

on submersible dives,
possible remote
participation; data
and sample sharing;
some berths possible

Archiving Contacts

Options
Rick Coffin, Juan
Diaz-Naveas
(idiaz@ucv.cl)

All Ray Highsmith,

data/meetings ~ NIUST

open to (ray@olemiss.edu)

public

Jens Greinert

Jens Greinert

Michael Riedel
(GSC)
Ross Chapman
(Uvic)

Hideo Narita

Poster

Yes

Sept
04
EOS
paper

Connected efforts

Lisa Levans, Chris German, World
University Network (WUN), Census of
Marine Life; INSPIRE
(www.soc.soton.ac.uk/chess/se-pacific.html);
UK Deep Oceans

connected with IODP Cascadia
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Site Topic

Area
MARS
Venus - Fraser River  slope
delta stability
HERMES; Haakon seafloor
Mosby, Storegga, stability

Gulf Cadiz; started
April 2005..for 4 yrs

NRL

Objective

Bore hole test
facility

understanding
sediment
dynamics, effect
of gas in
sediments,
deltaic

processes

"Hot spot"
ecosystems;
habitat mapping
driven by
marine biology,
find methane
seeps,
microbiologists

Ongoing Effort

Test instruments
and sensors,
hydrology,
geomicrobiology
studies at well
head, dispersal
around sensors,
seismic borehole
multi-yr seabed
cable
infrastructure
program

Continuation of
work on
continental
margins;
subjects:
hydrates, seeps,
cold water
communities,
stabilities

Needs-Opportunities

Borehole installation
and engineering
collaboration,
technology
development

Data is fully web-
accessible; possible
new experiments can
be added to the node
but  there are
constraints (you have
to pay)

Numerous
opportunties through
contact with Phil
Weaver; sample
sharing and shipboard
opportunities
available with contact

Archiving
Options

Contacts Poster

Charlie  Paull

(MBARI)

Phil Hill (GSC) Venus
web
site

Angus Best/Phil
Weaver
(Southampton)

Warren Wood

Connected efforts

Neptune-Canada
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D. Session 4 — Chair, Art Johnson (HEI)

Methane Hydrate Future Development

The intent of this breakout session was to delineate a “roadmap” for the various themes
of gas hydrate research and identify the critical barriers to achieving the respective goals. The
themes considered were:

1. Resources
Hazard: (Seafloor and Slope Stability; Drilling and Production Effects; Flow
Assurance)

3. Industrial Processes (Nanotechnology); (Sequestration of Substances)

4. Climate/Global Change

5. Material Storage and Transport Media

Due to time constraints, Climate/Global Change and Material Storage and Transport
Media were not discussed, other than to define goals. The critical barriers identified for
Resources, Hazard, and Industrial Processes are listed below, along with opportunities for
moving the research forward. A more complete description of the components of each roadmap
is included in the attached spreadsheet.

1. Resource

*  Goal:

o Delivery of natural gas, liquids from GTL (gas-to-liquids) process, or

hydrogen
* Barriers:

o There is a need to create a new gas hydrate exploration paradigm that goes
beyond hunting for BSRs.

o This will require more multidisciplinary prospect identification and
characterization, using diverse geophysical and geological methods (cross-
validation of interpretations).

o There is a need for better models of reservoir performance and reserve
characterization.

o Except for settings like the GOM, Gas hydrates are affected by lack of
transportation to market and competition from the co-located conventional
resource.

o In North America Gas Hydrate has to compete against other, more favorably
located, non-conventional resources.

o There is a need for development of a tailor-made hydrate technology
(drilling, completion, etc.). The use of conventional approaches is
unnecessarily expensive.

o Technical and engineering innovations need to be explored that would

improve the competitiveness of Gas Hydrate.
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2.

o There are unrealistic community and industry expectations for immediate
success.

o There is a need for a better understanding of the detailed response of the
reservoir to production (reservoir geotechnical stability, etc.).

Opportunities:

o Technology transfer from and to other non-conventional resources.

o Employ new technologies and tools such as Autonomous Underwater
Vehicles (AUV's) etc. to improve prospect identification and
characterization.

o This is an opportunity for a very big R&D win by improving reservoir
performance (new reservoir paradigm).

o Fracturing can be used to create a larger artificial surface area of dissociation.

o Other unconventional resources (such as heavy oil) face some issues similar

to those of gas hydrate. There is an opportunity for effective communication
of barriers to these other potential solution providers.

Hazards (Seafloor and Slope Stability; Drilling and Production Effects; Flow

Assurance)

Seafloor and Slope Stability

O

O

Goals:
= Safe and Sustainable Marine and Polar Operations
= Enhanced Coastal Zone Security.
* Minimize Environment Impact.
Barriers:
» [dentifying hydrate occurrence and concentration, as a function of
lithological characteristics.
= Potential interactions with natural processes (forcing functions).

Drilling and Production Effects

O

O

Goals:
* Minimize Environment Impact.
= Minimize Cost Impacts.
= Safe operations.
Barriers:
» [dentifying hydrate occurrence and concentration, as a function of
lithological characteristics.
= Potential interactions with anthropogenic processes (forcing
functions).
= [Inability to distinguish the hazard attributed to gas hydrate versus free
gas trapped below gas hydrate.
= There is a reporting and perception gap, with possible incidents either
unrecognized as being hydrate-related and/or unreported as such.

Flow Assurance
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=  Goals:
* Minimize Environment Impact.
= Reduce cost and lost time.

o Barriers:
= In the managed risk approach are there barriers (material interactions,
regulations)?

= The lack of kinetic models is a barrier to managed risk.
= There needs to be a paradigm shift from remediation to data collection
and prevention.

3. Industrial Processes (including Nanotechnology and Sequestration of Substances)

e Desalination and Water Treatment

o Goal:
= More cost effective and environmentally competitive desalination
processes
o Barrier:

= Business Goals may not be compatible with collaboration.

* Dewatering

o Goal:
= More cost effective and environmentally completive dewatering
processes
o Barrier:

= Business Goals may not be compatible with collaboration.

* Gas Separation

o Goal:
= More cost effective and environmentally completive gas separation
processes
o Barrier:

= Business Goals may not be compatible with collaboration.

* Sequestration

o Goal:
= Reduction of Point Source CO, emissions to the atmosphere.
o Barriers:
= There are special challenges to porous media sequestration.
= Kinetics

= Business Goals may not be compatible with collaboration.
= Regulatory Hurdles.

e New Materials

o Goal:
= New materials-based products and processes
o Barriers:
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= Undefined Applications
= Lack of Business Sense by Scientists

4. Climate/Global Change

*  QGoal:
o Understand the Mechanisms and Impacts of gas hydrate on Global Change.

5. Material Storage and Transport Media

*  Goal:
o Cost-Effective and Safe transportation of materials

Note: All participants provided valuable contributions in the breakout session. In
particular, the efforts of rapporteur Brian Rehard (LMI Government Consulting) and
Kirk Osadetz (Geological Survey of Canada) are especially appreciated.

E. Discussions Between Sessions 1 & 4 — Chairs W. Wood (NRL) and A. Johnson (HEI)

1. Theme 1 Summary of identified knowledge gaps, barriers, and priorities for research
and collaboration in Methane Hydrate Resource Characterization and Distribution
(Warren Wood).

*  QGaps:
o Paucity of good quality, pertinent field observations
o A means of remote identification and quantification for gas hydrate other
than a BSR
o Modeling?
o Laboratory?
o Geotechnical behavior of hydrate bearing sediments

* Barriers:

o Cultural
= BSR’s
* Individual Research goals
= Lack of critical mass
= Lack of consensus

o Logistics
=  Funding/Cost
= Datasets and knowledge are limited to current sites being studied
= Lack of industrial involvement
= “Language barriers” between science and industry

o Scientific
= Lab samples are frequently not applicable to the in situ environment
* Simulating natural gas hydrates in the lab is extremely difficult.
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* Very difficult to make hydrologic measurements in situ

e Solutions:

O

O

Cultural
= Investigate local geology in gas hydrate formation
= Integrate lab experiments with models
= Link research efforts and activities to resource potential
Laboratory
= Standardize methodology for creating hydrates in the lab that best
simulates the natural environment.

o Numerical

= Perform detailed hydrological modeling
= Construct and manage central databases, with integration and
synthesis

* Dynamic areas require long-term, continuous monitoring stations

= Use magnetic imaging to identify regions of gas hydrate

= Investigate sheer wave properties of hydrate bearing sediments

* Investigate anisotropy to identify discreet features for enhanced
permeability

= Perform hydrologic testing

= Use instrumented pressure cores

= Use AUV’s for targeted surveys

* C(Capabilities presented in Theme 1, Day 2 Session 1
* Use Roadmapping to identify gaps, and implement solutions

2. Theme 4 Gas Hydrate Futures Roadmap Summary (Art Johnson):

e Futures Broken down into Themes

O

@)
@)
@)
@)

Resources

Hazard

Industrial Processes

Climate Change

Material Storage and Transport Media

e Goals/ Deliverables Identified

* Each Theme Broken down into categories

O

O O O O O O

Category of accumulation

Prospect of opportunity

Valuation

Exploration and development

Transportation/Logistics

Linkages (between Scientific Community and Industry)
Barriers
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O

Opportunities
* In most cases, barriers and opportunities are the same

* Examples of barriers/opportunities identified in Roadmap:

@)
@)

Cannot image hydrate bearing sands
Low hydrate bearing substrates

¢ General Comments:

@)
@)

Can we create a new gas hydrate exploration paradigm?

Can knowledge gaps identified Theme 1 be addressed through research and
“plugged into” Roadmap to remove barriers?

Different approaches to hydrate bearing sands vs. mud mounds, vents, and
other marine gas hydrates (Fisheries/Forestries Models)

F. Discussions Between Sessions 2 & 3 — Chairs, J. Ripmeester (NRC-Ottawa) and R.

Colwell (INL).

1. Identification Matrix for Field Studies and Projects (that might be opportunities for
collaborations) (MS Excel, Table I)

¢ Includes:

©)

O O O O O O O O

Site

Topic Area
Objectives

Ongoing Efforts
Needs/Opportunities
Archiving Options
Contact(s)

Poster Presented?
Connected Efforts

* Examples of Upcoming Efforts (with varying opportunities for collaboration):

O

O O O O O O O O O O

Chile —Jan-Feb 2006

GOM Microbial Observatory RFP — June 2005

New Zealand 2006

New Zealand 2007

New Zealand 2008

Hydrate Ridge — Partially funded; needs a ship

Cascadia IODP — Sept-Oct 2005

Cascadia thermogenic (Barkley Canyon) — Ongoing 2006
Japan?

MARS — Monterey Canyon; IODP (MBARI) effort; Bore hole test facility
VENUS - Late 2006; Fraser River delta
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o HERMES - EU (Cadiz Canyon, Storegga, Haakon Mosby Mud Slide,
Mediterranean, Nile Delta, Black Sea, and others); Started April 2005; 4 year
project

Idealized Sites (Wish List)
o Seafloor Stability
o Resource Characterization and Distribution
o Ecosystem Health
o Kinetics, Dissociation
o Biogeochemistry
Theme 2 identified ongoing efforts for kinetics/biogeochemistry studies
o IODP Efforts
o MALIK Effort — Makenzie Delta; Winter 2006-2007
= A further study of Malik would be a good opportunity for supporting
modeling opportunities, including hydrate production at the micro and
macro level. Modelers should feed data needs into experimental
program.

Other future sites?
Antarctica?

Additional tables might include:
o Technology, tools, sensors:
= Technology
= Objective
= Readiness
= Availability
= Contact
= Cost?
o Specially designed experimental facilities
Information technologies, databases
o Models

©)

. Linked discussion (data) forum.
Information, literature

New results, ideas
o Woods Hole has a large on-line database that can be used for data sharing.

Experimental design
o It is important to get engineer input on data needs to sensor developers.
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* Collaborative opportunities
o Forum for cross-disciplinary discussions is missing. A web-base discussion
group and list server should be designed to facilitate this communication.

* Funding opportunities
3. Sensor Development

* C(ritical to development of sensors are:
o Spatial constraints
o Required measurements
o Measuring environment

* For power usage reasons, sensor arrays are best optimized if they only turn on based
on a need to take data.

* Distributed sensors arrays for continuous pressure and temperature would be useful.

* Wood’s hole presented information on underwater in-situ chemical sensing and
imaging (e.g., mass spec units that could measure concentrations of methane
(umoles/liter)).

IV. WORKSHOP SUMMARY
A. Summary of the Breakout Topic Discussions.

The 4th Workshop on International Collaboration on Methane Hydrate Research and
Development was intended to facilitate the organization of field and laboratory research
collaborations among international partners. Workshop presentations and discussions through
all sessions were organized to enhance the discussion of knowledge gaps in gas hydrate
research, integrate global perspectives on methane hydrate research themes in different nations,
and initiate plans to integrate field exploration, laboratory experiments, and theoretical
modeling. Discussions and planning were conducted on the basis that new funding will not
develop for this program but cost and technology sharing, associated with database development
under the different national focuses could enhance each interested researcher’s program activity.
There were four general topics: 1.) methane hydrate resource characterization and distribution;
2.) methane hydrate kinetics, dissociation and biogeochemistry; 3.) environmental concerns
including seabed stability and ecosystem health, and 4.) future development of methane in
hydrates as an energy source. Sharing in this effort during the discussions included available
data, international expertise, methods and technology, results and models. The workshop
format was initial discussion of the four themes, individual theme breakout discussions, and
integration of the themes for concluding remarks.

The open discussions during the breakout sessions introduced detailed information about
several current and planned hydrate research programs that was shared with all the participants.
This information provides the basis for establishing new collaborations. The concluding plenary
session focused on establishing an effective mechanism to sustain the interactions that were
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developed at the workshop, and provide a means for disseminating new information. The active
projects discussed are listed below with lead scientists to contact for further discussion. This
summary is not intended to provide an overview of research by all scientists in this field and
working in the regions mentioned. Instead, it is intended to provide the potential for researchers
that participated in the workshop to expand collaborations, share technology and platform
support. Regions discussed for potential collaboration include, the Texas-Louisiana Shelf in the
Gulf of Mexico, Cascadia Margin along southwestern Canada, the mid Chilean Margin, several
regions off western Europe and the coast of New Zealand.

The general consensus for future development of international methane hydrate research
was that the priorities includes resource assessment, environment and platform hazards,
industrial processes, climate change, material storage and media transport. The potential for
success in this effort is sharing the current activities, knowledge and opportunities in scientific,
industrial, political, social and economic contexts. The international plan for the goals of the
developing program needs to include integration of the national deliverables, sharing
opportunities, sharing the exploration data base, forming stronger linkages between the
scientific and industrial communities. An international broadcast of this activity could provide
effective lobbying with government and industry in different nations. Success of this
international effort would result in the formation of a new gas hydrate exploration paradigm.

With the development of an international program there is a broad base of shared
knowledge gaps on scientific, financial, cultural and political topics. In terms of science and
exploration technology there is paucity of quality, pertinent field observations. There is a
limited data base on the spatial and temporal hydrogeology of methane hydrate bearing systems.
While seismic surveys for BSR distributions are the primary approach for preliminary hydrate
surveys it has been well established that hydrates are present in sediments where the BSR is not
detected. There is a strong need for a more thorough survey of the diffusive vs. advective flux
in sediments. Surveys need to address the changes in hydrate systems through time dependent
thermal regimes. Models for seismic velocity to predict hydrate content in sediments need
evaluation for application to fine and coarse grain variation. Further development of electric
resistivity coupled with the seismic surveys could enhance the capability to quantify hydrate
distributions. Biogeochemical influence on the methane hydrate formation, stability and cage
occupancy needs more basic research. Further development also needs to include understanding
of the geotechnical behavior of hydrate bearing sediment in terms of sediment strength,
dynamics and statics. There is also a need for interaction between field programs and laboratory
research, since the results from laboratory experiments are not always applicable to natural
environments. This occurs because simulation of natural gas hydrate in the lab is extremely
difficult, and hydrologic measurements are difficult to obtain in situ. Standardized laboratory
methods will help to compare the experimental data base.

A major limitation in the field program for methane hydrate exploration is the sampling
techniques for in situ data acquisition. In situ pressure cores would provide samples for
thorough physical, chemical and biological parameters. Analytical instruments on the pressure
cores would further advance the in situ data base. There is a need to test and calibrate new
seismic survey tools. This effort could provide better 3-D mapping and initiation of 4-D
mapping of hydrate distributions. A need stated during discussions included investigation of
shear wave properties of hydrate bearing sediments, as a means to determine anisotropic
variation in the sediment permeability. Long term surveys at monitoring stations in dynamic
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regions with in situ data acquisition will start to access variations in methane fluxes and hydrate
bed stability.

Many programs in methane research are undermanned and do not have a critical mass to
address multidisciplinary research questions. There are strong “language barriers” between the
science and industrial communities. Biases on individual national goals will impede the
international development. The international development of this topic needs to combine
consensus in the research focus and priorities. An increase in the international collaboration
will increase the necessary critical mass. Specific approaches for enhancement of the
international collaboration that were presented during the discussions included comparisons of
local geology in the gas hydrate formation, an integration of laboratory experiments with
models, and a combination of the applied methane hydrate exploration with basic science topics.
Experiments and field sampling needs to be designed to obtain data that addresses the temporal
aspects of hydrate stability, hydrate physical property parameter changes during formation and
destabilization, biological cycling of methane and the result of methane flux into the water
column and atmosphere.

B. Current and Future Sites for Methane Hydrate Collaboration.

1. Cascadia Margin:

The region off Vancouver Island is one of the most comprehensively studied gas hydrate
occurrences in the world. The presence of gas hydrates at depth in the sediment and at the sea
floor is well established from previous research over the past 15 years at the northern Cascadia
Margin. Seismic surveys have shown the general distribution of hydrates over the area, as
indicated by the presence of a bottom simulating reflector (BSR). The vertical distribution has
also been studied at selected sites of high-density survey grids, and at locations of drilling sites
of the Ocean Drilling Program Leg 146. Other geophysical studies were carried out including
piston coring and related physical property and geochemistry studies, heat-flow studies, and
bottom video observations. The occurrence of hydrates is related to the hydrothermal fluid flow
in the accretionary prism, and to the geological structure of the sediments within the hydrate
stability zone.

There are two areas within the margin where extensive collaborative research is being
done at present. The Barkley Canyon hydrate site was discovered and studied during a series of
three collaborative research cruises between UVic (R. Chapman) and NRL (R. Coffin) that used
the ROPOS submersible to survey the site and characterize the geochemistry of the
hydrocarbons. The site is a small plateau about 1 square km and 850 m deep on the north wall of
Barkley Canyon, a submarine canyon about 100 km off the west coast of Vancouver Island.
The site consists of several hydrate outcrops clustered within a few 10s of metres of the central
location. The hydrate is exposed as sheets up to 8 m long on the sea floor, and on the flanks of
thinly-sedimented mounds about 2-3 m high. The sediment is primarily very fine grain silty
mud. Near the mounds the sediment contains gas, quantities of light oil, and small hydrate
fragments, and there is evidence of episodic gas emission. The seep supports extensive colonies
of chemosynthetic communities consisting of several species of vesicomyid clams clustered
around the hydrate mounds. Thin bacterial mats cover large portions of the hydrates and
sediment on most of the mounds.
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Our results from the initial survey and a subsequent visit in 2003 indicate that the site is
a highly localized thermogenic gas and hydrocarbon seep. The Barkley Canyon hydrates are
unique compared to hydrates recovered from shallow (8 m) piston cores at other sites nearby in
the northern Cascadia Margin and from Hydrate Ridge farther south off Oregon, which are
primarily of microbial origin.

In addition, the Barkley Canyon site is one of the nodes for the Neptune Canada sea
floor cable program. The site will be instrumented for long term study of the hydrate system.
NEPTUNE provides the opportunity to investigate two fundamental research hypotheses about
the formation of hydrates in this region:

* Hydrates form at the seafloor in areas of high fluid or gas flux, which implies that
local high-permeability conduits focus the methane supply.

* In regions of low diffuse fluid and gas flux, hydrate is concentrated near the BSR
and decreases toward the seafloor.

These hypotheses are expanded into science questions:

*  What factors control the formation and dissociation of hydrate at depth in the
sediment and at the sea floor?

* What is the response of the hydrate system to periodic temporal variations in the
bottom environment, and to episodic events caused by tectonic forces?

*  What is the flux of methane and other hydrocarbons at the sea floor?

*  What are the relationships with microbial processes in the sediment and in the water
column?

The other area of interest is near ODP site 889 that was drilled in 1992. Most recently,
the IODP drilling program supported Expedition 311 to further constrain the models for the
formation of marine gas hydrate in subduction zone accretionary prisms. The objectives
included characterizing the deep origin of the methane, its upward transport, its incorporation in
gas hydrate, and its subsequent loss to the seafloor. The main attention of this expedition was on
the widespread seafloor-parallel layer of dispersed gas hydrate located just above the base of the
predicted stability field.

The expedition included coring and downhole measurements along a transect of four
sites across the Northern Cascadia accretionary prism. The sites will track the history of
methane in an accretionary prism from (1) its production by mainly microbiological processes,
(2) its upward transport through regional or locally focused fluid flow, (3) its incorporation in
the regional hydrate layer above the BSR or in local concentrations at or near the seafloor, (4)
methane loss from the hydrate by upward diffusion, and (5) methane oxidation and
incorporation in seafloor carbonate, or expulsion to the ocean. An additional Site is planned
within an active cold vent, near former ODP Site 889, to characterize an environment of focused
fluid flow associated with near-seafloor massive gas hydrate deposits and seafloor carbonate
formations.

This expedition builds on the previous Cascadia gas hydrate drilling of ODP Leg 146
and on more recent ODP Leg 204 off Oregon. Important experiments for this expedition
include, (1) logging-while-drilling (LWD), (2) wire-line logging, (3) intensive coring and sub-
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sampling, and (4) pressure core sampling (PCS/HY ACINTH) of gas hydrate, and fluid recovery
under in situ conditions.

Point of contacts for further information on this activity include Ross Chapman
(University of Victoria, chapman@uvic.ca), and Richard Coffin (NRL,
rcoffin@ccs.nrl.navy.mil).

2. Mid Chilean Margin:

An international collaboration for hydrate exploration has been further developed
through planning at previous workshops. During 2003 and 2004 two methane hydrates surveys
were accomplished along the mid Chilean coast. For this research there was participation by
scientists from 5 nations. Scientists from The Catholic University of Valparaiso, Naval
Research Laboratory, Canadian Geological Survey, University of Toronto, University of Tokyo,
AIST Tskuba, Virginia Institute of Marine Science Rice Unviresity, Milbar Hydrotest, Inc.,
University of Concepcion and University of Bremen participated in the two expeditions.
Geophyscial, geochemical and biological parameters were integrated on the two cruises. This
research is focused on the NRL objectives to develop international collaboration on methane
hydrate exploration and Chile-FONDEF goals to locate hydrates along the Chilean coast in
terms of distribution and methane content for understanding the available energy and geological
hazards. This effort integrates future energy exploration with ocean and climate research topics.

Piston coring, heat flow and biological sample sites were selected in two regions on the
basis of previous seismic surveys during April 2003 and work conducted by scientists at the
University of Concepcion. The coring and heat flow, along the previous NRL seismic line
(DTAGS), was run between 36°10.38S, 73°35.72W and 36°12.50S, 73°3976W. Sulfate, sulfide,
methane, chloride, and DIC profiles in piston core pore water samples, heat flow data and
seismic profiles were combined to confirm the presence of hydrates in this region. An
additional sample region was selected at the base of a 40 meter sub-sea mound located at
36°22S, 73’43W where biologists from University of Concepciéon had located large
concentrations of benthic organisms.

Along the previous DTAGS line, the selection of piston coring and heat flow sites was
based on a review of previously collected seismic data. Selection included regions with strong
shallow and deep BSRs and regions through gas wipe out zones. There was a strong correlation
between the heat flow and piston core data. In the gas wipe out regions, high heat flow values
were observed. The piston core profiles through these regions were found to have extremely
shallow slopes for the methane and sulfate profiles with minimum values measured between 25
and 250 cm. The deepest geochemical profile was measured at the top of the BSR with
transition to minimum values observed at approximately 700 cm. The combination of the heat
flow and piston core data suggest a strong vertical migration of methane from deep sediments at
site where seismic data indicate a gas wipe out and possible perturbation of the BSR.

Another objective in during this cruise was the integration of geochemical data with the
biological communities over the methane hydrate sediment regions. Recent benthic surveys in
the bathyal area off Concepcion revealed important clues indicating the existence of methane
seepage and related biological chemosynthetic communities (Sellanes et al. in press). Shell
fragments of two species of bivalves of the genus Calyptogena (VESICOMYIDAE) and one
species of Acharax (SOLEMYIDAE) were retrieved in two dredge hauls off Concepcion
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(36°21.46°S 73°44.08°W, water depth 934 m, and 36°16.40°S, 73°40.70°, 651 m). An important
quantity of carbonate crusts were also collected, indicating that anaerobic oxidation of methane
is occurring. The accompanying, non-obligate chemosynthetic fauna from one of the hauls was
very diverse, containing several species apparently new to science. The geochemical data
collected from this region found shallow profiles for methane and sulfate. Hydrate samples
were obtained through one of the cores at the base of this mound. On board hydrate gas analysis
resulted in a conclusion that the hydrates are from biogenic origin. Again there were no large
sulfide profiles in this region.

Final data interpretation will be completed with a survey of additional parameters in the
laboratory. Geochemical and biogeochemical parameters will include stable carbon and
radiocarbon isotope analysis of a variety of carbon pools to address the biological cycling of
methane. Microbial community diversity and analysis of low molecular weight acids will assist
in this study. With regard to organisms collected in trawls at the sediment water column
interface, it is expected that the species assemblages associated with cold seepage off Chile are
similar in structure to others reported elsewhere, but should bear an important number of
endemic species, many of them still unknown to science. Stable C and N isotopic signatures of
the fauna will also be analyzed in order to determine the extent of the reliance of heterotrophic
benthos in primary production derived from chemosynthesis.

Data collected from this survey will be used to stage subsequent research topics and
focus areas in this region. The next research cruise is planned for January-February 2007.
Points of contact for collaborative research plans are Dr. Juan Diaz (jdiaz@ucv.cl).

3. Coast of New Zealand:

The Hikurangi Margin offshore of New Zealand’s east coast is an active continental
margin where the Pacific Plate is being subducted beneath the Australian Plate. Its geologic
similarity to the Nankai Trough, Japan’s focus area for future production of gas from hydrates,
combined with its proximity to major population centers (Auckland, Wellington), make this
margin the most promising gas hydrate province off New Zealand for possible future gas
extraction. Ubiquitous BSRs indicate wide-spread presence of gas hydrates over a large area.
The strong variability of BSR strength suggests locations of focusing of gas supplied into the
gas hydrate zone, a key requirement for the formation of gas hydrate “sweet spots”, areas of
highly concentrated hydrate. A state-of-the-art seismic transect was acquired by GNS in 2005
with the M/V “Pacific Titan” across several candidates for such “sweet spots”.

The current plan is for June 2006, during which an interdisciplinary field exploration
will be carried out in the region 176° 30’E — 39°30°S S to 178°30’E — 41°00’S off the north-
eastern coast of New Zealand on the Hikurangi Margin. In this effort different geophysical and
geochemical methods will be applied for the detection and characterization of gas hydrates.
Technical capability for this project will be mixed with expertise from New Zealand, UK,
Germany, Australia and the US. The result of this experiment, together with the compilation of
previous information will initiate characterization of gas hydrates in this region. The fact that
this project depends on the collaboration of foreign research centers and experts, means an
invaluable exchange of technological information useful for the resource exploration in the New
Zealand coast. This collaborative study will focus on several “sweet spot” candidates along the
PTOS5 transect. During these cruises geochemical methods and heatflow probing will be applied
for the detection and characterization of gas hydrates. Geochemical analysis will include the
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sediment carbon content, porewater methane concentrations, vertical pore water sulfur
speciation gradients, and carbon isotope analysis of carbon pools related to the hydrate
formation, lattice saturation and content. In addition to the work in the sediment methane and
hydrocarbon leakages from hydrate reservoirs that are exposed towards the ocean floor and
consequences for the ocean carbon balance, including chemical and biological conversion will
be studied. This will be compared to corresponding rates of methane leakage to the atmosphere.
Heatflow will be conducted for prediction of the vertical fluid flow. Preliminary exploration is
Research objectives for the Hikurangi Margin include:

*  Quantify heat, fluid, and solute flux in and around possible concentrated gas hydrate
deposits using a combination, thermal measurements, and geochemical analyses of
sediment cores.

* Determine the source and migration paths of gas for gas hydrate formation via
seismic imaging combined with elemental isotope analysis on sediments,
geotechnical laboratory studies, and reservoir-style modeling.

* Initiate genetic characterization of the microbial assemblage in hydrate-laden
sediments.

Current participants in research off Hikurangi Margin include:

* Institute of Geological and Nuclear Sciences (Lower Hutt, New Zealand),

* Naval Research Laboratory (Washington, DC, Stennis Space Center, USA)

¢ Commonwealth Scientific and Industrial Research Organisation (Perth, Australia)
* University of Hawaii (Honolulu, USA)

* University of Otago (Dunedin, New Zealand)

Point of contacts for further information on this activity include: Ingo Pecher (GNZ,
i.pecher@gnz.nz), Richard Coffin (NRL, rcoffin@ccs.nrl.navy.mil) and Warren Wood (NRL,
warren.wood@nrl.navy.mil).

4. Texas-Louisiana Shelf:

The northern Gulf of Mexico contains conditions suitable for gas hydrate: appropriate
pressures from continental slope water depths, moderate thermal gradients typical of continental
margins, and abundant methane from a well-known leaky petroleum system. Two sites have
been surveyed for methane hydrate distribution and intensity, Atwater Valley and Keathley
Canyon. In support of the Chevron-Texaco JIP (CT) for methane hydrate exploration two
research cruises, lead by NRL and USGS, were designed to assist in selection of the deep
drilling test site. These cruises integrated seismic surveys by USGS (D. Hutchinson) with
heatflow probing and geochemical analysis of shallow pore waters to predict deep sediment
hydrate distribution. A multidisciplinary study involving government agencies, industry, and
academia, has collected 2D and 3D multichannel seismic reflection data, made heat flow
measurements, and analyzed geochemical constituents in piston cores in order to understand the
subsurface distribution, behavior, and seismo-stratigraphic indicators of gas hydrate.

The research outlined in this proposal is designed to enhance the geochemical and
heatflow analysis of Atwater Valley and Keathley Canyon, contribute to basic research on the
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biogeochemical influence on methane cycling and provide background data for the CT drilling
in this region. Development of the geochemical and heatflow data set and comparison with the
deep well drilling is designed to provide a thorough approach for preliminary site surveys, prior
to site selection of drilling sites. Research is planned to accomplish:

1. Further calibration of piston coring, heat flow and seismic data for prediction of deep
sediment methane hydrate beds. Data from previous cruises and work outlined in the
proposal will be compared with the Chevron-Texaco deep drilling to assist in
understanding the variation in the seismic and geochemical data.

2. Increase data set for interpretation of the Chevron-Texaco deep drilling on Atwater
Valley and Keathley Canyon.

3. Provide geochemical interpretation of data collected in bathymetric mapping and
DTAGS surveys during February 2005 (Gardner, Gettrust and Wood, NRL DC and
Stennis).

4. Contribute to the understanding of biogeochemical influence on methane cycling
(production and oxidation).

Future plans for subsequent research at this location are underway and open for sharing
collaborative research plans. Researchers interested in collaborating in research at this location
should contact Dr. Richard Coffin (rcoffin@ccs.nrl.navy.mil) or Dr. Warren Wood
(warren.wood@nrlssc.navy.mil).

C. Overview of International Field Research and Survey Integration Approaches.

Assessment of the gas hydrate bearing sediment volume has been made using various
techniques including seismic surveys, well logging, electromagnetic surveys, geochemical
investigations, and vertical fluid flow predictions using temperature gradients. Chloride
anomalies in interstitial water are believed to be a reliable method of estimating gas hydrate
amounts on small geographic scales, as documented during Ocean Drilling Program (ODP) leg
164. Broad site evaluations are accomplished with seismic surveys. Seismic surveys have
developed over the last 40 years for observation of bottom simulating reflector (BSR) and the
corresponding methane hydrate distribution. Subsequently, single and multichannel seismic
measurements have been performed to elucidate the relationship between BSR and hydrate
reservoirs and to estimate the extent of these reservoirs.

Vertical seismic profiling in areas including the Cascadia Margin and Blake Ridge, have
been supported by deep sea drilling activity. Recent integration of geophysical and geochemical
data for coastal methane hydrate exploration demonstrate an inconsistency in data sets for the
identification of hydrates in sediments. Regions with strong “wipe out” zones do not
correspond with shallow sulfate-methane interfaces and shallow sulfate-methane interfaces are
found in regions that the BSR is not found. These data sets show the need for more thorough
geophysical and geochemical parameter integration for hydrate exploration. The following text
is an overview of current approaches that is being conducted by the workshop attendees:
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1. Seismic Survey Approaches — Seismic approach in this summary are presented in
terms of the NRL Advanced Research Initiative in methane hydrate exploration. The
existence of seafloor seeps has been known for many decades because their seafloor
manifestations can be easily identified on a variety of acoustic and seismic mapping
systems. However, to determine the importance (acoustically, chemically, and
biologically) of these methane conduits and reservoirs to the local and global
environment requires an understanding of 1) the quantities of methane present; 2) how it
is distributed around the seep; 3) the magnitude of methane flux through the seafloor;
and 4) how quickly the quantities, distribution, and flux may change in the event of
stimuli such as changes in temperature, pressure, or hydrologic head gradient.

Historically, obtaining accurate observations has been difficult due to 1) the
remote nature of the hydrate seeps, (typically in water deeper than 500m), 2) the strong
lateral variability of the seeps, which is frequently larger than the uncertainty in the
position of the observing platform (ship or ROV); and 3) the large and complex affect of
gas and precipitate on acoustic signals. Further, because the hydrology, chemistry and
physics of these systems are so inter-related, there does not yet exist a single,
comprehensive, numerical model that is sufficient to predict the distribution of methane
and methane hydrate at seafloor seeps.

Summary of NRL Science Objectives

We seek to understand the mechanisms and habits of methane emplacement at
seafloor seeps through detailed seismic, thermal, chemical and biological constraints on
numerical simulations of methane flux. Because of the strong affect of gas on acoustic
wave propagation, DTAGS seismic imaging constrains the spatial extent of gas with an
accuracy of 1-2m over scales of 100s of meters vertically and laterally. In a methane
hydrate system, the gas/no-gas boundary can frequently be used to infer the broad scale
(10s to 100s of meters) thermal regime within the sediment. Individual thermometry
measurements not only aid the constraint of the thermal regime but also constrain the
fluid flux. The thermal gradients over the seep constrain the heat flux that, with
knowledge of the fluid temperature and heat capacity, can be used to determine the
overall fluid flux. Combining the temperature, pressure, and fluid flux throughout the
system with methane solubility yields constraints on methane transport from the
sediment to the ocean. The methane flux is also constrained by direct chemical
measurements of methane in cores, or more frequently, sulfate gradients that indicate the
depth to methane in the system. Measurements of the micro-biota within local reservoirs
of methane gas and hydrate will constrain the styles and rates of production and
consumption of methane in its various stages of flux and residence in the seep system.
The NMR measurements, by detecting the amount of liquid water in a given sample (and
how that changes as any hydrate in the sample dissociates) constrain the hydrate
concentration within a sample, and where the hydrate is forming within the sediment
pores, (important for how the hydrate affects the sediment acoustics)

Although several seep sites have been studied in detail with many techniques,
some similar to the ones we have used and plan to use, we know of no sites where
measurements of such detail have been brought together comprehensively with the
hydrology to quantify the methane emplacement and flux through the seafloor.
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NRL Approach: Observations as Constraints on Numerical Models

The development of a completely new model was considered beyond the scope
of the current ARI. Therefore, we intend to achieve the modeling objectives by breaking
the problem into smaller, tractable problems Two approaches to modeling are currently
being used, a more standard, finite element package, and a more developmental
technique based on lattice gas. The finite element code SUTRA, developed by the USGS
has been used in preliminary modeling of fluid conduits to determine the extent to which
heat transport via fluid advection perturbs the methane hydrate stability zone. In this
work the seismic image, due to its acute sensitivity to gas, is used to constrain the extent
of gas below the seafloor. In some cases this gas boundary marks the interface between
free gas and methane hydrate, and can be used to identify the PT boundary associated
with the base of methane hydrate stability. The lattice gas technique generates 3-D
simulations of methane-pore water flux through complex, micro-scale media, thus
modeling the faults and conduits observed in sediments.

Time Dependence — There is a great deal of evidence to suggest that nearly every
measurable quantity at seeps is time dependent on one or more time scales. The timing
of our measurements is intended to mitigate the time dependence, but time dependence
but be considered in the final interpretation. The low thermal diffusivity of saturated
sediment works to smooth out the decadal and shorter scale temporal variations in the
isotherms affecting the base of gas hydrate stability. Only small (<10s of meters)
perturbations may occur over short (years) time intervals. The highly localized thermal
and chemical measurements should be acquired as close in time as possible to mitigate
the temporal variability. A series of measurements at a single site would certainly aid our
understanding of emplacement mechanisms, but because the ARI was proposed with a
single field effort, no attempt has been made to include a series of measurements
(requiring multiple mobilizations) at a single site over a period of time.

Contribution from High Resolution Seismic (DTAGS) - For almost two decades
NRL has maintained a unique deep-tow seismic capability. The Deep-Towed
acoustics/Geophysics System (DTAGS) provides high resolution (~2-3 m) images of the
seafloor that provide outstanding constraints for modeling. The high vertical resolution
results from the 200-1000 Hz source (whose signature remains constant in any water
depth) and the high lateral resolution results from towing the system only a few hundred
meters off the seafloor, even in water depths of several km.

The value of the seismic data in studying gas hydrate is several fold. Seismic
images show faults (identifiable by disjoint layering), where fluid, heat, and methane flux
are most likely, as well as free gas accumulations within the sediments, constraining the
equilibrium hydrate stability boundary. The image can also shows features in the section
such as basement highs or buried relict conduits that may have significant effects on the
interpretation (and modeling) of the chemistry and temperatures measured at the seafloor.
Further, the image can provide information on the seafloor reflectivity (within the
wavelengths used) constraining the extent of such phenomena as carbonate pavements or
debris fields. In addition to the image the multichannel nature of the DTAGS data can be
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used to constrain sediment sound speed velocities, diagnostic indicators of gas and gas
hydrate.

2. Geochemical Evaluation - Although seismic surveys are a common approach for
evaluation of marine hydrate distribution, the target phase (solid hydrate) is not sensed
directly, but is inferred by the presence of a BSR. Complementary analysis of
biogeochemical and seismic data is being evaluated to assist in the survey of sediment
gas hydrate deposits. Ninety percent of methane generated in anoxic marine sediments is
removed through the anaerobic oxidation of methane (AOM) in shallow sediments (3-15
m) by a syntrophic consortium of methanogenic archaea and sulfate reducing bacteria
(SRB). Evaluation of subsurface gas hydrate based on shallow sediment geochemical
gradients of AOM metabolites (i.e., sulphate and methane profiles) is based on the
assumption that the gradients are related to migration of gas from a deep seated (200-
400m) gas hydrate reservoir. For this approach sulfate profiles from piston core
porewater samples are surveyed to determine AOM in shallow sediments. The AOM
occurs through the following reaction:

CH4 + SO4? > HCO; + HS

This process occurs in sediments at the SMI where downward diffusing seawater sulfate
encounters dissolved methane diffusing or advecting upward. Above this location,
sulfate concentrations increase to seawater concentrations at the sediment-water
interface, while below, methane concentrations increase due to on-site methanogenesis
or diffusion and advection from deeper microbial or thermogenic sources. The vertical
methane diffusioin through piston core profiles is calculated with measurements of
sulfate gradients. Sulfate is conservative during the core sampling and provides a 1:1
ratio during the oxidation of methane with the reduction of sulfate to sulfide. Diffusive
flux calculations from the linear sulfate porewater profiles are applied according to
Fick’s first law assuming steady state conditions,

dc
J==¢-D -—
¢ D, e

where J represents the sulfate flux (mmol m™ a™), ¢ is the sediment porosity, Ds is the
sediment diffusion coefficient, c is the range in sulfate concentration and x is the range
of the linear section of the sulfate profile in the piston core. Ds is calculated assuming a
tracer diffusion coefficient for sulfate where,

p - P
1+ n(l-¢)
as DO is assumed to be 8.7 x 10-5 cm2 s-1, n varies between 1 and 3 depending on the

sediement composition, and ¢, the sediment porosity, can be measured through the
sediment cores.

76



3. Biogeochemical Evaluation — Biogeochemical parameters are incorporated in the
sediment core and porewater profiles to understand the methane source and biological
cycling. Geochemical and molecular biological analysis of piston core porewaters and
sediments addresses the hydrate content, lattice saturation and stability; methane source
and biological influence on the methane concentrations. Topics addressed in current
research projects include:

. Refined geophysical, geochemical and microbiological technologies for
prospecting hydrate content and distribution.

. Contribution to definition of high-priority geographical areas of prospective
interest.
. Diagnoses of the possible environmental effects and geologic risks at the

continental margin associated with the natural resource occurrence and resource
exploitation.

. Contribution to understanding the biogeochemical parameters and associated
microbial community diversity in shallow sediments that influences the porewater
methane and sulfate cycling and resulting sulfate gradient observed through anaerobic
methane oxidation.

4. Heatflow - Thermal data collected in the upper fewer meters of the seafloor using a
heatflow instrument has proven to be a reliable provide a proxy for fluid flow and helps
define the limits of active flows around methane seeps and mud volcanoes associated
with methane seeps and hydrates. The heat flow instrument used is a 3.5-meter-long
“violin bow” or “Lister-type” instrument (Hyndman et al., 1979). Eleven thermistors are
arranged 30 centimeters apart in a 1-cm-diameter tube held in tension parallel to a solid
steel strength member. There is also a temperature sensor mounted on the top of the
weightstand which records the water temperature near the sediment-water interface. The
system measures both temperature gradient and thermal conductivity in-situ. Sediment
temperatures are calculated from the decay of the frictional heat caused by penetration of
the instrument into the sediment. Thermal conductivity is determined from the decay of
a calibrated thermal pulse applied after a preset period of time (Villinger and Davis,
1987). Heat flow values were determined at each station by computing thermal
resistance values at each thermistor,

R=[ () dz,

where A is the thermal conductivity. In a situation of steady-state conductivity the heat
flow is equal to the slope of the line on a Bullard Plot, a plot of temperature vs. thermal
resistance. For each station, any non-linear data that might be attributed to bottom water
warming or cooling affects, is removed so as not to bias the statistics. A heat flow value
is determined from the slope of the best-fitting linear least-squares line through the
remaining data. All heat flow values are corrected for instrument tilt.
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High resolution transects are done over the seeps and mounds in order to get an
accurate sampling of where elevated thermal signatures. Stations are typically stationed
no more than 100 meters apart since it has been our experience that the fluid flow
associated with seafloor seeps is relatively distinct and confined in lateral extent. Data
typically show clear anomalies in sediment temperature and heat flow associated with
the mounds and seeps.

5. Electromagnetics - Electrical conductivity of the oceanic crust and overlying
sediments is mainly controlled by the presence of conductive fluids. The presence of gas
hydrates and free gas within the hydrate stability zone is known to change physical
parameters such as electrical conductivity and shear modulus. In hydrated zones the salt
water is replaced by insulating gas hydrate or free gas and the bulk resistivity rises.
Hydrocarbon vent sites, such as the Bullseye vent on the Cascadia Margin, are
associated with significant resistivity anomalies.

Electrical conductivity in the hydrated zone can be measured using a controlled-
source electromagnetic (CSEM) system. The system consists of an EM dipole source,
and an array of 2-component electrometers. The array aperture controls the depth of
penetration of the electromagnetic signal beneath the sea floor. CSEM arrays can
examine both the region above the BSR, in the hydrate zone, and the underlying
plumping and methane transport, as well as its evolution in time.

6. Laboratory Approaches to Enhance Field Studies - This section is based on the
example provided from the Materials Structure and Function Group at the National
Research Council in Ottawa, Canada. For some years now, the Materials Structure and
Function Group at NRC has made an effort towards establishing a protocol for the
analysis of natural hydrate samples, and to help establish a database on natural gas
hydrate properties. Since the science of natural gas hydrates is a complex
multidisciplinary area of research, the group establishes connections with field
researchers that have recovered natural gas hydrates or plan to do so. The protocol has
now developed to a stage where application of the compete suite of techniques now
gives a good picture of natural hydrate as a complex mineral, which of course also leads
to the possibility of carrying out experiments to model hydrate formation processes in
nature. Along with the work on natural samples, the Group does fundamental work on
hydrate structures as well as development work to establish new techniques to study
hydrate structure, morphology and processes, including methane and hydrogen storage. .

The work is highly collaborative in nature and depends on receiving properly
preserved hydrate samples from the field. In the past we have received samples from
both Mallik exercises, Gulf of Mexico, Hydrate Ridge, Cascadia (Barkley Canyon and
IODP 311). This year we expect to receive samples from offshore India, the South
China Sea and the Sea of Japan.

A. Characterization of natural gas hydrates; the idea is to carry out the measurements
under controlled conditions to eliminate possible contamination with all
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measurements taken by subsampling the same recovered material. New techniques
are incorporated as necessary to provide new information.

(1) Structural determination: using instrumental methods to determine the structure
type of natural gas hydrate and the distribution of hydrocarbons over the guest
sites in recovered hydrate samples

(2) Measurement of total gas, water and sediment to establish the degrees of
saturation and conversion to hydrate.

(3) Gas composition measurements: to analyze the compositions of uncontaminated
gas of natural gas hydrate with high resolution GC/MS.

(4) Isotope analysis — to establish source of hydrocarbons

(5) Sediment characterization — to understand gas hydrate accumulation in nature

(6) Measurement of P,T stability conditions on recovered hydrate.

B. Dissociation of gas hydrate; a variety of issues need to addresses, preferably on

intact recovered samples.

(1) To establish the relationship between the physical properties of gas hydrate
containing sediments and the amount of gas hydrate. Dissociation properties: to
investigate the stability condition and dissociation kinetics of natural gas hydrate
in sediments

(2) To determine the kinetics of gas hydrate dissociation under a variety of
controlled conditions to simulate natural gas hydrate in reservoirs;

(3) To determine connection between thermal input into hydrate formations, hydrate
dissociation and the behavior of water and gas released

(4) To examine the presently available methods available to destabilize gas hydrate
by evaluating the efficiency of various methods;

(5) To develop new methods for the efficient destabilization of gas hydrate.

7. Data Access and Sharing: A major goal for this program is the laboratory and field
information sharing. In response to this program goal a proposal, presented by Jan
Boon, Natural Resources, Canada, was adopted to establish a dynamic web-based
communication mechanism for hydrate researchers within the context of the
International Methane Hydrate Research and Development Committee:

Proposal: Gas Hydrate Research and Development Communication System
(presented by Jan Boone — Natural Resources, Canada)

* Vision:
o Develop an effective, engaged international gas hydrate research
community

* Facilitate information exchange of:
o Current research activities, knowledge and opportunities
Key Priorities in research
Political, social, and economic context
Funding opportunities

¢
¢
¢
o Communicate successes and the impact of gas hydrate research
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o Act as an effective lobbying force for hydrate research with government
and industry
o Goal is to foster effective international collaboration:
= Key Technologies and Equipment
= Priorities/Needs
=  OpportunitiesFunding
= Data/Information Sharing

A steering committee consisting of members of the International Methane
Hydrate Research and Development Committee will oversee the establishment
and operation of the system. Initially, the web site will be set up and maintained
on the CEOR web site. Researchers are encouraged to use the web site to share
new information about their research activities.

C. Plans for Future International Collaboration.

This series of workshops has developed strong international collaboration in the a
variety of coastal regions; including the Cascadia Margin, Texas-Louisiana Shelf, Blake Ridge,
Gulf of Cadiz and Mid Chilean coast. Near-term collaborations are being planned for the coasts
of New Zealand and Norway. Participating scientists are from laboratories in the US, Canada,
New Zealand, Australia, Chile, Japan, and Germany. Continued research plans are open for
collaboration of other regions with scientists from different nations that are interested in sharing
costs for field work, field technology and data. Particular attention should be given to
developing new collaborations with research focusing on the Norwegian coast and other sites
off the western coasts of Europe. These collaborations will be addressed at subsequent
workshops in Edinburgh Scotland (October 2006) and Bergen Norway (2007).

An important issue is information storage as well as exchange. Dendy Sloan reported on
a new opportunity to establish an information data base on natural gas hydrates within
CODATA, the Committee on Data for Science and Technology. A natural gas hydrates
working group was set up to interact with CODATA to establish the information site.

lipst]
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White, Mary Anne
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POSTER PRESENTATIONS AND ABSTRACTS

Quantifying the Methane Content and Distribution of Natural Gas Hydrate
Accumulations in the Deep-Water Basins of the Bering Sea

Ginger A. Barth, David W. Scholl and Jonathan R. Childs

Seismic reflection images from the Aleutian and Bowers Basins of the Bering Sea reveal the
abundant presence of natural gas and gas hydrate in this truly deep-water (>3500 m) setting.
Distinctive velocity—amplitude anomalies, or VAMPs, stand out as both velocity
pseudostructures and gas bright spots within the otherwise horizontal and uniform sedimentary
reflection sequences. These are interpreted as methane chimneys overlain by concentrated gas
hydrate caps. Hundreds of VAMPs have been imaged throughout the Bering Sea; several
thousand are inferred to exist. We have estimated the size and methane content of representative
large VAMP structures, based on seismic reflection time anomalies. The VAMPs studied contain
20—40 m cumulative thickness of gas hydrate within ~450 m of sediment above the hydrate
BSR. These VAMP features have lateral extents of 4-9 km. Hydrate distribution appears to be
lithologically controlled within a section of alternating turbidite and diatomaceous sediments.
Free gas is present in the section to well below 1 km bsf. Each individual large VAMP is
estimated to contain an equivalent free gas volume (primarily in the form of gas hydrate) similar
to that of an economic gas field, >1 Tcf at standard conditions. The basin-wide occurrence of a
horizontal, laterally persistent hydrate BSR overlying thousands of gas chimneys associated with
VAMP and VAMP-like structures testifies to a high basin-wide flux of methane toward the
seafloor. Ongoing USGS development of an interpretive seismic database presents a new
opportunity to explore the geometry and distribution of Bering Sea VAMPs relative to basement
topography, ancient subduction boundary structures and sediment sources.

Ginger A. Barth, David W. Scholl and Jonathan R. Childs
United States Geological Survey
M.S. 999, Menlo Park, CA 94025 USA

E-mail: gbarth@usgs.gov
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Laboratory Seismic Properties of Methane Gas Hydrate-bearing Sand
A. 1. Best, J. A. Priest and C. R. I. Clayton

We developed a laboratory resonant column and associated pressure-tempera-ture
control systems for creating methane gas hydrates in sediment specimens during the EU
HYDRATECH project (2001-2004). The resonant column allows 7 cm diameter, 14 cm-long
cylindrical sediment specimens to be excited into resonance in either torsional or longitudinal
flexural modes. Measurement of mode resonance frequency and free vibration amplitude decay
curves enables P- and S-wave velocity (Vp & Vs, respectively) and attenuation (1/Qp & 1/Qs,
respectively) to be calculated. Resonance frequency typically falls below 500 Hz and strain
amplitudes are kept below 10-6, thus reducing ambiguity in applying the measured frequency-
and strain-dependent elastic wave parameters to the interpretation of seafloor seismic data.

The following range of methane hydrate concentrations were formed in sand specimens
using an excess-gas method: 0, 1, 2, 3,4, 5, 10, 18 & 35% by volume of the pore space (porosity
40%). The remaining pore space was occupied by methane gas. The P- and S-wave velocities
measured at 500 kPa effective pressure increased rapidly up to hydrate concentrations of 3—5%,
then increased at a lower rate up to 35%. Vp/Vs changed from >5.0 to 2.2 with hydrate
concentrations between 0-5%, indicating that the hydrate acted as an effective grain cementing
agent. Both 1/Qp and 1/Qs were higher in the hydrate-bearing sand than in the moist sand
specimens (both before hydrate formation and after hydrate dissociation) and showed an
attenuation maximum at hydrate concentrations between 3—5%. The attenuation results imply a
damping mechanism associated with the hydrate. Although the velocity results can be applied to
water saturated hydrate-bearing sediments using fluid substitution models, it is difficult to know
how the attenuation results relate to water saturated sediments at this stage.

A . I. Best
Challenger Division for Seafloor Processes
Southampton Oceanography Centre
E uropean W ay
Southampton, SO14 3ZH, UK
E-mail: aib@soc.soton.ac.uk

J. A. Priest—as above, a n d
School of Civil Engineering & the Environment
University of Southampton

Highfield, Southampton, SO17 1BJ, UK

C. R. I. Clayton
School of Civil Engineering & the Environment
University of Southampton

Highfield, Southampton, SO17 1BJ, UK
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Laboratory Studies of Methane Gas Hydrate Physical Properties

Angus Best!, Chris Clayton?, Michelle Ellis*#, Emily Kingston?,
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TNational Oceanography Centre, Southampton, European Way, Southampton, S014 3ZH,
United Kingdom.
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The Gas Hydrates Resonant Column was designed during the EU HYDRATECH project to messurs the
ssdamic properies of methans hydrate-beaning ssdiments. An environmental chamber and pressws cell
{Fig. 1a) was constructed o house the resonant column (Fig. 1b) and to adchisve the necessary high
pressures (< 20 MPa) and low temperstures (> 209C) o form methane gas hydrate. Solid oylindrical
sediment specimens (height 14 cm, diameter 7 om; see Fig. 2a) were exdied into resonance inside the
resonant column wsing an sleckomagnetic drive sysiem {Rg. 1b). Torsional and longitudinal flexural
exdtation modes are possible that sllow fhe ssismic wave properies to be caloulsied: P-wave
wedocity (Vip); P-wave attenuation (1/Q); S-wave velocity (Vpk and S-wave atienuation {1/0). Vielocity is
dedived from fhe resonance pesk frequency (o), whils atienuation ks desived from the exponentisl amplituds
decay rate once the dive mechanism has been switched off.

PANEL 3: RESONANT COLUMN RESULTS
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The results in Fga. 3a & 3b show how seismic velocity varies with effective presawe
for sands with betwesn 0 - 38% hydrate content. Lower hydrate content sands are
more sensifive ip effective pressure fhan higher hydrate content sands. This has
impdications for the mechanical strength of hydrate-be afing aands with depth
beneath the seabed, and for subses sope stability. Fig. 3c shows the ratio of Vp/Vs
as compuied for hypothefical weter satrated specimens against hydrate content
Thereds & dramatc reducion in Vp/'Va at sbout 3 - 5% hydrate content {B) indicative
of he hydrate cemenfing the sand grains, wrning the loose sand o & rodk-ike
material. This fransition can be detected on in sity seafloor sediments by modam
marin e ssismic sunvey methods. Fig. 3d shows the vaniafon in atie nustion {150 ) with
hydrate content, indicafing a clear sttenuzfion maximum at shout 3 - 5% hydrate
content {B). Moreover, sand with hydrate is always more highly atienuafing than

sand wihout hydrate.
Fig. 3e Fig. 38 shows how hydrate (blug)is
thought i cement the sand grains

{brown ). Thelabels &, B & C comespond
to the same poinis on the graphs in Rg.
3c & 3d. From 0% hydrate (A), hydrate
cements progressively more grain
contacts unil all grain contacts are
cemented at 3 - 5% hydrate content (B).
Above 3 - 5% hydrste content, the
Iydrate s in the void spaces {C).

PANEL 2: GAS HYDRATE FORMATION
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We conducied a senes of well consirained expenments on dean sand spedmens o dstermine Vp, Vs, 1/0p &
1805 aa functions of the following variables:
1) Methane gas hydrate content {by volume of the void space = 40% of specimen volume);
2) Effective preasure (500 - 2000 kPa).
Fig. 2a shows a 40% hydrate-beaning sand spedmen shortly afier removing the pressures cell; fhe sample
has staried o dissociate and give off methane gas, which has been Bt for visual effect. Fg. 2b: methane gas
hydrate was formed insds the sand by feezing & sand-water apscimen (A © B) then injscing methane gas
inio the void space and raising the effective pressure to 15 MPa (B to C), then finally raising the temperature
to 109 (C to D)

PANEL 4: JOINT ELECTRICAL-SEISMIC PROPERTIES
Fig. 4a
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Seafloor elecirical geophysical auwyr\g me‘lhoda could
provids vy physical prop information for
quymg gas hydrates in sifu. Hence, we are cumendy
investigating theoretical models that predict hydrate content
based on both sslamic velocity and eleciical conductivity.
Fig. 4a shows a concepiual disgram of & two phass ssdiment
{sand grains and water) with different degrees of water
interconnectivity. Interconnecivity parameters are common to
both ssismic and sleckical effiecive medium modsls under
imvestigation, and provide a means of Enking seismic and
electical obsenvafions.
The laboratory progr e is simed at validati ﬂmemcdelabymh\gml
conatrained measwements on q)eclnens of kmown physical . An inifial
study imobhed 2 aystem (Fig. 4b). W’e e noW
developing a special lsboratory rig for making joint seismic-electical measurements
on methane gas hydrate samples. This system is based on an exsting high pressure
rig for ressrvoir rock selamic properties studiss (Fig. 4c).

Funding for this wok was prowced by e UK Matml Envimement Ressarch Councl and Ewropean
Commizaon e the HYDRATECH proedt (EVK CT-2000.00043)- the Manal Environmans Fassanh Counal
Lrtar th Ocean Margina Link Fropramma: and the Natoral O csancgaghy Corre, Scuthanpton.
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From Multicomponent Seismic Data to Hydrate Saturation
Shyam Chand

The presence of gas hydrate in marine sediments alters their physical properties and fluid
flow. Gas hydrate may cement the sediment grains together, and dramatically increase the
seismic P and S wave velocities of the composite. Hydrate may also form a load-bearing
structure, within the sediment microstructure but with different seismic wave attenuation
characteristics to that of the host sediment. It has been observed that the attenuation increases
with hydrate saturation at higher frequencies for both P and S waves.

Now it is possible to detect both P and S waves in marine environment using Ocean
Bottom Seismograph (OBS) systems. Usually the S waves recorded are those generated from P
to S conversion within the sedimentary column. Since S wave behaviour through hydrate-
saturated marine sediments also changes with hydrate saturation, we extract this additional
information from the horizontal component data. This is done through waveform inversion of
vertical component data to derive detailed P wave velocity structure followed by waveform
inversion of horizontal component data to derive the detailed S wave velocity structure. We
relate these changes in physical parameters of hydrate-bearing sediments to their hydrate
content using an effective medium model, which is based on self consistent approximation
(SCA) and differential effective medium (DEM) theories and, Biot and squirt flow mechanisms
of fluid flow.

Shyam Chand

Geological Survey of Norway (NGU)
Polarmiljesenteret, 9296

Tromso, Norway

Ph: 004777750130 Fax: 004777750126
Email: shyam.chand@ngu.no
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FROM MULTI COMPONENT SEISMIC DATA TO e
HYDRATE SATURATION Shyam Chand

ABSTRACT

The presence of gas hydrate in marine sediments alters their physical propert-
iws and fuid Mlow, Gas hydrals may cement the sediment grains lgether and
dramatically increase the seismic P and § wave velocities of the composite
(Chand ¢t al, 2004).Hydrate may olso form o lond-bearing structure, within
the sediment microstructure but with different seismic wave atenuation charn-
cteristios to that of the host sediment (Chand and Minshull, 2004). It has been
observed that the aitenuation increases with hydraie saiuration ai higher fregs
uencies for both P and § waves (Guerin and Goldberg, 2002),
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Fig 1. Seismic data collection using different methods. The resolution of the methods differ
depending on the proximity 1o the senfloor and on the source frequency.
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Now it is possible to detect both P and 5 waves in marine environment using
multi-component Ocean Bottom Seismograph (OBS) systems (Fig. 1). Usually
14 4 the S waves recorded are those generated from P to 8 conversion within the sedi-
imentary eolumn, Sinee § wave behaviour through hydrate saturated marine sedi-
iments also changes with hydrate saturation, we can extract the detailed § wave
velocity structure from the horizontal component data using waveform inversion.
This invloves a two step process with waveform inversion of vertical component
Fig 2. Synthetic (red) and obscrved (black) seismograms in the Tau-P domain, : . ; 1
.nl'fe m!:w aﬂi;mzmm it obtained using wnwfgonn inversion of the OBS data to derive the detailed P wave velocity structure (Fig. 2a), followed by wave-

vertical component data, The dutm is inverted for velocity (red) and velogity & form Iimrcrsim'l of thr:' horizontal component data to derive the d:etai led §Iwavcl
density (bluck). velocity structure (Fig. 2b). We can then relate these changes in velocities of

hydrate-bearing sediments to their hydrate content using an effective medium
madel, Tt has heen suggested that the self” consistent approximation (SCA) and
differential effective medium ( DEM) model with hydrate cementing morphology
can best explain the amount of hydrate present in pore space {Chand et al, 2004),

Valocity (km/s) Slowness (s/km) Additional information on the attenuation of P and § waves if available can be
op 05 10 00 o 0z ©a madeled using Biot and squirt flow mechanisms of fluid flow in a multi-struct-
. - ural framework (Chand and Minshull 2004).
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Fiig 2b. {red) and observed {black) grams in ihe Tau-P domain, T 1 ' |
'Hk: synthetic seismogram is ablaimjd_u!h\g wavelorm inversion of the OBS 00 05 10 15 20 00 01
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This work was fimded under HYDRATECH Praject. ::;mph)'sml propertics using the SCA/DEM cemented inversion
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Methane Hydrate Exploration, Atwater Valley, Texas—Louisiana Shelf: Geophysical and
Geochemical Profiles

Richard Coffin, Joan Gardner, John Pohlman, Ross Downer and Warren Wood

From May 14 to May 20, 2004 piston core and heat flow measurements were collected
across two mound structures, (designated D and F), in as the Atwater Valley offshore lease area.
The mounds lie in the floor of the Mississippi Canyon, directly south of the mouth of the
Mississippi River, at 1300 meters water depth. Several small mound structures occur in the
canyon floor, rising less than 50 meters above the surrounding seafloor. The USGS collected
several multichannel seismic lines in this area in 2003. During four days on site we acquired 15
piston cores and 23 thermal profiles on a transect from mound F to mound D. A previous USGS
seismic line (AV65) and a 3.5 kHz echosounder profile collected during the cruise were used to
guide operations. All attempts at thermal probing resulted in full penetration except for one
instance where the instrument laid horizontal on the seafloor.

The sulfate—methane interface (SMI) estimated from pore water sulfate profiles
indicated a range in the vertical flux of methane. Sulfate and methane pore water profiles from
piston cores on mound F indicated the greatest vertical methane flux in this region of the
transect. Sulfate was completely depleted in surface core samples and methane concentrations
were elevated suggesting a flow of methane into the water column. Overall the SMI on the
transect ranged from 45 to 410 cm. Stable carbon isotope ratios and speciation of gases sampled
from the piston cores indicated a microbial source of methane. Chloride data from piston cores
did not indicate hydrates were sampled and dissociated during transport from the sediment and
deck processing. However, high chloride concentrations were measured on mound F. It is
expected that the chloride originated from the deep salt diapir underlying the mounds. DIC
concentrations and stable carbon isotope analysis confirmed anaerobic methane oxidation in the
pore water profiles. Mound F sites showed shallower DIC concentration peaks and more *C
depletion in the DIC. These data are consistent with increased vertical methane flux in this
region.

Thermal probing was conducted at each of the piston coring sites; additional thermal
sites were included for more resolution. The data show clear anomalies in sediment temperature
and heat flow associated with the mounds. Measurements collected on the top of mound F show
elevated sediment temperatures, and heat flow values of around 160 mW/m®. Sediment
temperatures decrease away from the summit of the mound, and heat flow values drop to a
background level of 40 to 50 mW/m®. Sediment temperatures at the summit of Mound D are
similar to what was observed at Mound F, and heat flow values are slightly lower at around 132
mW/m’, partly as a result of the slightly higher bottom water temperature and thus reduced
thermal gradient. Away from the summit of Mound D the thermal gradient decreases and heat
flow values drop to around 50 mW/m”. High heat flow measurements coincide with estimates of
a high vertical methane flux.

89



APPENDIX B

Richard Coffin

Naval Research Laboratory
Chemistry Division Code 6114
Washington DC USA

E-mail: rcoffin@ccf.nrl.navy.mil

Joan M. Gardner

Naval Research Laboratory Code 7420
Washington DC USA

E-mail: gardner@qur.nrl.navy.mil

Ross Downer

Milbar Hydrotest, Inc

John Pohlman

Virginia Institute of Marine Science
College of William and Mary
Virginia USA

Warren T. Wood

Naval Research Laboratory Code 7432
Stennis Space Centre

Mississippi USA

E-mail: wwood@nrlssc.navy.mil

Methane Hydrate Exploration, Atwater Valley, Texas-Louisiana Shelf: Geophysical and Geachemical Profiles

RESULTS

ATSTRACT

Richard Coffim, NRL. Code 6114

oo

T . BT oty s B
— i rege e P 38 e b £33, £ s VTS k40 e el oot g e i

Rick Hager NEL, Cods
Warmen Wood, NEL, Code 7432

SR L Tean Gardner, NRL, Cods 7420 WL LA MARY
- - Jokm Poklman, VIMS i
e . () VIVIS
5 - .

bk b

SUMMIARY

e i o e e

e

T g

P

S —
it i o e o 2T T

it e 8 Riar o VR Wiy g Sy 0 i ke =
g S e et

90



APPENDIX B

Methane Hydrates and Fluid Flow along the Chilean Margin

Joan M. Gardner, Juan Diaz-Naveas, John W. Pohlman, Rick A. Hagen,
Richard Coffin, and Warren T. Wood

POSTER NOT AVAILABLE

An international collaboration between the Naval Research Laboratory and Pontificia
Universidad Catolica de Valparaiso (Chile) was developed to investigate methane hydrate
distribution along sections of the Chilean margin. Preliminary data collected along the Chilean
margin in 2003 by researchers from Chile and the Universities of Bremen and Kiel (GEOMAR)
found a clear discrepancy between estimated heat flow inferred from the depth of the bottom
simulating reflector (BSR) and direct measurement using a heat flow probe. The data indicated
that fluid migration enhanced heat flow in the upper section of the sedimentary column. We
conducted a more extensive and higher resolution survey in October 2004 to evaluate this
discrepancy and determine if the phenomenon is a local or regional phenomenon. Multichannel
seismic data collected in the region, suggest the BSR is shallower than expected. It is possible
that tectonic movements present that shifted the BSR upward but did not immediately
destabilize the hydrates.

Complimentary pore water geochemical profiles from piston cores and heat flow data
will help reconcile the discrepancies observed between the seismic and heat flow observations.
Previous DTAGS data is coupled with the heat flow data to interpret the variation observed in
the geochemical profiles.
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Gas Hydrate Seismic Characterisation and Distribution on New Zealand’s
Continental Margins

Andrew R. Gorman, Ingo A. Pecher, Miko Fohrmann and Stuart A. Henrys

The continental margins off the east coast of New Zealand’s North Island (the Hikurangi
Margin) and the southwest coast of the South Island (the Fiordland Margin) contain significant
quantities of gas hydrates. Current analyses are focussed on these regions to determine the
distribution and concentrations of gas hydrate, their resource potential, and their involvement in
seafloor stability. The Hikurangi Margin, off the east coast of the North Island, has the highest
economic potential of these gas hydrate deposits for future gas production because of its
proximity to larger population centres.

Analysis of gas hydrate deposits is primarily based on the interpretation of bottom
simulating reflections (BSRs) from a substantial data set of seismic data acquired for a number of
geological reasons over the last 30 years. On both the Fiordland and Hikurangi Margins, BSRs
are prevalent (1) beneath structural highs, and (2) at locations where dipping layers crop out at the
seafloor. Both of these features are known to focus fluid flow through the sediment to the
seafloor. In the methane-rich environment of the Hikurangi Margin, we presume that a substantial
amount of methane is supplied to the system in regions of high fluid flow. Because an ongoing
methane supply is known to be a key factor controlling gas hydrate concentration, high methane
flux regions are likely to be proximal to regions of high gas hydrate concentration. These “sweet
spot” locations are a focus of our work and may contain gas hydrate concentrations that are high
enough for the commercial production of natural gas in the future. The role of gas hydrates in
slope stability is being investigated at locations where BSRs crop out on the seafloor at locations
coincident with submarine erosion/landslide features.

Andrew R. Gorman Miko Fohrmann
Department of Geology Department of Geology
University of Otago University of Otago

P O Box 56 P O Box 56

Dunedin, New Zealand Dunedin, New Zealand
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Ingo A. Pecher?, Institute of Geological and Nuclear Sciences
Institute of Geological and Nuclear Sciences P O Box 30-368
P O Box 30-368 Lower Hutt, New Zealand

Lower Hutt, New Zealand
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A  Multidisciplinary Investigation of a Deep-water Gas Hydrate Mound,
Atwater Valley, Northern Gulf of Mexico

P. E. Hart, D.R. Hutchinson, B. Dugan, M. Fowler, W. Wood, F. Snyder, N. Dutta, R. Coffin,
J. Gardner, R. Hagen, R. Evans and D. Fornari

Natural marine gas hydrates exist on the seafloor of the continental slope of the northern
Gulf of Mexico, but in spite of extensive geological and geophysical data, little is certain
regarding their subsurface distribution and concentration and traditional geophysical indicators
(e.g., bottom simulating reflections) are rare. This has motivated numerous ongoing hydrate
studies, including the Gulf of Mexico Gas Hydrates Joint Industry Project (JIP), a collaboration
among industry, academia and government agencies. Two goals of the JIP are to better
understand the physical system and the seismic reflection characteristics of gas hydrates and
free gas associated with surficial gas hydrate mounds. In the Atwater Valley region of the
Mississippi Canyon, 150 km south of Louisiana, at about 1300 m water depth, there are several
seafloor mounds that may be active vents with significant accumulations of gas hydrate adjacent
to the gas and fluid migration pathways. Several recent research cruises, led by the U.S.
Geological Survey, the Naval Research Laboratory and the Woods Hole Oceanographic
Institute, have investigated this site and collected high-resolution seismic reflection data, piston
cores, heat flow measurements, electromagnetic readings, near-bottom photographs, side-scan
sonar and multibeam bathymetric data. Additionally, the JIP has 3-D seismic coverage of the
area provided by WesternGeco.

A shallow, convex-upward reflection in seismic profiles over the largest of the seafloor
mounds (Mound F) and high heat flow and chloride concentrations indicate that the base of the
gas hydrate stability zone is anomalously shallow beneath the mound. High seafloor reflectivity
observed over the mounds on the seismic profiles is indicative of hydrate or authigenic
carbonates at or near the seafloor. Bottom photographs show evidence of mud flows from the
flank of Mound F. A drilling and coring program planned by the JIP for spring 2005 will
provide ground truth for present interpretations and theoretical models while providing
quantitative estimates of subsurface hydrate deposits near Mound F.

P. E. Hart

U.S. Geological Survey

345 Middlefield Road

Menlo Park, CA 94025 USA F. Snyder, N. Dutta

E-mail: hart@usgs.gov Schlumberger Reservoir Services
10001 Richmond Avenue

D.R. Hutchinson, B. Dugan, M. Fowler Houston, TX 77042 USA

U.S. Geological Survey

384 Woods Hole Road R. Coffin, J. Gardner, R. Hagen

Woods Hole, MA 02543 USA Naval Research Laboratory

E-mail: dhutchinson@usgs.gov 4555 Overlook Avenue SW
Washington, DC 20375 USA

W. Wood E-mails: rcoffin@ccf.nrl.navy.mil

Naval Research Laboratory gardner@qur.nrl.navy.mil

Stennis Space Center

Mississippi 39529 USA R. Evans and D. Fornari

E-mail: wwood@nrlssc.navy.mil Woods Hole Oceanographic Institute

Woods Hole, MA 02543 USA
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Geophysical and Geochemical Characterization of the Hydrate Stability Zone in a Region of
Active Salt Tectonics, Keathley Canyon, Northern Gulf of Mexico

D.R. Hutchinson, C.D. Ruppel, J. Pohlman, P. E. Hart, F. Snyder, N. Dutta
B. Dugan and R. Coffin

The northern Gulf of Mexico contains conditions suitable for gas hydrate: appropriate
pressures from continental slope water depths, moderate thermal gradients typical of continental
margins and abundant methane from a well-known leaky petroleum system. Surficial gas
hydrate is present in seafloor mounds, but geophysical evidence for subsurface gas hydrate
(bottom simulating reflection [BSR] or blanking) is generally lacking. One exception occurs
near lease block Keathley Canyon 195, in about 1300-m water depth, where a weak BSR occurs
on the flank of a salt-withdrawal minibasin. A multidisciplinary study involving government
agencies, industry and academia has collected 2-D and 3-D multichannel seismic reflection data,
made heat flow measurements and analyzed geochemical constituents in piston cores in order to
understand the subsurface distribution, behavior and seismo-stratigraphic indicators of gas
hydrate.

The base of hydrate stability, interpreted as the BSR, ranges from 200 to more than 450-
m below the seafloor in the minibasin. High amplitudes along the BSR are interpreted to
represent gas-charged coarser deposits in a well-layered and unconformity-rich stratigraphic
sequence. An intensely deformed, salt-cored, structural high lacking a BSR occurs adjacent to
the east side of the minibasin. Heat-flow penetrations and piston core analyses show lower
thermal gradients, reduced pore-water salinities and greater depths to the base of the sulfate
depletion zone in the minibasin than on the structural high. These data indicate that the flux of
fluid, methane and heat are lower in the minibasin and increase on the structural high, consistent
with an interpretation of warmer, more saline fluids migrating up faults on the structural high
and inhibiting gas hydrate formation. Age reversals in the shallowest sediments suggest mass
wasting complicates surficial dynamics. The complex interplay between thermal and chemical
heterogeneity of the system plays a key role in determining the presence or absence of
subsurface gas hydrate.
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Geophysical and Geochemical Characterization of the Hydrate Stability Zone in a -
Region of Active Salt Tectonics, Keathley Canyon, Northern Gulf of Mexico
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Slope Stability Issues in Hydrate-Bearing Sediments
Under Seismic Loading

P. Jackson, D. Gunn, K. Howard, D. Long, M. Lovell, J. Rees, C. Rochelle,
P. Hobbs and L. Nelder

While there is debate concerning total gas-hydrate reserves, researchers have suggested
boundary surfaces of stable hydrates are far larger than originally anticipated. Recently, a
theoretical basis has begun to emerge supporting the hypothesis that pore pressures may
increase on hydrate dissociation. Therefore, re-assessment of risk (e.g., earthquake triggers) to
seafloor installations is required. Typically, regional seismic assessments exclude site-scale
sediment property data. Consequently, the potential for underestimating risk is significant,
particularly when shear strengths are reduced by increased pore pressure. This suggests, for
example, there is a need for improved geophysical and geotechnical property-models for
sediment-hosted methane-hydrates.

Peter Jackson John Rees

British Geological Survey British Geological Survey
Keyworth, Nottingham, NG12 5GG Keyworth, Nottingham, NG12 5GG
United Kingdom United Kingdom

E-mail: pdj@bgs.ac.uk E-mail: jgre@bgs.ac.uk
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Watching Hydrate Crystals Grow: Insights from Computer Simulations
Peter Kusalik

While the molecular behaviour within liquids and solids has been extensively studied,
one important aspect of these systems that has remained poorly understood is the first order
phase transition between them. One of the reasons for this is that there are very few experiments
that are able to probe directly the microscopic environment of a growing crystal. Computer
simulations thus afford us an excellent opportunity to investigate liquid/solid interfaces and
mechanisms of crystal growth at the molecular level. In this paper I will describe a new
approach we have developed for the simulation of heterogeneous crystal growth and will briefly
discuss its success with simple atomic systems. I will report specific results for the growth of ice
(D) crystals, where I will clearly demonstrate that the process of crystal growth is characterized
by a collective phenomenon involving many molecules (rather than the “sticking” of individual
molecules). I will present results characterizing the interfacial properties of various ice I crystal
faces, including interfacial widths and surface tensions. Finally, I will report very recent results
for the growth of methane hydrates, where we have already been able to gain some important
insights.

Peter Kusalik

Department of Chemistry
Dalhousie University

Halifax, NS B3H 4J3 Canada
E-mail: kusalik@dal.ca

- ~ — \ MD: classical E 5 £ e
‘ ‘ 7 h o H d - & l - T *) MD: classical Ewald, neutral-group based cuf-off, 1fs time step, Gear 4 predictor-cormrector integration
a’tc ln;_— y 1 ate (’1 ys ta S (Tl O W . algorithm, Nose-Hoover thermostats, Bendersen anisotropic barostat.
. =
I S Uh S f i _ 1 B *) The initial configuration was taken from experimental X-ray data, the H was assigned according to
ns 1:: (s Irom ( ompuler BF rules, randomizing the H network subjected to minimizing the total dipole of the simulation cell

. .
S 1mn Iulatlo ns *) The system thermalized for 2-3 ns, then it was equilibrated for 4ns at the desired pressure and
temperature, degree of methane depleting from crystal

*) The melting-growing was studied by moving the thermostats with speeds between 1A/Mms to 16AMms for
the pressure of 500atm and the following temperatures gradients: 220-300K, 210-310K, and the following
% = CH¢ depletion percentage from initial crystal: 30% and 40%, with and without active Tanspoit.

*) The effect of active field consists In a very small fictitions force applied locally around hot source to
methane molecules, and it has an effective effect of driving the CH4 through hot source from melting
side o growing side.

T 1 *) We have got currently 6 systems successfully srowing, after tnings of parameters like pressure,
P. Kusalik and J. Vatamanu temperaturss, active ransport field intensity, rate of moving the active field

Departinent of Chemistry, Dalhousie University
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Crystal growth with active transport: snapshot (1)
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Microbial Respiration Species Concentration in Pore Fluids Near a Large
Gas Hydrate Reservoir, Southern Hydrate Ridge, Offshore Oregon, USA

Thomas D. Lorenson, Frederick S. Colwell, Mark Delwiche, and Jennifer A. Dougherty

Acetate and hydrogen are common products of microbial fermentation and pyrolysis of
organic matter. They are also common energy sources for microbial respiration reactions. Thus,
these molecules are expected to be key intermediates in subsurface microbial activities and
present where living bacteria and archaea reside in marine sediment.

Acetate and hydrogen concentrations in pore fluids were measured in samples taken at
seven sites from southern Hydrate Ridge (SHR) offshore Oregon, USA. Acetate concentrations
ranged from 3.17 mM to 2515 mM. The maximum acetate concentrations occurred at Site 1251,
an area to the east of SHR considered to be a control site relative to SHR sites at just above the
bottom simulating reflector (BSR), marking the boundary of gas hydrate above and free gas
below. Acetate maxima or locally high concentrations of acetate occur at the BSR at all sites,
and frequently correspond with areas of gas hydrate accumulation suggesting an empirical
relationship. Acetate concentrations are typically at a minimum near the seafloor where sulfate-
reducing bacteria may consume acetate. High acetate concentrations sometimes occurred in
sediments with low methanogen cell numbers suggesting that acetate may accumulate where
methanogens are not present. Hydrogen concentrations in pressure core samples (PCS) ranged
from 16.45 to 1036 parts per million by volume (ppmv). In some cases hydrogen and acetate
concentrations were elevated concurrently suggesting a positive correlation. However, sampling
of hydrogen was limited in comparison to acetate resulting in unconstrained correlations.

Our working hypothesis gleaned from these observationsis that methanogenic acetate
fermentation (CH;COOH—CH4 + COy) is inhibited by the buildup of methane in gas hydrate or
free gas-rich sediments. Acetate production via reductive acetogenesis (2CO, + 4H, —
CH;COOH + 2H,0) is enhanced when hydrogen concentrations are elevated thus providing a
likely source for acetate. Taken together, we suggest that high acetate concentration maybe used
as a proxy for predicting low counts of live methanogens and that active acetoclastic
methanogenesis is inhibited in and near the zone of gas hydrate formation where the
methanogens may be constrained by high levels of methane.

Thomas D. Lorenson Mark Delwiche

U.S. Geological Survey Idaho National Laboratory
345 Middlefield Road 2525 N. Fremont Avenue
Menlo Park, CA 94025 USA Idaho Falls, ID 83415 USA

E-mail: tlorenson@usgs.gov
Jennifer A. Dougherty

Frederick S. Colwell U.S. Geological Survey
Idaho National Laboratory 345 Middlefield Road

2525 N. Fremont Avenue Menlo Park, CA 94025 USA
Idaho Falls, ID 83415 USA E-mail: fxc@inel.gov
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Microbial respiration species concentration in pore fluids near a large gas hydrate et rripisciosdimempieploosli g
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Magnetic Characterization of Gas Hydrate-bearing Sediments: Do Magnetic Methods Have
Potential to Locate and Assess Gas Hydrate Deposits?

POSTER NOT AVAILABLE
C. Lowe, R.J. Enkin, J. Baker and S.R. Dallimore

The utility of magnetic methods in the exploration for natural gas hydrate remains
largely untested. Systematic magnetic susceptibility (m.s.) measurements were conducted on
recovered core from the JAPEX/INOC/GSC Mallik 5L-38 gas hydrate production research well
located in the northern part of the Mallik gas hydrate field. The mean m.s. of sand recovered in
the drill core is thee times smaller than that of silt. Further differences between sands and silts
were revealed by detailed magnetic characterization studies that show sands have lost their
original magnetic remanence whereas silts retain it, and that the sands contain a higher
proportion of hard magnetic carriers, such as pyrrhotite. These findings are attributed to
diagenetic reactions in sand units which reduce magnetite to iron sulphides. These reactions
have been inhibited in silts because of their lower porosity and permeability. This interpretation
is supported by a comparison of m.s. with the CMR-derived log of hydrate saturation which
reveals that the m.s. of sand decreases by a factor of two with increasing hydrate saturation. This
observation is consistent with sulphate reduction and changes in the geochemical regime
associated with gas hydrate formation and dissociation.

We use these findings to analyze magnetic field observations in the Mallik region.
Forward magnetic models demonstrate that the measured m.s. contrasts between hydrate and
non-hydrate-bearing sediments generate anomalies with amplitudes significantly smaller than
those observed in the region. This implies that magnetic methods may not be a useful
exploration tool in this particular environment. However, independent studies conducted in the
marine hydrate setting in Cascadia document magnetic susceptibility contrasts between hydrate
and non-hydrate-bearing sediments that are an order of magnitude larger than those observed at
Mallik. In this case, forward models demonstrate that the resulting magnetic anomalies should
be detectable at the seafloor. More studies are underway to determine the triggers for the
observed magnetic reduction in gas hydrate-bearing sediments, the reaction pathways and the
circumstances under which magnetic methods may be a viable exploration aid for gas hydrate
deposits.

Carmel Lowe, Randy J. Enkin, Judith Baker and Scott R. Dallimore

Geological Survey of Canada

P.O. Box 6000

Sidney, BC V8L 4B2, Canada

E-mails: clowe@nrcan.gc.ca, renkin@nrcan.gc.ca, jubaker@nrcan.gc.ca, sdallimo@nrcan.gc.ca
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Can Fractures in Soft Sediments Host Significant
Quantities of Gas Hydrates?

POSTER NOT AVAILABLE

Tom McGee, Carol Lutken, Bob Woolsey, Rudy Rogers, Jennifer Dearman, F.L. Lynch,
Charlotte Brunner, and Jenny Kuykendall

Current interest concerning what types of geologic features contain significant
accumulations of gas hydrate arises from the expectation that some day commercial quantities
of natural gas will be produced from hydrates. Various geologic structures within the hydrate
stability zone have been imaged seismically but there is little consensus concerning serious
candidates for exploratory drilling. Some investigators favor targeting sandy sediments where
porosity and permeability are greater than in silts and clays. Others expect fractures within fine-
grained sediments may host greater volumes of hydrates. The latter scenario seems to fit better
with conditions in the hydrate stability zone in the northern Gulf of Mexico and with laboratory
results.

Hydrates have been created in the laboratory by adding natural gas, sea water and
naturally occurring microbial surfactants to artificial sediments comprised of smectite, kaolinite
and sand under appropriate conditions of pressure and temperature. Findings show that
biosurfactants greatly enhance hydrate formation and that hydrates form preferentially on
smectite (a known component of soft sediments in the Gulf) rather than kaolinite or sand. Given
sufficient natural gas, all that remains to complete the formation of hydrates is a mechanism of
producing a dense population of fractures open to gas and water circulation. This presentation
postulates that the mechanism is polygonal faulting and provides supporting evidence.

Tom McGee, Carol Lutken and Bob Woolsey Rudy Rogers, Jennifer Dearman and F.L. Lynch
University of Mississippi Mississippi State University
University, MS 38677 USA Starkville, MS 39762 USA

E-mail: inst@mmri.olemiss.edu
Charlotte Brunner and Jenny Kuykendall
University of Southern Mississippi
Stennis Space Center, MS 39529
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Detecting Methane Hydrates Using Controlled Source
Electromagnetic Imaging

Simone Medonos

Methane hydrates are electrically insulating with a high resistivity signature relative to
surrounding porous sediments. Seismic reflection profiling has been predominantly used to infer
their presence. The bottom simulating reflector (BSR) indicates the lower boundary of the
hydrate. In some cases, seismic profiling falls short of detecting hydrates. For example, when
the BSR is present, the upper limit of the hydrate can be difficult to delineate, and occasionally
is not present at all. There is also general difficulty in inferring the extent and mass of hydrate
prior to drilling. CSEMI may provide a solution to such problems.

Modelling has determined that CSEMI can detect hydrates in various scenarios.
Controlled source electromagnetic imaging is a method of mapping subsurface electrical
resistivity variations in the seafloor and has potential to detect resistivity contrasts between
resistive hydrates and the surrounding more conductive sediments.

Controlled source EM imaging uses a towed horizontal electric dipole (HED) source to
transmit a low frequency EM field to an array of static seafloor receivers. By studying the
variation of the received signal as the source is towed through the array, the electric resistivity
structure of the underlying earth can be determined at depth scales of a few tens of metres to
several km. The resulting fields are particularly sensitive to resistive layers which are thin
relative to their depth of burial. In favourable circumstances these layers can be linked to the
presence of methane hydrate.

This poster will briefly outline the principles of the CSEMI method, and focus on
presenting results from modelled hydrate case studies.

Simone Medonos

OHM Limited

Aberdeen, Scotland

United Kingdom

E-mail: simonemedonos@yahoo.co.uk
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@ CSEMI surveying
Methane hydrates on continental margins In CSEMI surveying, we use a deep-towed horizontal electrical dipole
represent both a potential resource and a haza_rd. I_n (HED) element as the transmitter. The unique DASI transmitter system,
some cases they can be detected as seismic is able to operate in up to about 4 km of water, and is fitted with a 300 m = %
horizons - ‘bottom-simulating reflectors' - l?ul in long 1000 Adipole. The resulting signals are measured by autonomous !
other cases they can not. In_elther case, seismic seafloor receivers. For this purpose, a set of recording instruments can 1
methods have  limited ability to quantify the be deployed. They are each fitted with two horizontal and one vertical |4
proportion of hydrate present, and any free gas dipole and have a 24 bit logging capacity. The DASI-receiver g
combination is able to provide high quality data at source-receiver offsets 4
of typically 15 km, providing structural data to depths of typically 3-4 km 1

Hydrate and free gas have electrical resistivities
that are orders of magnitude greater than those of
aqueous pore fluids.  Electromagnetic survey
methods, which are responsive to resistivity
variations, should therefore be valuable for hydrate
studies.

Hoizontal electiic dipole Souice

beneath the sea floor.

The decay of the amplitude of the electric field and the increase in its
phase delay (travel time) with source-receiver offset are dependent on
sub-seafloor electrical resistivity structure. Responses can be forward
modelled or inverted, to provide structural data in 1-D, 2-D or 3-D,

[ H \ A ‘. L4 \

depending on survey cor

Modelling thin hydrate
layers

®

The graph below shows the computed amplitude of
electric field plotted against source-receiver offset,
for a set of simple 1-D models, and for an in-line HED
source and receiver configuration.

The modelled water depth is 400 m, and the seabed
consists of i of resistivity 1 oh tre.
Embedded within the sediments, at a depth of 200 m
below the seafloor, is a 5 m thick layer of hydrate of
varying resistivity.

The figure shows that for realistic resistivity values,
even such thin hydrate layers should be readily
detectable by the controlled source EM method.

Thin layer detection, geometric modes in
CSEM sounding, and polarisation ‘splitting’

While the graph in (3) shows that in principle the CSEM method should be able
to detect thin layers of resistive material (such as methane hydrate) within the
seafloor, we need to do more to show that a real survey over such a layer
would produce a detectable anomaly in the data obtained.

The first step (above, right) is to normalise the amplitude data with respect to
that which would be obtained in the absence of a resistivity layer - in other
words, with respect to the calculated response of 400 m of seawater overlying
a 1 ohm-m seafloor halfspace. Inthe absence of any anomaly, the data would
then plot at a value on the y-axis of 1. In our example, we see that the resistive
hydrate layer produces a significant anomaly in the data at a source-receiver
offset of around 3 km. At short ranges, the signal does not penetrate deep
enough to reveal the resistive layer. At long ranges, leakage of signal up
through the water column, along through the atmosphere, and back down to
the receiver decreases overall sensitivity to buried structure. In between, the
in-line HED source-receiver configuration is very sensitive to the presence of
theresistive layer.

Ifthe HED transmitter and receivers are arranged in a broadside configuration
(middle right), then the interaction of the electromagnetic field with the thin
resistive layer is dominated by a contrasting polarisation. The resultis thatin
this configuration, the active EM method is only weakly sensitive to the
presence of the hydrate layer.

If we compare the in-line and broadside configuration responses, using the
normalised amplitude plot approach (below, right) then we see the contrasting

iour of the tv i d ighli Because the responses in
the two geometric modes are most strongly influenced by electromagnetic
field polarisations that interact very differently with the resistive layer, we are
able to observe a istic ‘splitting’ of i caused by
the hydrate layer. This splitting phenomenon is a powerful diagnostic tool for
determining whether the seafloor contains a resistive layer underlain by more
conductive material below.

freweet

Inline respanse, normalised ampitudes, § m hydrate layer

Broadsido rosponse, normalised ampitudes, 5 m hydrato layor

Discriminating
between models

Inn s Brosdid eponse, ey cessing monctocaly wi deh

and Conclusions

situations on continental margins, for
example if porosity decreases with
depth due to compaction. If we take
only the inline configuration response,
it can be difficult or impossible
distinguish this from a buried hydrate
layer. However if both geometric
modes are used, the diagnostic test is
straightforward, since the decreasing
porosity model does not produce the
diagnostic ‘split’.

In our second example, the thickness
of the overburden is varied, but the
resistive layer remains detectable.

[ET——

active EMresponse.

Farge o)

hydrate layers.

discrimination.

Modelling real situations,

We have computed the in-line active EM
responses for two real situations, using well-log

We have investigated the ability of the Geonety 007 data from continental margin locations with
active EM method to discriminate known methane hydrate accumulations.
between various different classes of 2, e ooty @

models. Here we show two [+ Our first example (above, right) is taken from
examples. g 82 ODP sites 889 and 890 on the Cascadia Margin
In the first case (above, right), we (Hyndman et al., 1999). Here, the hydrate is
show the response of a model in L3 % " e, ¢ ¢ disseminated, and corresponds to a resistivity of
which resistivity increases - just 1.8 ohm-m over a depth interval of 35 m.
monotonically with depth beneath the | Nonetheless adetectable anomaly is indicated.
seafloor. This can arise in many e rsponse, 5 m e aer. vy v dicknes t.\

Our second example is taken from ODP site 570
at the Middle America Trench (Mathews & von
Huene, 1985). Here a massive hydrate layer 5 m
thick has a resistivity of about 150 ohm-m,
leading to a very strong predicted signal in the

We conclude that active EM sounding on
margins using HED source and
receiver configurations can indeed provide
valuable information on sub-seafloor methane
Observations of amplitude
splitting between geometric modes will play an
important role in data interpretation and model
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APPENDIX B

Subsurface and Morphologic Setting of 2778 Methane Seeps
in the Dnepr Paleo-delta, Northwestern Black Sea

Lieven Naudts, Jens Greinert, Yuriy Artemov and Marc De Batist

The Dnepr paleo-delta area in the NW Black Sea is characterized by an abundant
presence of methane seeps, which were observed for the first time by Polikarpov et al. in 1989.
During the CRIMEA expedition of May—June 2003 and 2004 detailed multibeam, seismic and
hydroacoustic water-column investigations were carried out in the area to study the relation
between the spatial distribution of the methane seeps, seafloor morphology and subsurface
structures.

During the two expeditions, 2778 new methane seeps were detected on echosounding
records in an area of 1540 km2. All seeps are located in the transition zone between the
continental shelf and slope, in water depths of 66 to 825 m. The integration of the hydroacoustic
and geophysical datasets clearly indicates that methane seeps are not randomly distributed in
this area, but are concentrated in specific locations.

The depth limit for the majority of the detected seeps (725 m water depth) coincides
more or less with the stability boundary of pure methane hydrates. This suggests that, where gas
hydrates are stable, they play the role of buffer for the upward migration of methane gas and
thus prevent seepage of methane bubbles into the water column.

Higher up on the margin, gas seeps are widespread, but careful mapping and integration
of the datasets illustrates that seeps occur preferentially in association with particular
morphologic and subsurface features. On the shelf the highest concentration of seeps can be
found in combination with elongated depressions. On the continental slope seeps are
concentrated on crests of sedimentary ridges, in the vicinity of canyons (bottom, flanks and
margins) or in relation with submarine landslides. The seismic data show the presence of a
distinct “gas front” within the seafloor sediments, which is characterised by acoustic blanking
and enhanced reflections. The depth of this gas front is variable and locally it domes up to the
seafloor. These areas of gas front updoming coincide with areas where seeps were detected in
the water column. A regional map of the subsurface depth of the gas front emphasises this “gas
front—seep” relationship.

The integration of all data sets allows us to suggest that the spatial distribution of
methane seeps in our study area is controlled by several factors (stratigraphic/sedimen-
tary/structural). The presence of seeps at the crest lines of the sediment ridges can be a result of
relief inversion. Coarse-grained sediments deposited on canyon floors can act as a focused
conduit for seepage. As a result of the seepage, sediments are carbonate-cemented and stand out
as ridges after a period of erosion. Seeps associated with submarine landslides can be due to
upward migration of fluids along faults, resulting in a reduction of slope stability or can be the
result of steepened pore-pressure gradients adjacent to scarps due to the sudden erosion
associated with slumping.

Lieven Naudts Jens Greinert

Renard Centre of Marine Geology (RCMG) Leibniz-Institut fiir Meereswissenschaften
Gent University Wischhofstrasse 1-3,

Krijgslaan 281 s8 24148 Kiel, Germany

B-9000 Gent, Belgium E-mail: jgreinert@ifm-geomar.de

E-mail: Lieven.Naudts@Ugent.be
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APPENDIX B

A Re-examination of Beaufort Sea—MacKenzie Delta Basin Gas Hydrate Resource Potential
Using a Petroleum Play Approach

Kirk G. Osadetz and Zhuoheng Chen

An environment favoring gas hydrate stability and a timely petroleum flux of
appropriate composition into suitable reservoirs are necessary conditions for gas hydrate
accumulation. A re-examination of regional Beaufort Sea—Mackenzie Delta Basin gas hydrate
resources derived using both deterministic spatial and reservoir parameter probabilistic models
permit regional resource characterization as a function of reservoir parameters that are potential
proxies for technological and economic supply definitions. The deterministic total estimate =
8.82x10"> m’ GIP portrays resource geographic distribution, illustrated by gas hydrate saturation
(6.40x10"* m’ and 4.59x10'> m® GIP if average gas saturation is >30% and >50%, respectively).
A comparable expected total = 10.23x10'> m® GIP, similarly constrained (expected 6.93x10'
m’ and 4.20x10'* m3 GIP if gas saturation is >30% and >50%, respectively) is obtained using a
probabilistic method that describes resource potential with an associated uncertainty. Estimates
of regionally sequestered methane in gas hydrates constrain long-term regional methane flux
rates from tectonically active petroliferous provinces, here <0.09-4.20 mg/m*/d, which is lower
than the tens to hundreds of mg/m?/d suggested recently.

Kirk G. Osadetz Zhuoheng Chen
Geological Survey of Canada Geological Survey of Canada
3303-33rd Street, NW 3303-33rd Street, NW

Calgary, AB T2L 2A7 Canada Calgary, AB T2L 2A7 Canada
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Density

A RE-EXAMINATION OF BEAUFORT SEA-MACKENZIE DELTA BASIN GAS HYDRATE
RESOURCE POTENTIAL USING APETROLEUM PLAY APPROACH

Kirk G. Osadetz' and Zhuoheng Chen'
' Geological Survey of Canada, 3303-33" Street, NW, Calgary, AB, Canada, T2L 2A7

SUMMARY

An environment favoring gas hydrate stability and a timely p flux of approp into
suitable reservoirs are necessary conditions for gas hydrate accumulation. A re-examination of regional
Beaufort Sea-Mackenzie Delta Basin (BMB) gas hydrate resources derived using both deterministic spatial
and reservoir parameter probabilistic models permit regional resource charactenzatlon as a function of
reservoir parameters that are potential proxies for nd The
deterministic total estimate = 8.82x10" m" GIP portrays resource geugrapmc msmbuuun illustrated by gas
hydrate saturation (6.40x10” m’ and 4.59x10" m’ GIP if estimated GH saturation is >30% and >50%,
respectively). A comparable expected total = 10.23x10" m’ GIP, similarly constrained (expected 6.93x10" m*
and 4.20x10" m’ GIP if GH saturation is >30% and >50%, respectively) is obtained using a probabilistic method
that describes resource potential with an of regionally methane
in GHs constrain long-term regional methane flux rates from tectonically active petroliferous provinces, here
<0.09-4.20 mg/m?d, which is lower than the tens to hundreds of mg/m*/d suggested recently.

Non gh well
No data well
Gh well
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Figure 4: GH resource potential map resulting from the
GH yield map, i.e. scaled to show low GH yields), with the coastline of the Beaufort Soa shown for geograpmcal
reference.

The deterministic estimate of GH, illustrates the influence of favourability factors
affecting GH occurrence and yield (compare to the tectonic intensity map, Figure 2). An independent resource
appraisal can be derived from the p of the functions of GH
accumulation and reservoir parameters inferred from the well profiles used as data points to map the

7551 - L L deterministic resource estimate.
3.5 4 4.5 5 55 6 65 7 7.5
o fi Figure 5 (parts A, B, C and D, clockwise from
Figure 1: Location of wells with and without inferred gas hydrates as well as the inferred GHSZ thickness map e ||| upper left): Empirical cumulative probability
(metres) of the BMB, with the coast of the Beaufort Sea for geographical reference. § II" | \ plots of reservoir parameters, used in a
204 N Monte Carlo resource model calculation, as
i derived from the analysis of the digital log
G G Ol& | Toal NS0T NG N2 NS 3 ozl \k suite in inferred gas hydrate wells.
onv. onv. ole .
3 ) . Zof e 2 o A) Reservoir thickness in metres (m).
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H “ D) Average reservoir porosity in percent of
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Table 1: BMB GH occurrence in conventional petroleum  Table 2: Correlation table showing the association I o
well classes, illustrating the assoclanon between GH of conventional petroleum (conv.) wells with ek porosiy
and the with  thicker BVB GH accumulations as a function of GH
carbon isctopic gas composition ¢ Walik Fild, net thickness (NT), in metres (m). Sgh Monte (';a o | Determi jnisti A o ]
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There is a clear association between conventional petroleum migration and accumulation with GH occurrence =
and yield. BMB gas hydrate deter g of =20 8.44 7.56 [ A'Y
petroleum system generation and migration pathways and probabilistically, considering the observed 3 e
har and hosting reservoir parameters. A comparison of the two >30 6.93 6.40 2 Se
methods, as a function of GH saturation, improves confidence in the result and provides a basis for the future =40 554 5.48 d .
development of geological proxies for reservoir performance. . - o
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Table 3 (above): Results of the two independent assessments as a 3 } ui
function of gas hydrate saturation. £ ) 1R
&
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resource as a function of GH saturation (Figure 4). . \ \
0
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Figure 2: Tectonic Intensity Index (i.e., fault and fold density) map for the BVIB, a geological proxy indicator for
gas migration into the GHSZ, with the coast of the Beaufort Sea for geographical reference.

Figure 3a and 3b: Probability densities of Tectonic Intensity Index for GH and non-GH wells for all (left) and
richer (Sgh>50%, right) GH occurrences.

resource as a function of GH saturation (Figure 5). Estimated GH. potential, m 10

CONCLUSIONS

BMB GH occurrence (122 wells] is restricted to areas where the permafrost is generally >200 m thick. Rich and
thick GH y with deeper pools, near faults that
facilitated the migration ovmermogemc gases into the GHSZ. Lean accumulations or a faok of GHs are
associated with “dry” conventional petroleum prospects and contractional tectonic settings, even where
permafrost s thick.

A revised deterministic resource estimate of GH is 8.82x10" m’ GIP. If that resource is classified as a function
of gas saturation, the volume, where average gas saturation is >30% and >50%, is 6.4x10” m’ and 4.59x10" m’
GIP, respectively. A probabilistic approach indicates an expected total natural gas resource of 10.23x10' m*
with a description of uncertainty range that does not account for the uncertainty in individual prospect area.
The probabilistic resource potential is 6.93x10” m’ and 4.2x10" m’ GIP for regions where gas saturations are
>30% and >50%, respectively.

A geographically based petroleum play approach to GH resource assessment improves accumulation
characterization as a function of reservoir of and risks. The
apparent, large volume, rate and efficiency with which methane is trapped in the GHSZ compared to the total

as Hydrate as Hydrate
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02 2z 02
0.1 2 0.9
0. 0.1
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tential of the BMB suggests that major deltas can be studied to estimate their contribution to the
historical methane budget of the atmosphere.

ACKNOWLEDGEMENTS

IHS Energy Ltd. graciously donated 4054 digital well log curves for analysis by this project. The check shot
velocity data were kindly provided by Shell Canada Ltd. Dr. Dale Issler provided a revised permafrost map as
well as the pressure and thermal gradient data for this study. Ms. Kezhen Hu helped with data gathering. The
proceedings manuscript benefited from internal reviews and comments by Drs. G Stockmal and D. Issler,
whose comments improved the presentation.



APPENDIX B

The Biogeochemical Cycling of Methane in Sediments Overlying Gas Hydrates in Barkley
Canyon: Fatty Acid and Pore Water Geochemical Evidence

John Pohlman, Elizabeth Canuel, Laura Lapham, Jeffery Chanton,
Ross Chapman and Richard Coffin

Massive seafloor-exposed thermogenic gas hydrates were recently reported from
Barkley Canyon (Northern Cascadia Margin, offshore Vancouver Island). Profiles of dissolved
constituents from sediment push cores collected with the ROV ROPOS around these hydrate
mounds were obtained from samples collected in June 2003 to investigate the biogeochemical
cycling of dissolved methane in sediments overlying and adjacent to gas hydrate mounds. The
cores were collected from within four distinct ecological regions near the hydrates: 1) bare
sediment; 2) vesicomyid clam communities; 3) bacterial mats; and 4) carbonate encrusted
sediments. Of nine cores analyzed, four had high concentrations of methane (0.4—12 mM) and
offered evidence for extensive anaerobic oxidation of methane (AOM). For example, within the
sulfate—methane interface (SMI), we observed depletion of methane and sulfate (AOM
substrate) and enrichment of dissolved inorganic carbon (DIC) (14-26 mM) (AOM products).
Below the SMI, near-surface methanogenesis contributed to the high methane concentrations.
AOM in sediments covering gas hydrates was an efficient mechanism for blocking the transfer
of methane from hydrates into the water column. On average, the near-surface dissolved
methane pore water concentrations were 93% lower than the highest concentration within each
push core. These observations will help us understand the factors that control the fate of
methane in seafloor hydrate fields and have implications for delineating the contribution of gas
hydrates in global carbon and methane budgets. Compound specific carbon stable isotope
analysis was performed on fatty acids from a gas-charged core exhibiting evidence of AOM.
Depletion of °C in fatty acids known to occur in sulfate reducing bacteria (SRB) supports the
hypothesis that these bacteria were associated with AOM. Recent studies from cores collected
near hydrate accumulations at Hydrate Ridge and Bush Hill (Gulf of Mexico) also reported °C
depletion in fatty acids. The fatty acids exhibiting the °C depletion, however, were different.
The difference was attributed to the presence of different SRB or other bacterial species. We
observed "°C depletion in the fatty acids reported from both sites, which may suggest a more
diverse SRB community in Barkley Canyon. Future studies will investigate the
chemotaxonomic diversity of additional cores collected within the distinct ecological regions
observed in Barkley Canyon.
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APPENDIX B

Characterizing Methane Hydrate Through Scientific Ocean Drilling
POSTER NOT AVAILABLE
Frank R. Rack

Scientists will focus on characterizing methane hydrate across the Cascadia continental
margin, offshore British Columbia, Canada, during Integrated Ocean Drilling Program (IODP)
Expedition 311 (http://www.iodp.org) from August 24 to October 7, 2005 using the JOIDES
Resolution, a 471-foot-long, riserless, scientific ocean drilling vessel (SODV) operated by the
JOI Alliance, or U.S. implementing Organization (http://www.oceandrilling.org). The
operations offshore Cascadia are the latest in a long history of scientific ocean drilling
investigations of methane hydrate and bottom simulating reflectors (BSR), which began with the
Deep Sea Drilling Project (DSDP) in 1968 and continued through the Ocean Drilling Program
(ODP), which ended in 2003. The technologies developed and lessons learned from these past
activities, which included dedicated hydrate investigations on ODP Legs 164 (Blake Ridge and
Carolina Rise) and 204 (Hydrate Ridge, offshore Oregon), will be used to advance the current
state of the art on this upcoming IODP expedition. The current operational plans include the
potential use of various pressure coring systems (e.g., PCS and HYACINTH tools), wireline
downhole temperature and pressure measurements, logging-while-drilling/measurement-while-
drilling (LWD/MWD) systems, and other measurement, sampling and laboratory techniques to
advance our understanding of these deposits. Collaborative projects are being explored in an
attempt to provide the optimum technical, scientific and engineering capabilities to the science
party on this expedition.

Dr. Frank R. Rack, Director

Ocean Drilling Programs (IODP-USIO and ODP)
and DOE Programs (Gas Hydrates)

Joint Oceanographic Institutions, Inc.

1201 New York Avenue, NW, Suite 400
Washington, D.C. 20005 USA

Email: frack@joiscience.org




APPENDIX B

New Dissociation Model of Methane Hydrate Developed by
CFD and Experiment

Wo-Yang Sean, Toru Sato, Akihiro Yamasaki and Fumio Kiyono

The decomposition rate of methane hydrate in aqueous solute is newly modeled. The
model consists of two parts: one is mass transfer from the surface to an imaginary buffer layer,
and the other is that from the buffer layer to solute. In the buffer layer, chemical potential is the
driving force of the decomposition, the flux of which must be equal to that from the buffer layer
to the solute, where advection-diffusion takes place. To determine the dissociation rate constant,
a single spherical pellet of the hydrate is considered. In order to make calibration curves
between the decomposition rate and the methane flux under several conditions of pressure and
temperature in the L-H phase regime, we conducted numerical simulations of flow and mass and
heat transfer about the pellet with 3-dimensional unstructured grids. The flux from the pellet
measured in laboratory experiments were applied to the curves to obtain the intrinsic
decomposition rate constant. This rate constant was verified by the measurement of the amount
of methane babbles dissociated form the pellet in the V-H phase regime. Eventually, it was
shown that the mass flux at the pellet surface calculated by our new dissociation model is in
good agreement with that of measurement.

Toru Sato
University of Tokyo, Japan
E-mail: sato@triton.naoe.t.u-tokyo.ac.ip




APPENDIX B

New dissociation model of methane hydrate

-
developed by CFD and Experiment
Wu-Yang Sean*a, Toru Sato3, Akihiro Yamasaki®, Fumio Kiyono®
aDepartment of Environmental Studies, University of Tokyo, Japan
bNational Institute of Advanced Industrial Science and Technology (AIST), Japan

Abstract

The main objective of this work is to investigate the
kinetics of methane hydrate (MH) by numerical and
experimental methods and then, to provide a useful
module of its decomposition for the estimation of
production rate. A new model was first developed for
the dissociation rate of

Dissociation Model at the Surface of MH o\, Results of experiment

Dissociation rate based on the D" 'te \lnt;he buffer layer - We have conducted MH decomposition experiments by using a
chemical potential difference iffusion rate at the surface - spherical pellet with the diameter of 0.01 m, and measured the
F, =k, Au ‘ ko RTInC  pove o A= R7In Sl | pelled solution concentration C,.

Pl Fuocz

obtaining an unknown  intrinsic e
constant in our model, we conducted laboratory
experiments of MH decomposition and measured the
concentration of solution. By applying the numerical
code, the dissociation rate constants were determined
under various flow conditions of ambient water, such
as pressure, temperature. Moreover, for investigating
the feasibility of the new model in the V(apor)-
L(iquid) state, the verification experiment was
conducted to measure the flux of methane bubbles
and compare with the results of new model and a
conventional model. It was found that our new model
shows good accordance with experimental result.

Introduction
Objective
-Establish a new equation expressing for estimating
the dissociation rate of MH in porous media
-Accurate prediction of the dissociation rate of
methane hydrate under various boundary conditions
Review
-Kim et al.(1987) measured the methane gas
collected during MH slurry decomposes; the driving
force was fugacity difference between two
equilibrium states.
+Zhang et al.(2003) measured the dissociation rate
of cubic MH pellet by assuming the surface
concentration saturated.
Strategies
-Establish a new model of MH dissociation at the
surfac
-Draw up the Calibration curve by using CFD method
~Measure the concentration of solution in H-L state
~Calculate the dissociation rate constant by applying
calibration curve and measured data
-Verify the new model in V-L state

e

Yore
Pressure-composition phase diagram for
methane (V), hydrate (H) and water (Lw)

~Bp: chemical potential diff Gy sOMUbIlity of MH e i
k' rate constant of dissociation -C,"“nterface concentration =9 MPa, S ——
0-167B5 m's -
TIKI o Re
g 72 27615 | 2wmer | a7
CFD Method Example of Calibration curve TR REE T
We used a code developed by Jung and Sato (2004) that adopts PRT T R r— 27815 j:b"j Iie]
collocated finite-volume formulation and unstructured grids. The - 2807 ‘{:
equations  of ype for mass we | . g0 152
concentration C and temperature T were also solved 176
- L 209 301507

-C, are solved by the dissociation model

a specific value i calculating the points of Calibr:

i Results of verification

By using CFD method, the dissociation rate

constant  cannot be solved directly due to Observable result of dissociation

coexisting two unknowns C; and K . It is The photos captured at time interval of one minute at T=276.15|
Veloity vector, concentration, surface concentration and necessary to calculate the value of at given fugacity drop A between equiliorum and exp. condition i 0.6 MPa)
surface temperature ot 46.92 s(7=280.15K Tini=253. 15K Values of ky and draw the calibration curve
Re=135 Sco755 Prei2 ky=2110% VIL=15) oery g

Results of kj, Verification Comparison of flux
This new model developed in H-L state was verified by an Laser-diffraction instrument detects
ot Q-147sm " 115K experiment in V-L state. Because the methane bubbles ser- ffractmn
. take place in this state, the surface concentration can be
. regarded as saturated (C,= cc) By applying solved k,,, the
new dissociation model will bec
7 =3.90x 10211 ”RTln(L,, 16s)

e W Experiment Outline

Conclusion

Preparation of MH powder (ice-gas interface method) ~An universal new model has been developed.
=Make the spherical pellet of MH by using 1cm mold -In H-L state, the dissociation rate constant of new model has been

F = kyRTI(C,y1C,) e pellet was then mounted in the observation cell solved by substituting the result of experiment to calibration curve.
Here,ky () = kY -cxp(-11829/T) and drsped by fresh water +In V-L state, compare to experimental result, the deviation of flux
= R &Rdjust the pressure slowly til reach the exp. pressure of the new model is about 8%

K

3.90x10%

leasure by laser-diffraction instrument every minute




APPENDIX B

Methane Hydrate Research at Heriot-Watt University
Bahman Tohidi

The Centre for Gas Hydrate Research, Heriot-Watt University, has been active in
various areas of methane hydrate research since 1986. Among some 20 operational hydrate
experimental set-ups, the Centre currently has five designed specifically for investigating
hydrates in natural and synthetic sediments samples. These include:

* A Porous Media Rig (Max 400 bar) for investigating hydrate equilibria and kinetics
in porous media, including the effects of sediment mineralogy, pore size distribution,
wettability, gas/liquid saturation and pore water salinity.

*  Two Glass Micromodel Rigs (Max 80 and 400 bar) for visual studies of gas hydrate
systems at the pore scale in synthetic 2-D (one pore thickness) models. Micromodels
provide novel visual information on the mechanisms of gas hydrate formation (e.g.,
from free gas and/or dissolved gas) and dissociation, hydrate morphology and
distribution of phases within pore space as a function of various parameters (e.g.,
subcooling, gas composition, salinity, wettability).

* Two Ultrasonic Rigs (Max 400 bar) for investigating physical and mechanical
properties of hydrate-bearing sediments. Ultrasonic set-ups can be used to study
sonic velocity, resistivity, porosity, apparent relative permeability, hydrate
cementing characteristics and sediment mechanical strength as a function of various
parameters (e.g., hydrate saturation, pore and overburden pressures, mineralogy, gas
and liquid compositions). Additionally, they provide a means to simulate various
scenarios such as gas production from hydrates and CO; sequestration in the hydrate
stability zone.

The aim of this presentation is to provide an overview of experimental set-ups and
important results to date, setting the scene for discussion on further studies and the potential for
future international collaboration.

Professor Bahman Tohidi

Centre for Gas Hydrate Research
Institute of Petroleum Engineering
Heriot-Watt University

Edinburgh EH14 4AS UK
bahman.tohidi@pet.hw.ac.uk
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Methane Hydrate Research Areas

Hydrate research at Herot-#ias Universiy (HWLU) kas a sirong focus on
subses and permalrost methane hpdrase systems. Curment experimental
and theoretical studies Incluce”

* Fundamenials of hydrale ohase equitona in oerous media
- & ! fydrades
" Gas hydraie phase behawiour af fhe pors SCale in sediments

= Hydrades for memane prOduCion and'sr CO; sequesination

Hydrate Phasa Equillbria In Porous Media

Host sediment controls on gas hpdrate formation and distribution are s3I
pacry uncersiood. An Imporamt focus of research at HWU concems e
fundamer:ais of hydrate squlibria in natural and syninetlc porows medls
Izzues under mvesiigation nclide ;

= Eftect of pore size distrisotion (PO}

- Efect of gas and pors wafer composiions (e.g. satly)

= Effact of wetiabllky (hycrophifc vs. hytropfobl pore swrfaces)
= Effact of sediment mizeraiogy

= Hinsdics of groawth and fissoolslion in pormus medls

Thermodynamic Maodalling

Deveioped whh suppert from major o and gas companies, Heriol-
Walt Hydrafe (FANHYD) I3 an accumate and vermatie tool for ihe
tmermocynamic modeling of hydmase sysiems. The research wersion
of the model has can perform @ varety of FYTX calulations for
peedicting kydrate squilbria In natural sediments, including:

* Hydrate sabilly Zone pedicons for muNi-ComEenen gases

* Fhase Mash (amounr £ comeosition) calcwanons (Rydrale, wader,
gas, Nguid hydrocarken, etcl

+ @as solubdly in fhe presence of gas Rydrades

+ Effect of pore size (capiVary pressove) on hydrfe stabily

* Emect of pore warer composiion (.0 Nac), KC§

Phase Bahaviour at the Pora Scala Hl: [{[L}T

AT
High-pressure micomessl studles provice '\\ \TT
3 novEl means to examine Rydrate phase
berawlour at the pore scae Models yleic
Imperiant visual infermation on:

The high pressus giass. * Mechanisms of hydrase famason ie.0.
micremodel and eeparimentsl growth from disscived andior fee gas)
_“.:-._--l-u | Iremsrens gat-up (41 MPR) - Hyaras mamghoiagy

* Dlslzaion of ghases In pores
- Wetiablity and ps=udo-cemensaiion
= Effactof gas compasition and salnky

= Eimuiation of various scenaros (e.0.
metnane production, GOy sequesimtion)

Gaophysical Properties of Sedimante Hosting Hydrates

Guantfiaive knowledge of how hycrates alter seciment
properties I3 wital %o the icentfication and guantiication of hyorate
accumwiations, and understancing $her Inks o seafioor sianiky. The
effect of Fydraces on sedimen CrOpEREs ane Deing Stodied usng
soecificaly cesigned ‘Ulirascric Rigs'. Measurements Include:

* Bedment F- and S-uave oroperties (veochy, Fequency, amplituce]
* [Elecirical resistiviy

* [Porosky and relstve permeablity

+ Mizchanical properties (e.0. shear strangth, siress v simaln)

+ E*fact of wetiablity and hydrase prewdo-cementation of grans

+ E*fect of seciment mineraicgy

* [Effect of overbunden pressune
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APPENDIX B

Seismic Investigations With S-waves of Gas Hydrate Systems in the Continental Margins of
NW Svalbard and Western Norway, off Storegga

Graham Westbrook and members of the HYDRATECH Consortium

High-resolution seismic data from arrays of closely spaced four-component ocean-
bottom seismic recorders, acquired from two sites off western Svalbard, and from one site on
the northern margin of the Storegga slide, off Norway, show S waves, generated by P—S
conversion on reflection, in addition to P waves. The P and P-S waves were inverted jointly to
provide P and S velocity models, using 3-D travel-time tomography, 2-D ray tracing and 1-D
waveform inversion. At the NW Svalbard Site, positive Vp anomalies above a BSR indicate the
presence of gas hydrate. A layer up to 150-m thick, containing free gas, beneath the BSR is
indicated by a large reduction in Vp without a significant reduction in Vs. At the Storegga slide
site, the lateral and vertical variation in Vp and Vs and the variation in amplitude and polarity of
reflectors indicate a heterogeneous distribution of hydrate that is controlled by stratigraphically
mediated migration of gas. S-wave velocity provides an important constraint in predicting
hydrate concentration and yields lower concentrations than predictions based on Vp alone.
Hydrate concentrations of up to 5% and 11% of pore space, at the NW Svalbard site, and of up
to 10% or 20% at the Storegga site, depending on the model for hydrate cementation, were
derived using Biot-theory-based and differential effective medium approaches.

The S waves show clear evidence of azimuthal seismic anisotropy. Analysis of the azi-
muthal variation in response of the transverse horizontal component, particle-motion hodo-
grams and full-waveform anisotropic modelling indicate an azimuthal variation in velocity of up
to 10% in the free-gas zone beneath the BSR, and weaker anisotropy in the hydrate zone above
it. The polarisation direction of the fastest shear wave is broadly NW-SE, varying between 115°
and 135° as a function of location and, in places, depth. The most probable explanation for this
anisotropy is the presence of near vertical, aligned micro-cracks parallel to the fast direction,
containing gas below the BSR and a combination of hydrate and pore water above. These cracks
may act as migration pathways for methane in solution and free gas.

Graham Westbrook

University of Birmingham
Birmingham, United Kingdom
E-mail: g.k.westbrook@bham.ac.uk
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APPENDIX B

Seismic investigations with S waves of gas
hydrate in the continental margin of NW Svalbard

G. K. Westbrook (1), S. Buenz (5), A. Camerlenghi (4), J. Carcione (4), S. Chand (6), 5. Dean (6), J-P Foucher (3), E. Flueh (2), D. Gei (4),

European Commission R. Haacke (1), F. Klingelhoefer (3), C. Long (1), G. Madrussani (4), J. Mienert (5), TA. Minshull (6), H. Nouzé (3), S Peacock (1), G. Rossi (4),
FPS Programme T Reston (2), M. Vanneste (5), M Zillmer (2)
E\/KZE: ?jl}hza&]g%gg 43 1 - Earth Sciences, School of Geography, Earth & Environmental Seiences, University of Birmingham, UK. 2 - IFM-GEOMAR, Germany.
T a 3 - IFREMER, Brest, France. 4 - OGS Trieste, ltaly. 5 - Institute of Geology. University of Tromsg, Norway.
6 - School of Ocean & Earth Sciences, University of So. on,

High-resolution seismic data from arrays of closely spaced four-component ocean-botiom seismic recorders, acquired from two sites off western Svalbard show S waves, generated by P-S conversion on reflection, in addition to P waves. The P and £-S
waves were inverted jointly to provide P and S velocity models, using 3D ravel-time tomography, 20 ray tracing and 1D waveform inversion. At the NW Svalbard Site, positive Vp anomalies above a BSR indicate the presence of gas hydrate. A layer up
to 150-m thick, containing free gas, beneath the BSR is indicated by a large reduction in Vp without a significant reduction in Vs. S-wave velacity provides an important constraint in predicting hydrate concentration and yields lower concentrations than

prediictions based on Vp alone. Hydrate concentrations of up fo 5% and 11% of pore space, at the NWW Svalbard site, depending on the model for hydrate ion, were derived using Biot-theary-hased and difierential effective medium approaches.
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APPENDIX B

Coordinated Mapping and Quantification of Ocean Floor Hydrate-associated Methane
Sources With Manned Submersibles, AUV's and Moored Event-driven Sensor Arrays

POSTER NOT AVAILABLE

Jean Whelan, Richard Camilli, Oscar Pizarro, Norman Farr, Joanne Goudreau,
Christopher Martens, and Howard Mendlovitz

Recent evidence has shown that gases, particularly methane, are at high concentrations
in many gas hydrate areas which actively vent methane-enriched cold fluids through the ocean
floor. Occasionally episodes of massive bubble plume eruptions occur. More commonly,
dissolved gases, sometimes along with small bubble streams, vent through small fissures in the
ocean floor. This venting occurs in many locations worldwide and is important to the biology,
chemistry and geology of the ocean. However, no standard strategy exists for systematic
exploration and mapping of these highly localized vent features, and at the present time these
methane vents continue to be found almost accidentally. Even after methane venting features are
found and mapped, it is difficult to obtain reliable measurements of gas fluxes because venting
tends to be very heterogeneous and episodic. As a result, the effects of a major source of gas
venting to the oceans and its effects on seafloor and sub-seafloor gas hydrates are almost
unknown. We describe a comprehensive approach being applied in the Gulf of Mexico
(MC118) for seafloor monitoring of gas, oil and fluids venting from methane hydrate mounds in
order to assess their influence on biogeochemistry and microbial communities in bottom waters
surrounding the hydrate zone. This approach first utilizes AUVs as reconnaissance platforms to
provide initial chemical and bathymetric surveys of the study area. This data is then processed
into maps which are used to identify target sites of potential methane seep and exposed methane
hydrate areas. Following the AUV survey, a manned submersible equipped with a Gemini in
situ mass spectrometer is then used to localize the methane seep sources. The manned
submersible is then used in conjunction with a surface ship to position a 50-meter-high tethered
benthic boundary layer array (BBLA) near the methane seeps and hydrate features, and to place
chimney sampling arrays (CSA) directly over target features. Initial results of the approach from
recent cruises to North Carolina seafloor pockmarks, the Puerto Rico Trench and the Chile
Margin are described.
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Thermodynamic and Kinetic Stability of Clathrate Hydrates

Mary Anne White

Through investigation of model hydrates, we have investigated aspects of both
thermodynamic and kinetic stability of clathrate hydrates. Thermodynamic aspects have been
studied for bulk samples. Kinetic aspects have been explored through studies of the influence of
surfactant on nucleation of clathrate hydrates from emulsions of THF (tetrahydrofuran)/
water suspended in an immiscible fluid.

Mary Anne White

Department of Chemistry, and
Institute for Research in Materials
Dalhousie University

Halifax NS Canada

E-mail: mwhite@dal.ca

2000 January 7
Stability of Clathrate Hydrates Ice Plugs Sable Gas Pipe

Mary Anne White Sable gas production has been brought to a standstill as crews
grapple with an ice plug in the undersea pipeline. Officials ordered the
shutdown early in the morning of Friday, January 7th, and it is expected to
last for at least several days. It's the second stoppage since gas started flowing
to New England customers New Year's Eve. The first incident occurred about

Department of Chemistry
and Institute for Research in 4:00am Tuesday, January 4th, when a leak was discovered on the main
Materinls production platform, forcing the evacuation of 38 workers to another section
B L . of the Thebaud platform. That same day, Sable president and general
ifa ! oUsIE University manager John Brannan had said there were no problems. The leak shut down
Halifax, Nova Scotia. g P
c d g ’ production for 48 hours while the Canada-Nova Scotia Offshore Petroleum
-anada Board and Sable officials investigated. No one was hurt during the incident.

DALHOUSIE
University

Objectives Low Thermal Conductivity of Clathrate Hydrates

" Low thermal conductivity of clathrate
o hydrate due to vibrational rattling of guests
) . e B
A. Thermodynamic aspects of stability T 1 RS
via thermodynamic cycles for bulk materials E :
B. Kinetic aspects of stability § wl -
via freezing studies of emulsions : P
| | Are clathrate hydrates
] stabilized entropically by the
y 0 W we | Motion of the guests?
TewrEsTnE 00

M.A. White, J. de Phys. 48, C1-565 (1987).
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A. Thermeodynamic Approaches to Understanding Stability

Association ), )5, )G .
reaction: |Guest + Host — Inclusion Compound

any T 4 +

M) )H,) )H,)
SDOF e GDFs)e D s)6

T=0K Guest + Host — Inclusion Compound

)H, )
5,)6

White and Perry, Chem. Mater. 6, 603 (1994),
White and Harnish, Chem. Marer. 10, 833 (1998).
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Clathrate Hydrates Investigated
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EO-6.86 H,0

[ EO + 686H,0 —> EO686H,0
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Thermodynamic Conclusions
I guest + m H,0 — guest.mH,0 (s) I

« clathrate hydrates are stabilized relative to separated guests and H,0
by enthalpic interactions: A, H<0

« atlow T, A,;S can be favourable

+ above melting point of guest, the clathrate hydrate is less stabilized
because A, S not as favourable

+ above melting point of H,0, the clathrate hydrate is less stabilized
because A, S not as favourable

« stability of clathrate hydrate relative to separated guests is fine
balance between enthalpy and entropy

M.A White, D.C. MacLaren, R A. Marriott and B.-Z. Zhan, Canadian Journal of Phystcs
81, 175-182 (2003)

B. Approaches to Understanding Stability

Aim:

Investigate freezing and melting behaviour of
THF clathrate hydrate as an emulsion in oil
(homogeneous freezing conditions)

AND loock at influence of surfactant (if any)

oil
THF/H,0

Motivated by studies by Zhang et al. J Phys. Chem. B, 108, 16717 (2004).
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+ hydrate does not nucleate ice

+ factors on which hydrate-i ion nu ion depend:
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A Comparative Study of Seismic, Electromagnetic and Seafloor Compliance Methods For
The Assessment of Marine Gas Hydrate Deposits

E. C. Willoughby, K. Schwalenberg, R.N. Edwards, R. Mir, G.D. Spence and R.D. Hyndman

The existence, distribution and concentration of marine natural gas hydrate are mostly
diagnosed using seismic data. The base of the hydrate stability zone marks an acoustic
impedance contrast, which generally mimics seafloor topography and is associated with a
bright, negative-polarity reflector, known as the Bottom Simulating Reflector (BSR). However,
limitations of seismic methods include uncertainty in the origin of the BSR, which does not
distinguish between low velocity gas and high velocity hydrate, blanking and lack of clear upper
boundary reflections. Sufficiently accurate hydrate layer velocities have been obtained at few
sites, and these could better evaluate hydrate content with reference to velocities in similar
sediments without hydrate—a situation very difficult to find. Therefore, estimation of the total
mass of a deposit is difficult using seismic data alone. We have developed two supplementary
geophysical imaging techniques for the evaluation of marine hydrate: a deep-towed controlled-
source electromagnetic (CSEM) and a seafloor compliance experiment. These methods are
sensitive to physical properties of the sedimentary section, which are modified by the presence
of gas hydrate, namely the resistivity and the bulk shear modulus depth profile, respectively.
CSEM data are gathered by inline receivers towed behind an AC transmitter; high precision
timing allows measurement of the EM field propagation time through marine sediments which
is proportional to resistivity, which is increased by the presence of insulating hydrate. Seafloor
compliance is the transfer function between pressure induced on the seafloor by surface gravity
waves and the associated deformation of the seafloor. It is mostly sensitive to shear modulus
anomalies. Shear modulus is increased by hydrates, which can cement grains together. Here we
present field data at a gas hydrate site, south of ODP Hole 889B in northern Cascadia, over a
proposed new IODP transect, where these three methodologies can be compared.
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Marine Gas Hydrate Studies off Vancouver Is., W. Canada
ABSTRACT NOT AVAILABLE

R. Hyndman

Pervasive Gas Hydrate Layer Hydrate Concentrated in Local Structures

Marine Gas Hydrate Studies off Vancouver Is., W. Canada Two Types of Marine Hydrate Occurrence
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Cold Vents and Gas Hydrates on the Hikurangi Margin: Prospects for a Joint German-NZ

Research Cruise in 2007

ABSTRACT NOT AVAILABLE

J. Greinert, 1. Pecher, S. Noddler, K. Campbell, and A. Alfano.

Intruduction

Submarine cold vents (seeps) are areas where
specific geochemical species (CH,, H.S, Ba, NH,)
are transported from deeper sediment horizons
towards the seabed surface, into the water column
and probably to the atmosphere. Cold vents are
often associated with gas hydrates, which act as
temporally variable sinks/sources for methane, the
dominant component at cold vents. Upward-
migrating fluids and gas hydrates have a strong
impact on local, regional and maybe global

biogeochemical cydles. In particular, the expulsion
of methane as dissolved or free gas (bubbles) and

e S e s it a0

o vy Sy s e A

COLD VENTS AND GAS HYDRATES ON THE HIKURANGI MARGIN:
PROSPECTS FOR A JOINT GERMAN-NZ RESEARCH CRUISE IN 2007

3. Greinert’, L. Pecher’, S. Nodder’, K. Campbell', A. Alfaro®
Joreiert@ifm-geomar.de

Gas hydrate, an ice-like substance composed of gas
molecules captured in water cages, is stabile at low
temperatures and high pressure if the gas
concentrations are high enough. Depending on the
stability conditions at the sea floor, gas hydrates directly
influence the amount of released methane; they create
unique ecosystems and might be a possible future
energy resource. Massive gas hydrate decomposition
can cause gigantic submarine landslides, perhaps trigger
tsunamis and endanger oil/gas infrastructures.

Due to the geothermal gradient gas hydrates are not
stabile below a certain sediment depth and free gas can
escape from decomposing gas hydrate or captured gas-
rich fluids. The existence of free gas can be detected by

studies; the occurence of a so-called BSR

of HS from marine sediments is important for local

cydles, allows

fauna to settle, and causes precipitates of massive
carbonate.
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Why the Hikurangi Margin?

From previous studies at the Hikurangi Margin gas
hydrates and methane venting ishas been inferred from:

1. the widespread occurrence of seismic BSR structures

2. bubble clouds in the water column (CH,?)

3. methane-derived carbonates

4. chemoautotrophic clams

Except for geophysical studies, the above mentioned
observations and sample recoveries have been made by
fisherman or occasionally while dredging for scientific
purposes. No detailed and systematic studies have been
carried out so far although the Hikurangi Margin is an ideal
place for integrative petrographic, biogeochemical,
geophysical and biological studies as fossil carbonate vents
can also be found on land in Miocene strata. However, the
limited information from offshore vents nevertheless provides
us with a unique opportunity to extend our knowledge about
gas hydrate-associated cold vent regimes, including structural

urans g s comawmi o s sedrens o
anetoGurtry e Advad

almost proves a sediment cementation by gas hydrate.
However, the absence of a BSR does not prove the
absence of gas hydrat
Although cold vents and gas hydrates exist all

over the world, our knowledge about them is
restricted to some well-investigated areas such as
the Gulf of Mexico, Hydrate Ridge, Eel River, Blake
Ridge, and the Black Sea. For a better ‘[

of these global lf
to carry out global investigations. We know véryj
little about the ecological variability of seep:
lifespans or changes in fluid activity mrough‘ time
and the real impact and importance of methane}
releaseb by fluids or decomposing gas hydrateon |
the global carbon cycle and our dlimate. ToTe‘f«end 1
this knowledge we have proposed to undertal

What we want to do

The overall aims are to study the role of methane in the
global biogeochemical cycle, to enhance our knowledge
about the global phenomenon of cold fluid venting and to
provide a more detailed data base to evaluate the possible
use of gas hydrate as a future natural energy resource in
New Zealand.

Integrative studies will be conducted using the German
research vessel RV SONNE in March-April 2007. The studies
will comprise state-of-the-art methods such as bathymetry
(EM120), side scan with subbottom profiling (EdgeTech
DTS-1), streamer seismics with different sources (G-gun,
Gl-gun, Air-Gun), OBH/S deployments, heatﬂow

visual seafloor by TV-sled, TV-
guided grab and multi-corer sampling, in-situ experiments
with a large variety of lander- based systems as well as
CTD and hydrocasts. Further, we plan to use a new Belgian
ROV for very detailed studies at active seep sites during the

controls on fluid flow, seepage zone Y, seep sevrs places s descrot by ¢ m%ﬂ"‘;m last of three legs.
istril seep y ion and i e o 6 S i i e The cruise into a larger
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German reserach project COMFI‘ which is part of the
BMBF-funded initiative ‘Methane in the global
biogeochemical system’. New-Vents is planned for 65
days starting with a geophysical leg, followed by a leg
with more detailed side-scan and visual observations
at the seafloor with first sediment/water sampling and
lander deployments. Depending on the availability of
the ROV, the last leg will include intensive sediment
sampling and insitu experiments with landers that will
be deployed for some days.
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Understanding Hydrate Processes Through Molecular and Thermodynamic Modeling

ABSTRACT NOT AVAILABLE

C. J. Anderson, R. Rakrishnan, J.

W. Tester, and B. L. Trout

Understanding Hydrate Processes Through Molecular and Thermodynamic Modeling

Brian J. Anderson, Ravi Radhakrishnan, Jefferson W. Tester, and Bernhardt L. Trout*

Department of Chemical E;

Institute of T¢
* Corresponding Author. E-mail: trout@mit.edu

, Cambridge, MA 02139, USA

Hydrate Clathrates

« Our objective is to gain insight
that is otherwise difficult to obtain
experimentally.

= Our modeling efforts are based on
a mechanistic understanding of the
intermolecular interactions
between the guest and host
molecules

« Nucleation of the clathrate was successfully observed in MC
ions using realistic ials, a multi-di ional order-
parameter formalism, and the Landau-Ginzburg method.

* Local structuring hypothesis was proposed and verified as a
viable mechanism for nucleation; labile cluster hypothesis by
Sloan is not valid.

« Critical size of the nucleus was estimated to be between 12 A
and 18 A from the free energy studies (classical nucleation theory
predicts 31 A).

| [ AD initio method paxeron e, trous. pigs.

B 10849) p.18705, 2004]

The] * Cuest-water e divided

Eulerangles cfiy e 2 six amonsion: into two water planes representative of the
1. ts Internal xy’ o 19pons orientations within the hydrate latice
Cooraiates o

Sooints | 4 Six-dimensional configuration space is
sampled and energies are caleulated using

3 points. high-level ab initio methods

* Quarter hydrate cell (5-7 water) guest
interactions are calculated for multiple
orientations

* Quarter cell energics are verified using
half cell

Orientation One Orientation Two.

; Methane
i Water dipole

Water dipole ¢
v

Wator Plane (2)
Perpendicular to the board

« Pairwise energies are corrected to account
for many-body

Methane

Water Plana (1
Paralll to the board

Ab initio results?

Methane-Argon Hydrate System
Evaluation of Structure Il ———

Reference Parameters using Argon v recw,_ o temon,

Temperiure ()

« Reference parameters are independent of
fitting parameters and extendable o other
guest systems

« Verified using mixed systems and cell
potential method

Mol faction CH, in equiibrum gas miture

Nucleation is depicted by the minimum free-energy path
(solid blue line) in order parameter space.

Ordering of the
clathrate phase:
1.0 kpT 4. 54kpT
2.26 knT 5. 48 knT
3.41 kgT 6. -3 kT

‘The path in order-parameter
space, and the corresponding
fiee energies

Comparison
with Experiment

@ Using the computed
barrier height for
nucleation, 54T,
and Transition State
Theory. the time-
scale for nucleation
at the interface of a
20 mm CO, droplet
is predicted to be
0.1 seconds.

@ Experimental value:
<1sec

Kinetics of Clathrate Processes (s trou.: con. Pis 1176) 76, 20021

Cell Potential method 1 anon. buzant, Tese, Troue . Phys. Chen. 8. i press 2005]

« “Experimental” Langmuir constants can be calculated for hydrate
guests that occupy only the large cage

+ Typical sets of experimental data can be described well by a simple
van’t Hoff dependence of the Langmuir Constant

Experimental van't Hofl

Experimental van't Hoff
behavior for ethane s

guest molecules

behavior for 13 di

Ci(BY=Ce"

lou. €=
B =ikt

B
Kihara potential fall o reproduce methanc
belavior In the lrge cage or ST

Cell potentials for common
hydrate formers

e

Cell Potential results’
« Predicted phase diagrams exhibit excellent agreement with
experimental data

Metha

Methane and Cyclopropane Hydrate

¢ and Ethane Hydrate Equilibrium
at277.6K ibrium at 277.15 K

Ethane and Propane Hydrate Equilibrium
at2773K

+ Complex phase equilibria such as pseudo-retrograde decomposition
are predicted with incredible accuracy

+ Quintuple points have been predicted and await experimental testing
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QUESTIONAIRE

International Database for Collaborative Research on Gas Hydrates

Data Collection Form

The purpose of this electronic data collection form is to compile a database of expertise

in gas hydrate research in order to assist the development of international collaboration.

Please take the time to complete this form ‘on-line’ and on completion, please return it via email
to Ross Chapman < chapman@uvic.ca >, who is convening the next international Workshop in
Victoria, BC (9 — 11 May 2005). Those agreeing to complete this form will be given full access
to the database and its continuing up-dates.

Thank you for your cooperation.
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Data Source Identification

Click in the grey shaded field areas *

" below to enter details

Full name of the Principal

Investigator:
Title, First & Last names

The full title and address
organization

Your contact | Tel:
details:

Questionnaire

1. Research Motivation

Please score every item (1.a to 1.h) using a scale of 1 —5 (5 = strong interest, 1= no interest)

and add any relevant information in the grey shaded area opposite.

l.a. Future Energy 0
1.b. Seabed Stability | 0
l.c. Climate Change | 0

1.d. Chemosynthetics | 0

1.e. Sequestration 0
1.f. Basic Science 0
1.g. Defense 0

1.h. Other, please specify here:

of your

Fax:

Additional information?
Additional information?
Additional information?
Additional information?
Additional information?

Additional information?

Additional information ?

Email:
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2. Technical Expertise

Unique
W o r I d
Significant

Please click in the Grey Box to make a selection from the drop-down list to score:

2.a. Seismics

Additional information?

Click here

2.b. Electromagnetics Additional information?
Click here

2.c. Seabed Mapping Additional information?
Click here

2.d. OBS Additional information?
Click here

2.e. Sound Speed Additional information?
Click here

2.1. Drilling (inc ]uding Additional information?

10DP)
Click here

2. g. Coring Additional information?
Click here

2.h. Source Characterization Additional information?
Click here

2.1. Material Additional information?

Characterization
Click here

2J Heat-flow Additional information?
Click here

2 k. Vent & Flares Additional information?
Click here

2.1. Seabed Dynamics & Additional information?

SlOpe Stablhty Click here

2.m. Radio Carbon Isotopes Additional information?
Click here

2.n. Modelling Additional information?
Click here

2.0. Lab Techniques & - Additional information?

Synthetics Clickhere

2,p_ Geochemistry Additional information?
Click here

2,q_ Fluid Flow Chemistry Additional information?

(porewater, water column & hydrate) Click here
2.r. Biolo g ical & Additional information?
Chemosynthetics Cickhere

2.s. Additional information?
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3. Availability of Equipment, Laboratory and Test Facilities

For each criterion (Equipment, Laboratory, and Test Facilities) please click in the grey boxes to make a selection from the
drop-down list to score as appropriate:

S peci fic i n - h o us e
Commercially available with in-house modifications or
Commercially available
Equipment Laboratory | Test Facilities
Modeling
3.a. Seismics Clckhere o select Clckhere o select Clckhere o select
3.b. Electromagnetics Clck hereoselect Clck heretoselect Clck heretoselect
3.c. Seabed Mapping Clck heretoselect Clck heretoselect Clck heretoselect
3.d. OBS Clck heretoselect Clck heretoselect Clck heretoselect
3.e. Sound Speed Clck heretoselect Clck heretoselect Clck heretoselect
3.f. Drilling Clck hereoselect Clck heretoselect Clck heretoselect
3.g. Coring Clck heretoselect Clck heretoselect Clck heretoselect
3.h. Source Characterization Clokheretoselect Cickheretoselect Cick heretoselect
3.1. Material Characterization Clokheretoselect Cickheretoselect Clok here o select
3.j. Heat Flow Clck hereoselect Clck heretoselect Clck heretoselect
3 k. Vent & Flares Clck hereoselect Clck heretoselect Clck heretoselect
3.1. Seabed Dynamics & Slope Stability | Cikheeiosda Cickherstosekec Clck heretoselet
3.m. Radio Carbon Isotopes Cldhee oseet Cick heretoseed Clhere bseed
3.n. Modelling Clck hereoselect Clck heretoselect Clck heretoselect
3.0. Lab Techniques & Synthetics Cihee e Clok heretossedt Clck heretoseect
3.p. Geochemistry Clck hereoselect Clck heretoselect Clck heretoselect
3.q. Fluid Flow Chemistry Clck heretoselect Clck heretoselect Clck heretoselect
(pore-water, water-column & hydrate)
3.r. Biological & Chemosynthetics Clokhereto select Clok here o sekect Clckheretoselect

3.s. Additional information?

129



APPENDIX D

4. Current or Planned ‘Operating Environment’

Please click in the Grey box to make a selection from the drop-down list in each section

4.a. Ship 4.b. Permafrost|4.c. Laboratory& Modeling
Click here to select Click here to select Click here to select
Other? Specify below in 4.d Other? Specify below in 4.d Other? Specify below in 4.d

4.d. Additional information?

5. Details of Existing Program/s (submit more than one questionnaire if necessary)
5.a. Full title of your program

5.b. Click to check a box if your Planned L1
; Confirmed ]~ Other? Please specify
program

planned, or confirmed

5.c. Program start date: 5d. Program end date:
5.d. State Funding Authority:

5.e. Program  collaborators
(incl. details of their technical input)

5.f. Budget (optional)
5.g. Location for field work

5.h. Modeling/Laboratory studies
5.1. Details of future proposals

5.j. Additional information?
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6. Willingness & scope to make changes to your program in order to enhance collaboration:

To indicate a positive response, please click in the grey box next to your selection/s to check it. :

. o Additional information?
6.a. To work in an additional (or other)

area/s outside your national EEZ

O

6.b. To incorporate additional Additionalinformation

objectives and techniques in your | [
program

6.c. To seek complimentary technologies O Additional imformation

to augment your program

Additional information?

6.d. To seek collaborative funding L

6.e. Additional information?

7. Please add any further comments which you feel would be beneficial

Thank you for completing this questionnaire.

Please send your response to Ross Chapman < chapman@uvic.ca >
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