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Methane Hydrate Issues and Opportunities
Including Assessment of Uncertainty of the Impact of Methane Hydrate
on Global Climate Change

The Methane Hydrate Advisory Committee was established by the Secretary of Energy in
November 2000 in compliance with the requirements of the Methane Hydrate Research and
Development Act of 2000, Public Law 106-193. The Advisory Committee advises the Secre-
tary on potential applications of methane hydrate and assists in devel oping recommendations
and prioritiesfor the methane hydrate research program. Consistent with thelegislation, one of
the tasks assumed by the Committee was the preparation of a report assessing the potential
impact on global climate change from methane hydrate formation, methane hydrate degassing,
and consumption of natural gas produced from methane hydrates.

As noted in this report, the possible impact on global climate is one of several key issues
related to methane hydrate currently being studied. Other issuesinclude the emerging resource
potential of methane hydrates, and the implications of methane hydrate on the safety of off-
shore facilities and on seafloor stability.

Funding by the government and private sectors has accelerated the progress made in these
areas in recent years, however continued Federal investment is recommended to maintain the
momentum in making production of methane from hydrate commercialy viable. Thisis an
active global effort in which the United States should sustain its preeminent role.

What is Methane Hydrate?

Methane hydrateisan ice-like crystalline substance that is essentially frozen methane. It forms
when water and methane gas combine under conditions of relatively high pressure and low
temperature (Figure 1). While the most common gas hydrate on earth is methane hydrate, other
gases also form hydrates. These include hydrocarbon gases such as ethane and propane as well
as non-hydrocarbon gases such as CO, and H,S (Figure 2). Methane hydrate occurs naturally
in sediments associated with deep permafrost in Arctic environments and iswidespread in the
uppermost few hundred meters of slope and rise sediments in continental margins where the
appropriate conditions of temperature and pressure exist (Figures 3 and 4).

Methane hydrate forms at appropriate pressure and temperature conditions and where suffi-
cient gas is present. These conditions are common at water depths greater than 500 meters
(1600 feet) at mid to low latitudes and greater than 150—200 meters (500650 feet) at high
latitudes. At these water depths, hydrate can occur within a stability zone that extends into the
marine sedimentsto depths of tensto hundreds of meters beneath the seafl oor. The thickness of
the hydrate stability zone varies with temperature, pressure, composition of the hydrate-form-
ing gas, underlying geologic conditions, water depth, and other factors.
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Figure 1. Phase diagrams for methane hydrate in both Arctic permafrost and marine continental
margin settings.

Outcropping

Figure 2. Outcropping exposures of gas hydrate and unique associated chemosynthetic organisms
(tube worms and mussels) on the Gulf of Mexico continental slope (water depth 575 m).
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Figure 3. Worldwide locations where gas hydrate has been sampled or inferred from seismic records.
These areas cover both occurrences in continental margins and permafrost regions.

There is now scientific evidence that much of the methane that forms methane hydrate is
“biogenic,” meaning that it is generated from biological activity in sediments. Geological pro-
cesses deeper within the earth al so produce methane and other hydrocarbon gases. These “ther-
mogenic” gases form hydrates that are often associated with underlying conventional oil and
gasfields.

If methane hydrate is either warmed or depressurized so that it is no longer within the zone of
hydrate stability, it will revert back to water and gas, a processtermed “ dissociation.” Methaneis
concentrated in the hydrate structure, with the dissociation of a cubic meter of methane hydrate
yielding 0.8 cubic meters of water and approximately 170 cubic meters of methane gas.
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Figure 4. Types of methane hydrate deposits.

Why Methane Hydrate Matters for the United States?

While global estimates vary considerably, the volume
of methane occurring in hydrateformistruly immense,
almost certainly exceeding the combined volume of all
other known hydrocarbon sources (Figure 5). Known
methane hydrate deposits occurring within U.S. terri-
tory appear to be quite substantial. If developed suc-
cessfully and safely this great abundance of methanein
the subsurface could enhance energy security for the
United States in coming decades.

Methane hydrate research in the U.S. is currently be-
ing conducted by government agencies, universitiesand
privateindustry. The Federal agenciesinvolved include
the Department of Energy, the U.S. Geological Survey,
the Minerals Management Service, the National
Oceanographic and Atmospheric Administration, the
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Figure 5. Worldwide distribution of
organic carbon. Methane hydrates
contain more organic carbon than all
known fossil fuels by a factor of 2.



National Science Foundation, and the Naval Research L aboratory, with coordination through an
Interagency Coordinating Committee. Recently, this led to the generation of two U.S. DOE
documents entitled “ A Strategy for Methane Hydrate Research and Devel opment (1998)” and
“National Methane Hydrate Multi-Year R&D Program Plan (1999).” The key subtopics iden-
tified in these reports are discussed below under respective operational headings.

These are:

* Resource Potential,

e  Safety and Seafloor Stability, and

* Globa Climate.
Furthermore, the Methane Hydrate Advisory Committee hasidentified an additional objective
whichis:

»  Protecting Marine Ecosystems if Commercialization of Hydrates Proceeds.
Resource Potential of Methane Hydrate

So far, methane hydrates have been identified under Arctic regions and continental marginsin
many locations in the United States and throughout the world. Active research and evaluation
programs are being carried out by over adozen nations, most prominently Japan, Canada, India,
and the United States. These programs have confirmed the resource potential of methane
hydrates.

The volume of methane in hydrates beneath the
North Slope of Alaskaand withinthe U.S. Exclu-
sive Economic Zone (EEZ) offshoreis estimated
to be between 3,200 and 19,000 trillion cubic
meters (tcm) (110,000-670,000 trillion cubic feet
| (tcf)), with a mean value of 9,000 tcm (320,000
‘ tcf) (Figure 6). By comparison, current domestic
consumption of methane is 0.6 tcm (22 tcf) per

U.S. Total Blake Ridge year and is expected to grow to 1.Q tcm (35 tcf)
320,000 Tcf 1300Tef | per year by the year 2020. Domestic demand for

851500 (ol natural gas could grow even faster if regulations
are enacted to reduce greenhouse gas emissions.
NW Slope - Yet, conventional gas resources are expected to
Gulf of Mex oA decline at some point during the next two decades.
350-500 Tef 1] . .
L ia While most methane hydrate occurs as dispersed

particles, significant concentrations of methane
ot sk hydrate have been discovered in some areas and
Figure 6. Resource potential of methane in  are viewed by many scientists to be a potential

methane hydrate associated with the emerg| ng enerw source for the Un|ted StaIeS
continental United States.




Most of the methane hydrate research to date has focused on detection and characterization of
hydrate deposits. Extraction methodsthat are commercially viable and environmentally accept-
ablearedtill at an early stage but are progressing rapidly and initial hydrate productionislikely
intheArcticinlessthan 10 years. The production methods currently favored involve dissocia-
tion of the methane hydrate in situ, either by heating the hydrate or decreasing the pressure of
the hydrate-bearing reservoir. Developing a safe and cost effective method of dissociating
methane hydrate remains asignificant technical and economic challengefor the devel opment of
hydrate deposits.

Implications of Methane Hydrate on Safety and Seafloor Stability

The presence of methane hydrate in sediments near the seafloor and in the shallow subsurface
of the Arctic raises several safety concerns. First, the hydrate-bearing sediment often overlies
sediments containing free methane. Worldwide, many large, ancient submarine landslides ap-
pear to berelated to hydrate dissociation, although the mechanismsinvolved are not fully under-
stood (Figure 7). Second, dissociation of methane hydrate during drilling and production in
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Figure 7. Schematic representation of a possible mechanism for initiating submarine landslides by
methane hydrate dissociation due to an increase in temperature, or decrease in hydrostatic pressure,
or a combination of the two.
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Figure 8. Potential impact of marine methane hydrate on offshore oil and gas production facilities.

deepwater environments could result in casing failure and loss of well control. These problems
have been encountered in Arctic drilling and protocols have been established that have miti-
gated the problem. Third, methane hydrate formations on or near the seafloor may vary in
extent over aspan of months causing shiftsin seafloor sediment. Such movement could damage
facilities, including production platforms, subseawellheads, and pipelines (Figure 8).

A number of exploratory wells have been safely drilled through hydrate deposits in both the
Arctic and the oceans. While our knowledge base is growing, no hydrate production has yet
occurred on acommercial basis. Thus the potential impact of methane hydrate production on
seafloor stability isnot yet known.

Implications of Methane Hydrate on Global Climate Change

The current concentrations of CO, and methane in the atmosphere are 370 parts per million
(ppm) and 1.8 ppm, respectively. One of the concerns regarding methane hydrate is the poten-
tial for large releases of methane gas into the earth's atmaosphere. Underlying this concern is
that methane is far more potent as a greenhouse gas than CO,,.

Methane enters the atmosphere from a number of sources, both natural and anthropogenic
(thoserelated to human activities) (Figure 9). The most significant natural sourcesare microbial
reduction of organic matter, largely in wetlands, and natural hydrocarbon vents. Anthropogenic
sources include agricultural activities, waste disposal, coal mining, and petroleum production
and transportation. During the past 200 years, atmospheric concentrations of methane have
approximately doubled.
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Figure 9. The methane cycle: global reservoirs, fluxes, and turnover times.

The I mpact on Global Climate Change from Methane Hydrate Formation and Dissociation

The formation of methane hydrate in the subsurface environment sequesters methane and
temporarily prevents it from entering the ocean or atmosphere. Methane hydrates that are
buried beneath the seafl oor or permafrost may sequester methanefor centuriesor longer. Those
that form on the seafloor or in the shallow subsurface are often seasonal, with methane being
released into the ocean/atmosphere system after less than one year. Where the release is
gradual, most of the methane will be bacterially oxidized and/or dissolved in seawater and often
does not reach the atmosphere. Therefore, the natural formation and dissociation of methane
hydrate may buffer the volume of methane entering the atmosphere. A massive release of
hydrate could result in significant amounts of methane entering the atmosphere. The magnitude
and likelihood of amajor methane rel ease event from hydrate production are not yet known, nor
is the mitigating effect of seawater that would prevent released methane from reaching the
atmosphere. The global geologic record appears to indicate that very substantial releases of
methane have resulted from past destabilization of the hydrate zone. The triggering mecha
nisms for such a massive release are not yet well understood. The appendix to this report
illuminates the challenges posed by earth's history.



The Impact on Global Climate Change from the Consumption of Natural Gas Produced
from Methane Hydrates

The methane gas derived from methane hydrate is indistinguishable from the methane gas
currently produced from gaswells. While the combustion of methaneyields CO, (agreenhouse
gas), methaneyieldsless CO, per BTU of energy than does the combustion of coal or oil. Thus
the use of methane hydrate as afuel will have a net benefit relative to coal and oil.

Possible Link Between Methane Hydrate and Past Climate Change

Concerns over the impact of large methane releases on global climate are tied to analyses of
past climate changes. Throughout earth's history, global climate has continually changed. These
changes have often been gradual but have at times been extremely rapid. An example of rapid
change occurred at the end of thelast Ice Age, approximately 15,000 years ago, with the global
temperature rising by as much as 17°C (30°F). By comparison, the temperature increase for
the entire 20th Century has been between 0.3 and 0.6°C (0.5 and 1.0°F).

Rapid climate change has been difficult to explain. Fortunately, additional data collected in
recent years suggest possible answersto the rapid warming. The most significant areice cores
from Greenland and Antarcticathat preserve trapped air from the ancient atmosphere. Theice
cores show that methane concentration in the atmosphereincreased dramatically in conjunction
with rapid temperature increases. Marine sediment cores also reveal chemical and microfossil
distribution variationsthat imply arapid increase in methane. Whether the increase in methane
caused the temperature increase or was the result of it has not been resolved. The increased
methane may have come from new wetlands that developed as the temperature increased.
However, thereisalso the possibility that the abrupt dissociation of methane hydrate resultedin
therelease of large quantities of methane into the ocean and atmosphere, leading to rapid global
warming episodes. More research will be required to determine the cause of rapid temperature
changes in the past.



Future Directions

Addressing the future energy needs of the United States, while addressing potential climate and
safety issues, is at the heart of thisreport. Rapid progressisbeing madein al areas of methane
hydrate research. Planned research work, framed through discussions among the Federal agen-
ciesinvolved and in consultation with advisory panelsfrom industry and academia, will pursue
thefollowing objectives:

Better characterize the chemical and physical properties of methane hydrates;
Provide needed technology for a more complete survey of methane hydrate distribu-
tion;

Describe and devise means to mitigate the hazards that hydrates pose to ongoing
deepwater oil and gasdrilling and production;

Improve our understanding of how hydratesinteract with the natural environment, in-
cluding any linksto issues of seafloor stability and global climate;

Visit, sample, characterize, and protect the unique biological communities dependent on
methane hydrate occurrences;

Develop tools to improve the investigation of hydrates in both the laboratory and the
field; and

Appraise technologies for the safe and commercia production of methane from hy-
drates so that hydrates can be part of the solution for the Nation's long-term energy
security.
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Report by Dr. James P. Kennett

The possibleinteraction between methane hydrate and global climateisarapidly emerging topic
inthe scientific literature. The Committee therefore sought the advice of aleading expertinthis
area. Dr. Kennett has provided a report that is the most recent scientific summary of the
proposed link between hydrates and global climate. Thisisan areaof ongoing study and awide
range of experiments (outlined in the report) are required to test the hypothesis. However,
Dr. Kennett's report is a valuable addition to the global climate discussion. The report is at-
tached as Appendix B.

Suggested Additional Reading

Collett, T. S., 2002, Energy Resource Potential of Natural Gas Hydrates: AAPG Bulletin, vol .86,
no. 11, p.1971-1992.

NSF Ocean Sciences Decadal Committee, March 2001. “ Ocean Sciencesat the New Millenium”
(edited by Geoscience Professional Services, Inc).
Thisreport isavailable onlineat: http://www.joss.ucar.edu/joss_psg/publications/decadal/.

Coffin, M.F. McKenzie, JA., et al., May 2001. “Earth, Oceans, and Life: Scientific Investiga-
tions of the Earth System using Muultiple Drilling Platformsand New Technologies,” Integrated
Ocean Drilling Program Initial Science Plan (International Working Group Support Office):
Washington, DC.

Thisreportisavailableonlineat: http://www.iodp.org/isp.html.

Pisias, N.G.and Delaney, M.L. (Eds.), May 1999. “COMPLEX - Conference on Multiple Plat-
form Exploration of the Ocean” (Joint Oceanographic Institutions, Inc.): Washington, DC.
Thisreportisavailableonlineat: http://www.oceandrilling.org/ COMPLEX/Default.html.

IGBP/SCOR, September 2002. “ Draft Framework Report for Future Research on Biological
and Chemical Aspectsof Global Changeinthe Ocean.” [an International Geosphere Biosphere
Programme (IGBP) Global Change and International Council for Science, Scientific Committee
on Oceanic Research (ICS/SCOR) collaboration].

Thisdraft report isavailable onlineat: http://www.igbp.kva.se/obe/background.html.

“ Achievements and Opportunities of Scientific Ocean Drilling: The Legacy of the Ocean Drill-
ing Program” (Published as a Special Issue of JOIDES Journal - val. 28, no. 1, 2002).
Thisreport isavailable onlineat: http://joi des.rsmas.miami.edu/journal/index.html.

11






Appendix A

The Methane Hydrate Advisory Committee

M ethane Hydrate Advisory Committee was established in November, 2000 in accordance with
Public Law 106-193, which authorized the Secretary of Energy to establish an advisory panel
consisting of experts from industrial enterprises, institutions of higher education, and Federal
agencies. The members of the committee are:

Peter Brewer
Monterey Bay Aquarium Research Institute

Richard Charter
Environmental Defense

Gerald Holder
University of Pittsburgh

Stephen Holditch
Schlumberger Technology Corp.

Arthur Johnson, Chair
Hydrate Energy International

Miriam Kastner
Scripps Institution of Oceanography
University of California, San Diego

Devinder Mahgjan

Brookhaven National Laboratory
William Parrish

ConocoPhillips

Harry Roberts
Louisiana State University

Carolyn Ruppel
Georgia Institute of Technology

SabrinaWatkins
ConocoPhillips

Mike Smith, Assistant Secretary for Fossil Energy
Designated Federal Official
U.S. Department of Energy

A-1






Appendix B

ROLE OF METHANE HYDRATES IN
GLOBAL CLIMATE CHANGE?

James P. Kennett
Department of Geological Sciences and Marine Science Institute

University of California Santa Barbara

August 2002

B-1



B-2



CONTENTS

BRIEF SUMMARY ..o B-4
SUMMARY e e B-4
INTRODUCTION ..ottt B-10
THE CHALLENGE ...t B-11
THE POTENTIAL ROLE OF METHANE HYDRATES ... B-15
EXISTING EVIDENCE ...t e B-21
THE CLATHRATE GUN HYPOTHESIS ... B-28
CONSISTENCY OF HYPOTHESIS WITH CLIMATE HISTORY .....cocceiiiiinieins B-30
THE FUTURE ..o s B-32
RESEARCH NEEDS........coo s s B-33
REFERENGCES. ...t B-35

B-3



BRIEF SUMMARY

This report addresses the overarching question whether methane degassing from the methane
hydrate (clathrate) reservoir is an important agent in climate change. The hydrate reservair in
marine sedimentsis now known to contain avery large volume of exchangeable carbon stored
as solid methane hydrate. Thisreservoir has been shown to be potentially unstable in response
to changing intermediate water temperature and sea level (pressure). Recently, support has
grown from geochemical and other evidencefor past episodes of massive methanerelease. The
best documented of these exhibit clear association with episodes also marked by abrupt global
warming. Yet, most studies of mechanisms of past climate change, especially those of the
Quaternary, do not consider methane hydrates as an integral part of the global climate system.
Abrupt increases in atmospheric methane recorded in polar ice cores are widely believed to
have resulted not from methane hydrate degassing but instead from continental wetland activa-
tion, ahypothesisthusfar unsupported by geological data. Furthermore, as part of thisWetland
Methane Hypothesis the abrupt methane increases are often considered to be in response to
climatic warming rather than in any way driving or contributing to it. Nevertheless, an alterna-
tive view (formulated as the Clathrate Gun Hypothesis) is that the speed, magnitude and tim-
ing of abrupt climate change in the recent geologic past are consistent with the process of
massive degassing of methane hydrates. Since thisis the interval during which humans have
developed highly complex societiesit is especially important to determine if the methane hy-
drate reservoir is or is not an agent in abrupt climate change. Given this, a wide range of
experiments outlined in the report are required to test this hypothesis.

SUMMARY

The earth science community isboth intrigued and amazed by recent discoveriesfrom ice-core
and marine sedimentsthat global climate and the ocean/atmosphere system can abruptly switch
from glacial to near-interglacial temperatures within decades, one single human life span! Re-
markably, these climatic swings occurred many times during and at the end of the last glacial
episode only several thousand years ago, causing enormous disruptionsin the global biosphere.
Such discoveries are double-edged, however. Along with the excitement of discovery of these
rapid climate shifts comes a grand challenge: their explanation. What factors can possibly
drivethe climate so far and so fast? Where does the energy come from? Understanding of such
phenomenabecomes paramount in aworld with increasing concern about the role humans play
in global climate change.

Thediscovery of the abruptness of climatic jumps on millennial time scales has, during the last
decade, forced serious reevaluation of processes that might drive such remarkable change,
because no obvious external forcing such as changes in the Earth’s orbit around the sun exists
at these time scales. In spite of much research, there is no consensus about the origin of these
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events. A recent National Research Council (2002) review of the character, causes, and conse-
guences of abrupt climate change concluded that this climate behavior still remainselusive. So
far, no proposed hypothesis has successfully explained a wide range of climate changes that
have occurred on decadal through millennial time scales of obviousinterest to human society.

Within the context of this climatic problem, there has been growing interest in the hypothesis
that methane hydrates have played an important, even critical rolein abrupt climate changes of
the past. One hypothesis, although unconventional, isthat each of the numerous abrupt warmings
during thelast ice age was accompanied by, and in part driven by, massive rel eases of methane
(CH,) into the ocean and atmosphere system by dissociation of “frozen” methane hydrates
stored in marine sediments on continental margins. Sudden, massive releases of methane into
the global atmosphere likely contributed to global warming and destabilized climate. M ethane
is a potent greenhouse gas that is 23 times more effective at warming than an equivalent vol-
ume of CO, over a 100-yr time frame, and an astonishingly 62 times more powerful green-
house gas over a shorter, 20-yr time span. The presence of 1.5 parts per million of atmospheric
methane would cause globally averaged surface temperature to be 1.3°C higher than without
methane. If rapid, such arise would be significant for global warming because of the promo-
tion of positive climatic feedbacks.

Methane hydrates or clathrates, the ice-like solid form of methane, form under conditions of
low temperature, high pressure, and sufficient gas concentrations, conditions that occur widely
in marine sediments on the continental margins. Wide acceptance now exists that the global
methane hydrate reservoir is very large (consensus value is ~10 Eg; 1 Eg = 10®® g). Such a
volume represents ~3000 times the amount of methane in the modern atmosphere and is the
largest fossil fuel reservoir. This large reservoir of exchangeable carbon is stored as solid
methane hydrate, with possibly equivalent or greater volumes of free methane gas trapped
below the hydrate zone. In all, and despite significantly different estimates of methane carbon
stored as methane hydrate and associated free gas, it is clear that this reservoir contains suffi-
ciently large volumes of methaneto potentially play animportant rolein global climate change.
This appreciation of the extent of the methane hydrate reservoir as a major carbon reservoir
and its possible role in climate change has become especially relevant within context of two
other key discoveries: 1) the extreme sensitivity of the Earth’s environmental system to change
during the Quaternary, especially the last ice age; and 2) the abruptness and near global extent
of mgjor climate and environmental change that occurred over decades during the last glacial
episode. The possibility has thus arisen that all three factors are linked in explaining abrupt
climate change; that unstable methane hydrates represent a critical component of the climate
system in providing crucially needed energy to force and accel erate abrupt climate change at a
time of particular sensitivity of the Earth System.

The methane hydrate reservoir appears to have the capability of both storing and suddenly
releasing free methane into the ocean and atmosphere when environmental conditions are suit-
able. The ability to form and dissociate methane hydrates results from the interaction of large
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changes in sea level (pressure) and fluctuating character of intermediate water (temperature)
impinging on upper continental slopes (~400 to 1000 m water depth); the zone of potential
methane hydrate instability. Methane hydrates become unstable under conditions of increased
temperature and decreased pressure. But what evidence exists in support of major methane
emissions from methane hydrates into the ocean/atmosphere in the geologic past? During the
last few years there is growing acceptance that geochemical and other evidence supports the
existence of massive methane releases from hydrates at specific intervals in the geologic past
prior to the Quaternary (the geologically recent ice age period). Asfor the Quaternary, in spite
of growing evidence, no consensus currently exists and few earth scientists seriously consider
that methane hydrates are related in any way to the climate system. This seems surprising since
the Earth during the late Quaternary has almost certainly been subjected to the largest ocean
temperature and sealevel oscillationsfor at least the last 15 million years and probably longer;
conditions highly conducive to methane hydrate instability.

Yet evidence is beginning to grow that inferred methane emissions may have been closely
linked with abrupt climate changes during the Quaternary. What is this evidence that the meth-
ane hydrate reservoir has experienced significant instability during the Quaternary and that
resulting inferred methane emissions to the atmosphere have played a role in abrupt climate
change? Sincethisistheinterval during which humans have devel oped highly complex societ-
ies, it is especially important that this be resolved.

Air trapped in ice cores provides the most direct evidence for past changes in the atmospheric
trace gases methane, CO,, and N,O. These records are of great significance for understanding
late Quaternary climate dynamics because of the intimate relationship that exists between
methane and temperature records in ice cores. Antarctic ice core records show that methane
and CO, exhibit remarkable similarities with Antarctic air temperatures throughout the late
Quaternary. The regularity of the methane and CO, variations through several 100-kyr climate
cyclessuggestsawell-ordered set of dominant mechanismsthat are highly sensitized to change
during the late Quaternary. These records indicate that atmospheric methane levels doubled
several times during the Quaternary and that these increases occurred as jumps lasting no more
than decades to hundreds of years. Furthermore, the records reveal an intimate relationship
between methane (and CO,) and temperature oscillations in the pre-Holocene. Changes in
methane and temperature appear almost in lockstep, suggesting acommon origin and afunda:
mental relation between methane and temperature change. Some workers have therefore sug-
gested that greenhouse gases (CH, and CO,) are important amplifiers of the initial orbital
forcing of late Quaternary climate change and have significantly contributed to the glacial-
interglacial oscillations. Others suggest little or no causal role for methane in warming based
on their calculation of phasing between methane and temperature in Greenland ice cores. What
produced the rapid, large atmospheric methane increases during the late Quaternary? A gen-
eral consensus existsthat they werethe result of increased methane emissionsfrom continental
wetlands when climate became warmer. However, arecent, extensive compilation of geologi-

B-6



cal evidence suggests a near-absence of major wetland systems at these critical times. This
synthesis indicates that the growth of wetlands cannot account for the observed changes in
atmospheric methane. A more likely source for the methane appears to be from methane hy-
drates. These conflicting interpretations require resolution.

Two other lines of evidence have recently emerged supporting Quaternary instability of meth-
ane hydrates and associated major emissions of methane into the ocean/atmosphere system.
First, episodes of major methane release from hydrates appear to have been recorded in late
Quaternary sediment sequences on different continental margins by very negative carbon iso-
topic excursions recorded in microfossils. Methane's carbon is isotopically very negative and
thisimpartsadistinctive geochemical fingerprint inthe marine record. M ethane emission events
have aso been identified using distinctive organic biomarkers that are uniquely related to
methane. Since the initial discovery of carbon isotopic excursions only afew years ago, these
events have been identified in several other sediment records. No other reasonable hypothesis
exists for their origin other than by methane emissions from methane hydrates.

Other evidence for methane hydrate instability is derived from the timing of marine slumps
and sediment transport on continental slopes. The distribution of methane hydrates on upper
continental slopes appears closely associated with evidence of mass sediment movement, pock-
marks, and other features such as collapse structures resulting from mass sediment distur-
bance. Based onthisrelationship, itispossibleto indirectly infer timing of gas hydrateinstability
by determining the age of mass sediment disturbance. Mass sediment disturbance caused by
methane hydrateinstability islikely to be episodic, rather than continuous because of the differ-
ent rates of change of sealevel and bottom-water temperature related to climate oscillations of
the late Quaternary. Major slumps on the upper continental slope likely transferred large vol-
umes of methane from the methane hydrate reservoir to the ocean/atmosphere system. Large
slumps can potentially release enormous volumes of methane (~1 Pg=10% g) into the ocean/
atmosphere system.

Marine geological evidence suggests that large slumps activated by dissociating methane hy-
drate appear to be widespread, implicating hydrate instability asan important processin climate
change. Furthermore, the timing of slumps and downslope mass sediment transport suggests
that slumping episodes activated by methane hydrate instability occurred at times of relatively
low sea level and increased bottom-water temperatures. The last such major episode was
duringthelast glacial tointerglacial transition, an especially vulnerabletimefor methane hydrate
instability.

A large and diverse suite of data has recently been employed to establish a coherent and test-
able hypothesis that links relations between methane hydrate reservoir instability and abrupt
climate change during the Quaternary. Thisistermed the Clathrate Gun Hypothesis. Accord-
ing to this hypothesis, methane hydrates stabilized and accumulated during late Quaternary
cool intervals when cold intermediate waters bathed upper continental margins. Coldest inter-
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vals occurred when reinforcement of orbital insolation cycles led to largest ice sheets and the
greatest accumulation of methane hydrates. Changes in thermohaline circulation that caused
warming of upper intermediate waters resulted in methane hydrate instability and catastrophic
release of methane into the ocean/atmosphere system associated with sediment disruption on
upper continental slopes. Release of methane hydrate-derived methane into the atmosphere
initiated a cascade of feedbacks, especially on short time scales: greenhouse warming by atmo-
spheric methane, water vapor and CO,; warming and expansion of intermediate waters; addi-
tional methane hydrate dissociation over broader depths and regions, and so on, all at atime
when sealevel and confining pressure were lowest. Gradual coolings followed dissociation of
most readily accessible methane hydrates, depletion of atmospheric methane, and weakening
of associated global warming feedback mechanisms. Re-expansion of methane hydrates into
shallow sediment and water depths, the zone of potential methane hydrate instability, only
followed sufficient cooling of upper intermediate waters. Theimplication of thishypothesis, if
correct, is that major emissions of methane from gas hydrates have driven abrupt climate
warmings many times during the last 60 thousand years, the last of which was centered at 10 to
11 thousand years ago at the end of the last ice age. Since that time, the methane hydrate
reservoir has probably been expanding in the absence of major widespread emissionsin re-
sponse to the relative stability of bottom water temperatures and sea level. As a result, the
climate during this time has been in relative steady state with respect to the methane hydrate
reservoir.

If it isultimately shown that methane hydrate degassing wasacritical component of the climate
system in the past associated with abrupt warmings, clearly thisindicatesthat methane hydrates
can significantly impact future climate change. Global climate has constantly changed for a
number of reasonsthrough geol ogic time and associated ocean temperature and sealevel changes
can lead to methane hydrate degassing, contributing to further global warming. Thus, under-
standing this process hasimportant implications for human society. Recent research has shown
that deep ocean waters are currently warming, likely in association with global warming over
the last several decades. This warming is at water depths at which methane hydrates are
potentially unstable. The Arctic Ocean is also warming at these same critical depths. If meth-
ane hydrates were to experience significant degassing causing methane emissions into the at-
mosphere, this would act as a further positive feedback to globa warming. However, this re-
mains quite specul ative given the limited research conducted on the potential role of methane
hydratesin global climate change.

Nearly all data relevant to this hypothesis has resulted from studies conducted during the last
decade or few years. This is a youthful field of enquiry and many of the most fundamental
guestions remain unresolved. Given this, awide range of experiments are necessary to test the
hypothesis that methane hydrates represent a critical and integral part of the late Quaternary
climate system. It islikely that a number of rigorous tests, summarized in this report, will be
required to confirm or negate the various elements that make up the hypothesis. Examples of
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such studiesinclude: 1) Better understanding of relationships between atmospheric history of
methane and climate change as recorded in ice cores; 2) Geochemical studies to determine
whether the source of the methane during rapid risesin atmospheric levels came from methane
hydrates or continental wetlands; 3) Refinement of understanding of continental wetland evo-
lution during the late Quaternary, especially in thetropics, and their associated rolein methane
production; 4) Determination of spatial and temporal variability of inferred major methane
emissions from methane hydrates as recorded in sediments during the late Quaternary and their
relation with the ice core methane records; 5) Strengthening of understanding of proxies em-
ployed to detect past methane emissions into the water column from methane hydrates; 6)
Determination of the spatial and temporal history of mass sediment wasting from continental
dopes and in relation to possible methane hydrate instability; 7) Development of better under-
standing of processes that destabilize the methane hydrate reservoir and transport methane out
of marine sediments into the ocean and then into the atmosphere; 8) Development of better
understanding of spatial and temporal variability of upper intermediate water thermohalinecir-
culation, especidly as it affects bottom water temperature within the depth zone of potential
methane hydrate instability (~400 to 1000 m) on continental slopes; 9) Inclusion of methane
hydrates as anintegral part of awide range of needed climatic modeling experiments; and, 10)
Investigations of climate behavior intervals prior to the late Quaternary to test and better un-
derstand the potential role of methane hydrates as a cause of climate variability.
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INTRODUCTION

This report summarizes evidence suggesting that instability of the methane hydrate reservoir
and resulting changes in atmospheric methane (CH,) concentrations played amajor and criti-
cal rolein late Quaternary climate change. Methane is the most abundant atmospheric organic
compound. Atmospheric methane has been shown to be an exceedingly powerful greenhouse
gas [Hanson and Hanson, 1996] - 62 times the Greenhouse Warming Potential of CO, [Ehhalt
et a., 2001] on the short time scales (decades) of late Quaternary abrupt warmings [Alley and
Clark, 1999]. The presence of 1.5 ppmv of atmospheric methane would cause globally aver-
aged surface temperature to be 1.3°C higher than without methane [Donner and Ramanathan,
1980]. Doubling of atmospheric methane is generally considered to cause an average global
surface temperature rise of ~1°C [Leggett, 1990]. If rapid, such arise would be significant for
globa warming because of the promotion of positive feedbacks [Crowley and North, 1991]:
increases in methane directly enhance the trapping of terrestrial infrared radiation, perturb
tropospheric chemistry, produce O, (another greenhouse gas) in the upper troposphere, reduce
OH concentrations, and increase tropospheric water vapor [Hanson and Hanson, 1996]. Meth-
aneincreases also occur in the stratosphere, increasing stratospheric water vapor, an even more
powerful greenhouse gas [Cicerone and Oremland, 1988]. Estimates of climate forcing be-
tween the years 1850 and 2000 [Hansen et al., 2000] indicate that methane has had a larger
influence on modern global warming (0.7 watts m2) than has generally been recognized, fully
half that of the forcing by CO, (1.4 watts m?).

In essence, this report presents the hypothesis for further testing that methane hydrates have
played a critical role in Quaternary climate change including abrupt warmings. This hypoth-
esisremains highly controversial and remains to be serioudly tested by the earth science com-
munity.

Valuable general reviews about methane hydrates have been presented by Kvenvolden [1988b;
1993], MacDonald [1990a; 1992], Haq [1998b], Buffett [2000], Kastner [2001], and by many
authors in Max [2000]. Concern about the possible influence of hydrate-derived methane on
globa warming led MacDonald [1982] to consider the potential role of methane hydrate insta-
bility in climate change. Bell [1982] and Revelle[1983] followed with thefirst formal analyses
of the problem. Nisbet [1990, 1992] introduced the hypothesis that hydrates played a major
role in Quaternary climate change, suggesting that methane released from high latitude hy-
drates at the end of the last glacia episode forced a rapid rise in global temperatures. Under
this hypothesis, initial deglacial warming resulted from methane emissions from melting Arc-
tic permafrost, in turn leading to a cascade of methane hydrate release from ocean sediments.
Thisrapidly provided new energy to the climate system, abruptly driving it to awarmer state.
Severa other workers have implicated methane hydratesin past climate change [MacDonald,
1990a; Kvenvolden, 1993; Paull et a., 1994; Dickens et a., 1995, 1997; Kennett et al., 1996,
20004, b; Haqg, 19984, b, 2000;]. Early support for methane hydrate instability as a potential
mechanism for climate change came from the realization that decreased pressurization of the
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methane hydrate reservoir by sea-level lowering can destabilize hydrates [Nisbet, 1990; Paull
et al., 1995; Hag, 1993]. More recent work suggests that bottom-water temperature changes
may play acrucia rolein methane hydrate destabilization [Dickenset al., 1995, 1997; Dickens
and Quinby-Hunt, 1997; Kennett et al., 2000a; Hag, 2000].

Thisreport resultsfrom amajor (5-year) synthesis of the subject leading to the publication of a
book in 2002 entitled “ Methane Hydrates in Quaternary Climate Change: The Clathrate Gun
Hypothesis’ by J. Kennett, K. Cannariato, |. Hendy and R. Behl. Thisbook has been published
by the American Geophysical Union, the largest and most prestigious earth and planetary
scientific society intheworld. Thisvolume provides amore thorough treatment of this subject.

THE CHALLENGE

Explaining Abrupt Climate Change

Understanding the causes of late Quaternary climate behavior represents one of the major
challenges in earth sciences. High-resolution studies of climate change using ice cores [e.g.,
Dansgaard et a., 1993; Grootes and Stuiver, 1997], and marine and terrestrial sediments [see
Kennett et al., 2002 for references] have revea ed rapid, large millennial-scale climate oscilla-
tionsduring thelast glacial episode (Figure 1(A)). These studies describe a bistable oscillatory
behavior of the climate system, with switches between distinctly different states occurring in
decades or less [Alley and Clark, 1999]. Even more remarkable is the amplitude of tempera-
ture changes associated with these high-frequency climate shifts, at times reaching glacial-
interglacial magnitudes (Figure 1(A)). Each of the warm events (interglacials and interstadi-
als) during the late Quaternary required a trigger to initiate the change, strong positive feed-
backs for reinforcement, and a process that maintained the new, nearly stable state. Mgjor
positive feedbacks were necessary to produce such large, rapid shiftsin global climate, but the
nature of these feedbacks has remained enigmatic.

Pervasive millennial-scale climate oscillations are now well known to have persisted during
the latest Quaternary [Sarnthein et al., 2000], superimposed on Milankovitch-band insolation
cycles (including glacia-interglacial episodes; Figure 2). These oscillations are recognized in
ice cores, terrestrial 1akes and bogs, cave deposits, and marine sediments from the North At-
lantic, Pacific and Indian Oceans. Evidence exists for strong involvement of the polar, mid-
latitude, and tropical regionsin this climate change.

Firstidentified in Greenland ice cores, aseries of warm interstadial s (200 to 2500-yr durations)
(Figure 1(A)) punctuated the otherwise cold conditions of the last glacial episode [ Dansgaard
etal., 1993; Bond et a., 1993]. These climatic oscillations are of ten referred to asthe Dansgaard-
Oeschger (D/O) cycles [Dansgaard et al., 1984; Oeschger et al., 1984]. The air temperature
shifts between these changes in climate state were large, likely ~6° to 10°C [Broecker, 2000]
and remarkably abrupt, within decades to years. Thus, these climate oscillations essentially
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Figure 1. Comparison of (A) GISP2 d180 [Grootes et al., 1993; Stuiver et al., 1995] and (B) CH, [Brook
et al., 2000] records for the last 110 kyr from the Greenland ice core reveal a close correspondence of
millennial-scale oscillations in air temperatures over Greenland and atmospheric CH, concentrations.
Interstadials 1 to 24 are present [Dansgaard et al., 1993]. Chronology of d180 record after Meese et al.
[1994] and Sowers et al. [1993]. The GISP2 gas-age time scale from Brook et al. [1996].
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Figure 2. Glacial-interglacial variations of (A) CH4, dD (middle), and (B) CO, for the last 4 glacial cycles
(423 kyr) recovered from the Vostok ice core, Antarctica (depth 3,310 m in the East Antarctic ice sheet)
[Petit et al., 1999]. dD is largely a measure of atmospheric temperature. Mean sample resolution of CO,
over most of the record is 1500 yr. The resolution of the chronology (Model GT4) is better than £10 kyr for
most of the record and better than £5 kyr

B-13



reflect major, abrupt shifts in the ocean/atmosphere system between cool and warm states
associated with changes in greenhouse gas composition and the Earth’s reflectivity to solar
radiation. These climate events are also associated with significant changes in trace atmo-
spheric gases (CH,, CO,, N,O) (Figures 1(B) and 2) and in the marine and terrestrial bio-
spheres[e.g., Cannariato and Kennett, 1999].

The discovery of millennia climate variability wasinstrumental in forcing reevaluation of the
processes driving the late Quaternary climate system, because no obvious external forcing
exists at these frequencies and magnitudes. Although there is currently no consensus for the
origin of the abrupt climate changes, their existence suggests that internal feedback mecha-
nisms, including greenhouse gas variations, played acrucial role both in setting the sensitivity
of the climate system and creating or amplifying major change at orbital and sub-orbital time
scales. Understanding what the amplifiers are and how the feedback mechanisms operate is
central to understanding the character of late Quaternary climate change. The two most fre-
guently considered hypotheses are that rapid millennial-scale cyclesweretriggered by 1) changes
in thermohaline circulation associated with North Atlantic Deep Water (NADW) production
or 2) changes in tropical heat distribution. Although these processes appear to have played
important roles in the climate oscillations, computer models used to test the leading hypoth-
eses suggest that it is unlikely that they could have, by themselves, caused such large and
abrupt climate changes as recorded or maintained the warmth of theinterstadials. Models have
so far failed to fully explain the climate record including the magnitude, speed and extent of
the climate changes during the shifts [National Research Council, 2002].

The thermohaline circulation hypothesis links changesin surface-water salinity at high north-
ern latitudes of the Atlantic with abrupt switches in the strength of North Atlantic thermoha-
line circulation (“ The Great Ocean Conveyer” [Broecker, 1999]). Thisin turn severely affects
climate of the North Atlantic [e.g. Broecker et a., 1985; van Kreveld et a., 2000]. During
glaciations, the circum-North Atlantic ice sheets provided aready supply of freshwater to the
North Atlantic, and perhaps played akey rolein causing large, abrupt climate change through
iceberg release, rerouting of continental drainage pathways, and episodic drainage of glacier-
dammed lakes[Clark and Mix, 2000; Clark et a., 2001]. Inthishypothesis, ice sheet dynamics
are central in controlling climate behavior [Bond et al., 1992, 1993]. Although strong evidence
supports such a sequence of events [van Kreveld et al., 2000], the hypothesis appears to be
insufficient to explain the abruptness, magnitude, and global extent of the warmings. Thelarg-
est problem with this hypothesisisits limitations in affecting rapid climate change beyond the
North Atlantic region [National Research Council, 2002].

The second hypothesis for the driver of millennial-scale climate change relates to changes in
tropical heat distribution and consequent modulation of atmaospheric water vapor. At present,
atmospheric water vapor, the most important greenhouse gas, is dominantly produced in the
tropics; its atmospheric abundance depending exponentially on temperature [Oltmans and
Hofmann, 1995]. Thus, it can exert strong positive feedback on climate change and has rapid
response times [Pierrehumbert, 1999]. Tropical surface ocean temperature changes in phase

B-14



with higher latitude air and ocean temperature records suggest that the tropics have not pas-
sively responded to climate change triggered by other mechanisms such as changesin thermo-
halinecirculation[Bard et al., 1997]. Yet several modeling studies suggested the opposite - that
tropical climate and associated heat distribution responded to changesin North Atlantic ther-
mohaline circulation [Fawcett et al., 1997]. Although it is clear that the tropics were strongly
involved in global climate change [Cane and Evans, 2000; Peterson et al., 2000], the nature of
the forcing agent for tropical change remains undetermined.

Any proposed mechanism for late Quaternary climate change must be consistent in explaining
patterns of change in the earth system on orbital, millennial, and decadal time scales (Figures
1& 2), aswell astheir global or regiona distribution. For example, it is necessary to explain
why, during deglaciation, amajor reduction inice volumefollowed each maximum inice sheet
expansion [Denton et al., 1999; Alley and Clark, 1999]. Understanding the causes of these
rapid climate cycles and their interaction with orbital forcing is key to understanding late
Quaternary climate variability. The rapidity of the climate changes indicates that the amplify-
ing feedbacks were able to respond within years to decades. Curiously, this climate instability
was most pronounced during the last glacial episode, at atime when large ice sheets led to the
exposure of continental shelves.

A recent National Research Council [2002] review of the character, causes, and consequences
of abrupt climate change concluded that this climate behavior still remains to be explained.
Furthermore, climate models have typically underestimated the magnitude, speed, and extent
of these abrupt changes. Hypotheses proposed to account for the remarkable late Quaternary
climate behavior are numerous and diverse, but usually invoke forcing by greenhouse gases
(e.g., CO,, CH,, N,O, H,O) [Petit et al., 1999] and/or rapid shiftsin ocean thermohaline circu-
lation [Broecker, 1997a; Keeling and Stephens, 2001]. Any mechanism proposed to explain
late Quaternary climate behavior must explain a diversity of documented changes, including:
the character, magnitude, and abruptness of climate change, synchronism and diachronism
between different regions and components of the earth system, changesin atmospheric green-
house gas composition, deep and intermediate-water circulation, ecosystem changes influenc-
ing global biogeochemical cycling, and the leads and lags between the different components.
So far, no proposed hypothesis has successfully explained the wide range of climate changes
that occurred on orbital, millennial, and decadal time scalesduring thelate Quaternary [Paillard,
2001].

THE POTENTIAL ROLE OF METHANE HYDRATES

Methane Hydrates in Climate Change

One potentially important mechanism involved in late Quaternary climate change that is be-
ginning to receive attention by the paleoclimate community is the role of greenhouse forcing
by atmospheric methane emissions and associated feedbacks resulting from degassing of the
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marine sedimentary methane hydrate reservoir. M ethane hydrates (clathrates), theice-like solid
form of methane, are formed as methane molecul es captured within acage of water molecules.
Methane hydrates [Sloan, 1990, 1998; Kvenvolden, 1993; Henriet and Mienert, 1996, 1998;
Kleinberg and Brewer, 2001; Paull and Dillon, 2001] form under conditions of low tempera-
ture, high pressure, and sufficient gas concentrations [Kvenvolden and McMenamin, 1980;
Sloan, 1990, 1998; Dickens and Quinby-Hunt, 1997] (Figure 3). They are now known to occur
extensively in marine sediments on continental margins, especially where high organic carbon
content leads to anoxia and methanogenesis. M ethane hydrates also occur in some deep fresh
water lakes and beneath the permafrost layer in the high northern latitudes. The sensitivity to
form and dissociate methane hydrates results from the interaction of large changesin sealevel
(pressure) and fluctuating character of intermediate water (temperature) impinging on upper
continental slopes (~400 to 1000 m water depth); the zone of potential methane hydrate insta-
bility (Figure 4). Methane hydrates become unstable under conditions of increased tempera-
ture and decreased pressure.

This enormous reservoir of exchangeable carbon is stored as solid methane hydrate, with pos-
sibly equivalent or greater volumes of free methane gastrapped below the hydrate zone [Dickens
et a., 1997]. Global estimates of the methane content of methane hydrates range from as low
as0.5 Eg (1 Eg = 10® g) to as high as 24 Eg [Kvenvolden and L orenson, 2001]. An intermedi-
ate value of ~10 Egis considered aconsensus val ue based on independently determined values
by Kvenvolden [1988b] and MacDonald [1990a]. Such a volume represents ~3000 times the
amount of methane in the modern atmosphere [Buffett, 2000] and is the largest fossil fuel
reservoir [Dickenset al., 1997]. In al, and despite significantly different estimates of methane
carbon stored as methane hydrate and associated free gas, it is clear that thisreservoir contains
sufficiently large volumes of methane to potentially play an important role in global climate
change. Asaresult, it has become more widely recognized that methane hydrates represent a
large reservoir of carbon that both stores and has the potential of releasing free methane into
the ocean and atmosphere when environmental conditions are suitable.

At present, this large methane reservoir is relatively stable, thus playing only a minor role in
the modern methane cycle[Cicerone and Oremland, 1988; Judd, 2000]. However, this may not
have been the case throughout earth history, as increased evidence suggests that important
pal eoclimatic events were associated with atmospheric methane emissions from methane hy-
drates[e.g., Dickenset al., 1995]. During the last few years support has grown from geochemi-
cal and other evidence for massive methane releases from hydrates at specific times in the
geologic past, but this has been largely limited to interval s before the Quaternary (the geol ogi-
cally recent ice age period of the last ~2 million years). The origin of several brief episodes of
globa warming has been linked with massive dissociation of hydrates and methane transfer
into the atmosphere [Dickens et al., 1995, 1997 and other references shown later]. What evi-
dence exists in support of major methane emissions from methane hydrates into the ocean/
atmosphere in the geologic past? The strongest evidence implicating methane hydrates are
records of large, negative carbon isotope excursions affecting carbon reservoirs of the ocean,
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Figure 4. Schematic diagram illustrating potential distribution and thickness of methane hydrate zone in
continental margin sediments [after Kvenvolden and McMenamin, 1980]. Stippled zone represents potential
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methane hydrate stability, assuming a sufficient supply of CH,. Thickness of this zone increases with
depth (pressure) and lower water temperature. Geothermal gradient is assumed to be 27.3°C/1000 m.
Zone of potential instability during the late Quaternary is between ~400 and 1000 m water depth.
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biosphere, and atmosphere. Biogenic methane has highly negative carbon isotopic values
(~-65%0) and therefore can provide a distinct isotopic fingerprint when present in sufficient
environmental concentrations. Methane released from the hydrate reservoir is transferred to
the exchangeable carbon reservoir via diffusion into the water column and/or outgassing into
the atmosphere during sediment failure [Dickens et al., 1997]. The magnitude of the climate
response would have largely depended on how much methane reached the atmosphere.

Despite the potential for large, episodic releases of methane by hydrate dissociation, intense
ongoing investigations of late Quaternary climate behavior have not included the methane
hydrate reservoir as an integral part of the global climate system. Thisis surprising given the
immense amount of methane estimated to be stored inthe modern reservoir [MacDonald, 1990a;
Kvenvolden, 19884, b; 1993]. Paull et al. [1995] stated that “if these natural gas hydrate depos-
its are dynamic reservoirs, the potential to affect the Earth’s climate by releasing methane to
the atmosphere has to be considered.” Furthermore, the Earth during the late Quaternary has
almost certainly been subjected to the largest ocean temperature and sea level oscillations
withinthelast 15 million years and probably longer. It is unlikely that conditions have been as
favorable for methane hydrate instability than during the late Quaternary.

Why have methane hydrates been little considered as an important component in late Quater-
nary climate change? There appear to be several reasons for this. the reservaoir is remote and
poorly studied; little was known about methane hydrates until recently; and modern hydrates
appear relatively stable and show little evidence during the Holocene compared with prior
instability evident earlier in the Quaternary. Furthermore, the upper continental margin, con-
taining most of the reservoir, has been considered a relatively stable oceanic environment,
uninvolved with Quaternary climate behavior, especially on millennial time scales. For these
and other reasons, methane hydrates have been considered “a last resort” hypothesis for cli-
mate change[K. Kvenvolden, personal communication]. Nevertheless, Buffett [2000] has sug-
gested that methane hydrates may be the “dark horse” of global climate change.

Interest in the potential role of methane hydrates in late Quaternary climate change has re-
cently intensified for several reasons:

» Recognition of the potential instability of methane hydrates on continental margins
because of sea-level and bottom-water temperature changes[Paull et al., 1995; Kennett
et al., 1996, 2000a, b].

»  Widespread agreement that catastrophic methane release from dissociating hydrates
caused a distinct episode of global warming at the end of the Paleocene [e.g., Dickens
et al., 1995, 1997; Katz et al., 1999].

» Discovery of large, negative carbon isotopic excursionsin late Quaternary marine sedi-
ments from the southern Californiamargin [Kennett et al., 2000a], Gulf of California
[Keigwin, 2002], East Greenland [Smith et a., 2001], and Amazon Fan [Madlin et al.,
1997] attributed to methane rel ease from methane hydrates associated with millennial -
scale climate change and deglaciation.
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» Recognition of the close association between methane and climate recorded in ice
cores, both at orbital [Petit et al., 1999] and millennial time scales[Brook et al., 2000].
Theinferred changesin atmospheric methane concentrations have generally been linked
to wetland development; potential effects of methane hydrates have been largely ig-
nored.

e The growing recognition of the powerful Greenhouse Warming Potential of methane
as reinforced by reactions and feedbacks with other atmospheric gases [Ehhalt et al.,
2001].

» Discovery of large, seasonal fluxes of methane released from beneath seaice in the
Sea of Okhotsk, aregion with an ocean-floor gas source [Suess et al., 1999]. Methane
derived from hydrates is transported to surface waters in gas plumes [Zonenshain et
al., 1987]. Kvenvolden et al. [1992] also discovered methane trapped beneath seaice
off Alaska. These observations led Suess et al. [1999] to conclude that methane hy-
drates may be a significant source of atmospheric methane. Loehle [1993] considered
methane to be an important, but cyclic component of the global carbon cycle during
the late Quaternary.

Methane has a short atmospheric residence time (~20 yr) [Leggett,1990], being rapidly oxi-
dized to CO, and H,O. Thus, sustained climate warming resulting from increased methane
requiresacontinuous supply. Sustained suppliesmust be provided by the major potential sources
including methane hydrates, continental wetlands and/or permafrost. Positive feedback pro-
cesses should have played a mgjor role towards sustained methane input into the atmosphere
during global warming. The role of increased water vapor is crucial in assessing the impact of
atmospheric methane increases. Even if relative humidity remains fairly constant as methane
and consequently temperature rise, an absolute increase in the amount of atmospheric water
vapor occurs, which in turn causes further temperature amplification of perhaps 50% [Cice-
rone and Oremland, 1988].

We suggest that significant atmospheric methane increases can force rapid global warming.
However, such warming must have been reinforced by several other processes acting as posi-
tive feedbacks. These would have included increasesin other greenhouse gases. The feedbacks
would have occurred rapidly because much of theinitial change occurs within the atmosphere
and near the ocean surface (including the melting of seaiceat high latitudes). Thisis supported
by amaodeling experiment involving major (4000 Tg) methane rel ease to the atmosphere which
was aloneinsufficient to cause radiative forcing of a magnitude to induce the magnitude of the
recorded deglacial warming. However, the model was able to simulate deglacial warming when
additional feedbackswereincluded, specifically combinations of methane, CO,, and heat trans-
port [Thorpe et al., 1998].
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Processes That Can Destabilize Methane Hydrates

Nisbet [1990] and MacDonald [1990b] have both argued that major destabilization of methane
hydrates is central to the processes that end glacial episodes. Their hypothesis invokes disso-
ciation of methane hydrates because of reduced hydrostatic pressure associated with sea-level
fall and possibly warming of bottom waters. In their scenario, a sufficient volume of methane
was rel eased into the atmosphere to cause global warming through various feedback processes.
The dissociation of methane hydrates was implicated from evidence of massive sediment fail-
ure on continental slopes. Hydrostatic changes related to sealevel, even on tidal time scales,
are known to affect rates of emissions from marine gas fields[Boles et al., 2001].

An ~120-m sea-level lowstand during the LGM would have reduced hydrostatic pressure suf-
ficiently to cause the gas hydrate stability zone to shallow by ~20 m, decreasing its thickness
by several percent [Dillon and Paull, 1983]. Gas hydrates at shallow water depths would have
been particularly vulnerable to dissociation. This suggested the hypothesis that glacioeustatic
sea-level fall and increasingly large CH4 releases into the atmosphere limit the extent of gla-
ciation [Paull et a., 1991]. However, this hypothesisis not supported in detail by the methane
record in ice cores [Chappellaz et a., 1990; Lorius et a., 1990], which exhibits increasingly
low, stable values of atmospheric methane into the LGM [Eyles, 1993]. On the other hand,
large, rapid methaneincreases at glacial terminations, which represent the largest warmings of
the Quaternary, are consistent with the hypothesis of Paull et al. [1991] that major glaciationis
limited by greenhouse warming resulting from major methane hydrate dissociation.

Methane hydrate stability at continental margin depths was probably more sensitive to tem-
perature than sea-level changes during the late Quaternary [Buffett, 2000]. A change in tem-
perature of only 1°C is sufficient to offset the effect of a 100 m change in sealevel, athough
the equivalent temperature change has been estimated to be as little as severa tenths of a
degree by Buffett [2000]. Nevertheless, it should be emphasized that increase in temperature
alone does not necessarily lead to significant dissociation of methane hydrate, which like ice,
requires sustained input of heat energy and thus prolonged temperature rise. Thermal effects
on hydrate stability have not been seriously considered in previous late Quaternary investiga-
tions, probably because of the general assumption that bottom-water temperatures on upper
continental margins were relatively stable. However, significant bottom-water temperature
changes within the zone of potential hydrate stability (~400 to 1000 m) (Figure 20) have re-
cently been discovered [Kennett et al., 2000a; Hendy and Kennett, submitted], refuting this
assumption.
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EXISTING EVIDENCE

Have Massive Releases of Methane Contributed to Past Global Warming Events?

As outlined above, although there is much potential for significant degassing of methane hy-
drates into the ocean/atmosphere system when conditions were favorable, if such events oc-
curred, they must have left geological evidence. There seemsto be general acceptance of geo-
logical evidence for major methane degassing events in the distant geological past well before
the Quaternary. Thisinterpretationisrelatively uncontroversial and isbriefly summarized first.
We then summarize evidence in support of methane hydrate degassing during the Quaternary
which is considered by most workers to be highly controversial. Nevertheless, evidence con-
tinues to grow that inferred methane emissions may have been closely linked with abrupt cli-
mate changes during this time. What is this evidence that methane hydrates experienced sig-
nificant degassing during the Quaternary and that resulting inferred methane emissions to the
atmosphere have played arole in abrupt climate change? This question is obviously crucial to
resolve conclusively given that we as humans inhabit the earth under these very conditions of
potential instability.

Emission Events Before the Quaternary

Documented major inferred methane emission events from hydrates based on large, abrupt
negative carbon isotopic anomalies are considered by some to have occurred during the latest
Paleocene (55 Ma) [eg. Dickenset al., 1995], early Cretaceous (Aptian; 120 Ma) [Hesselbo et
al., 2000], late Jurassic [Padden et al., 2001], and early Jurassic (Early Toarcian; 183 Ma)
[Hesselbo et al., 2000]. Major episodes of hydrate dissociation based on negative carbon isoto-
pic anomalies in marine sequences have also been inferred for the Triassic/Jurassic boundary
[Palfy et a., 2001], the Permian/Triassic boundary [Krull et al., 2000] (although other causes
have been suggested to explain this anomaly), the early Paleozoic [Quinby-Hunt and Wilde,
1995], and immediately following Neoproterozoic glacial episodes[Kennedy et al., 2001; 2002]
(see Hoffman et al. [2002] for aternate views). Many of these events are known to be associ-
ated with major global warming episodes likely caused by massive methane releases from
hydrates.

The most thoroughly documented event is that which occurred at the end to the Paleocene and
associated with a sharp warming considered to be the warmest interval of the last 65 million
years (the Late Paleocene Thermal Maximum). This episode, marked by rapid carbon isotopic
shifts, began abruptly within 2 kyr, and lasted only ~220 kyr [R6hl et al., 2000]. It isinferred
that methane, stored as methane hydrate, was released suddenly, then was gradually depleted
from the ocean/atmosphere system, leaving a sawtooth shape to the carbon isotopic record.
Dickens [2001c] compares the process to charging, discharging, and recharging an electrical
capacitor. The early Jurassic event, estimated to represent one of the largest methane hydrate
dissociation episodes of thelast 200 myr, occurred mostly within only ~70 kyr [Hesselbo et al .,
2000]. Both thelate Paleocene and early Jurassi ¢ episodes were associ ated with oceanic warm-
ing, including deep waters that have been implicated in methane hydrate dissociation.
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Jumps in Atmosphere Methane and Global Temperature Change in Quaternary

Trapped air inice cores provides the most direct evidence for past changes in the atmospheric
trace gases methane, CO,, and N, O [Fluckiger et al., 1999] (see Raynaud et al. [1993, 2000] for
reviews). In particular, these records have revealed remarkable changes in atmospheric meth-
ane concentrations during the late Quaternary on orbital, millennial, and decadal time scales
(Figures1(B) & 2). Large, rapid variation in atmospheric methane contrasts with much slower
changesin atmospheric CO, (Figure 2). Theserecords are of great significance for understand-
ing late Quaternary climate dynamics because of the intimate relationship that exists between
methane and temperature records in ice cores. Determining the relationship between methane,
CO,, and climate at decadal resolution isof fundamental importance [ Severinghaus and Brook,
1999]. These records pose two key questions: 1) What produced the rapid, large atmospheric
methaneincreases at glacial and stadial terminations? and 2) Were the large atmospheric meth-
ane increases instrumental in forcing the rapid climate warming episodes that marked the late
Quaternary?

The Antarctic ice core records show that methane and CO, exhibit remarkable similaritieswith
Antarctic air temperatures throughout the late Quaternary [Petit et a., 1999] (Figure 2). The
regularity of the methane and CO, variations through several 100-kyr climate cycles (Figure 2)
suggests awell-ordered set of dominant mechanisms[Sigman and Boyle, 2000] that are highly
sensitized to change during the late Quaternary. One of the most significant observations made
inice core stratigraphy is of the intimate relationship between methane and temperature oscil-
lations in the pre-Holocene record of the late Quaternary [Jouzel et al., 1993; Brook et al.,
1996; Petit et ., 1999]. Changes between the two climate parameters appear almost in lockstep
(Figure 2), suggesting a common origin [Brook et al., 2000] and a fundamental relation be-
tween methane and temperature change. Petit et a. [1999] and Raynaud et a. [2000] have
therefore suggested that greenhouse gases (methane and CO,) are important amplifiers of the
initial orbital forcing of late Quaternary climate change and have significantly contributed to
the glacial-interglacial oscillations. On the other hand, Severinghaus et a. [1998] and Brook et
al. [1999] suggest little or no causal role for methane in warming based on their calculation of
phasing between methane and temperature in Greenland ice cores. Clearly, if climate change
was forced in part by methane variations, the changes should be recorded in ice cores as syn-
chronous or with a minor lag. However, as discussed below, determining this relationship in
ice cores has been difficult because of the differences in age between the trapped gas and ice,
variation in this age difference through time, and because the timing of methane and tempera-
ture changes were extremely close.

What produced the rapid, large atmospheric methane increases during the late Quaternary? A
general consensus existsthat they aretheresult of increased methane emissions from continen-
tal wetlands when climate became warmer. However, geologica evidence suggests a near-
absence of major wetland systems at these critical times. During the last ice age the earth was
adry planet with limited wetland ecosystems. Sealevel waslow and thus continental lowlands
were well drained by well incised rivers. This strongly limited the extent of flooded areas that
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could form methane producing wetlands. The geological evidence is strong in suggesting that
the growth of wetlands cannot account for the observed changes in atmaospheric methane. A
more likely source for the methane appears to be from methane hydrates. These conflicting
interpretations require resolution. If methane from methane hydrates played arolein the rapid
warmingsthat marked the late Quaternary, increasesin atmospheric methane should have been
synchronous with or ahead of the rapid warming episodes.

I nstability of Methane Hydrates During the Quaternary

We now summarize marine geological evidence that appears to support major degassing of
methane hydrates at times during the late Quaternary. This evidence suggeststhe following: 1)
significant instability of methane hydrates on the upper continental margins did occur during
the late Quaternary; 2) methane hydrate instability contributed to major sediment failure and
mass transport on continental slopes; 3) unroofed methane hydrates contributed to further hy-
drate instability and methane release to the ocean/atmosphere system; 4) this process did not
occur uniformly throughout the late Quaternary, but was focused at specific intervals. It is
likely that large processes such as major slumping are essential in delivery of methane to the
atmosphere in sufficient volume to affect climate change. It is unlikely that upward advection
or diffusion of methane through marine sediments would be effective in transporting signifi-
cant amounts to the atmosphere because the methane flux from these processes is generally
insufficient to overcome oxidation, consumption, or dissolution within the sediment or lower
part of the water column. Catastrophic slope failure appears to be necessary to rel ease a suffi-
ciently large quantity of methane rapidly enough to be transported to the atmosphere without
significant oxidation or dissolution. Geochemical evidence is beginning to emerge in support
of such events which is next summarized.

Geochemical Signatures of Methane Release

Most methane stored on continental margins as methane hydrate and free gas trapped beneath
exhibits very negative carbon isotopic values (~-65%o) typical of biogenic methane produced
by methanogenesi swithin anoxic sediments[Kvenvolden, 1995; Cicerone and Oremland, 1988].
Release of sufficient quantities of this methane imparts a very negative carbon isotopic signal
to the dissolved inorganic carbon of seawater through oxidation. This process has been de-
scribed for the modern ocean by Suess et al. [1999].

Large, negative carbon isotope values have been recorded in benthic foraminifera of the last
interglacial age from Peruvian margin near-surface sediments [Wefer et al., 1994] and cold
methane seeps on the northern California margin [Rathburn et al., 2000]. In both cases, the
large, negative values appear to have resulted from environmental methane influence, such as
suggested by Borowski et al. [1999], rather than organic matter oxidation from sulfate reduc-
tion [McCorkle et a., 1990] or enhanced organic carbon rain rate [Stott et a., 2002]. This
interpretation was also madefor large, millennial-scal e negative carbon i sotopic shiftsin benthic
foraminiferain the late Quaternary Santa Barbara Basin sequence (Figure 5) [Kennett et al.,
20004]. Millennial and orbital-scale oscillations in carbon isotopes varied by up to 5%., being
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Figure 5. Correlations between (A) GISP2 d180 record [Grootes et al., 1993, Grootes and Stuiver, 1997;
Stuiver et al., 1995; Stuiver and Grootes, 2000; chronology of Meese et al., 1994 and Sowers et al.,
1993] and (B to G) planktonic and benthic foraminiferal d180 and d13C records from Ocean Drilling
Program Site 893, Santa Barbara Basin, California, for past 60 kyr including (B) thermocline-dwelling
Neogloboquadrina pachyderma d180(blue), (C) surface-dwelling Globigerina bulloides d180 (red) [Hendy
and Kennett, 1999; Hendy et al., 2002], (D) benthic d180 as a five-channel binomial average (green), (E)
benthic d13C record (species shown near center of figure), and planktonic d13C records for (F) G.
bulloides (red), and (G) N. pachyderma (blue) [Kennett et al., 2000a]. The warm Dansgaard-Oeschger
(DO) interstadials (numbered 1 to 17) [Dansgaard et al., 1993] are clearly shown punctuating the otherwise
cold conditions (stadials and glacials) of the last glacial episode. Shading represents intervals of laminated
sediments [Behl and Kennett, 1996] associated with warming (interstadials and Holocene). Note benthic
d13C oscillations associated with millennial-scale climate change and brief, episodic negative excursions
in planktonic and benthic d13C records. ODP Site 893 chronology based on radiocarbon ages and
stadial-interstadial transition tie points to GISP2 ice core [Hendy and Kennett, 2000].
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very negative (-2 to-6%o) during interstadial sand the early Holocene and more positive (~-1%o)
during stadialsand the LGM. These oscillationswere also inferred to reflect widespread shoal -
ing of sedimentary methane gradients and increased outgassing from methane hydrate dissocia-
tion during interstadials and the early Holocene [Kennett et al., 20004] .

Past episodes of major methane release from hydratesinto the water column werefirst inferred
from carbon isotopic anomalies [Kennett and Stott, 1991] recorded in the latest Paleocene for
theentire ocean [Dickenset a., 1995, 1997]. Similar, but local, negative carbon isotopic anoma-
lies have been identified in late Quaternary foraminifera [Madlin et al., 1997; Kennett et al.,
2000a; Smith et al., 2001; Keigwin, 2002]. Brief, highly negative carbon isotopic anomalies
recorded by latest Quaternary planktonic and benthic foraminifers in East Greenland (68°N)
marine sediments have been attributed to methane release into the water column from methane
hydrate dissociation [Smith et al., 2001]. These episodes occurred during the glacial termina-
tions at times of deglacial sea-floor depressurization resulting from ice sheet retreat and asso-
ciated isostatic rebound, and bottom-water warming. Major methane rel eases are indicated by
carbon isotopic excursions in near-surface dwelling planktonic foraminiferaliving in the open
ocean in close proximity to the East Greenland Current. Emerging from these investigationsis
arecord of major but brief episodes of methane rel eases from methane hydrates into the water
column in areas of relatively limited surface water advection. In such restricted areas the
geochemical fingerprint of methane emissions is recorded in sediments by microfossils and
organic biomarkers. Thus the process of methane hydrate degassing is clearly recorded in
sediments of Quaternary age; furthermore, episodes of degassing appears hot to be random
through time but rather focused at times of significant climate change. The last major episode
likely occurred during the last glacial to interglacia transition.

Slope I nstability and Mass Sediment Transport

Other evidence for methane hydrate instability isindirectly derived from the timing of marine
slumps and sediment transport on continental slopes. The distribution of methane hydrates on
upper continental slopes appears closely associated with evidence of mass sediment move-
ment, pockmarks, and other features such as collapse structures resulting from mass sediment
disturbance. Based on this relationship it is possible to indirectly infer timing of gas hydrate
instability by determining the age of mass sediment disturbance. Mass sediment disturbance
caused by methane hydrate instability islikely to be episodic, rather than continuous because
of the different rates of change of sealevel and bottom-water temperature related to climate
oscillations of the late Quaternary. Major slumps on the upper continental slope likely trans-
ferred large volumes of methane from the methane hydrate reservoir to the ocean/atmosphere
system. Large slumps can potentially release enormous volumes of methane (~1 Pg) into the
ocean/atmosphere system. Furthermore, marine geol ogical evidence suggeststhat large Slumps
activated by methane hydrate instability appear to be widespread. If correct, thiswould clearly
implicate hydrate instability asan important processin climate change. For example, the Storegga
submarine slump off Norway [Bugge et al., 1988] is associated with unstable hydrate fields.

B-25



The Storegga slump was enormous, having transported 5600 km3 of sediment 800 km from the
upper continental slopeinto the Norwegian Sea Basin. This slump could have rapidly released
between ~1 and 5 Pg of CH4 [Nisbet and Piper, 1998]. Instability of methane hydratesin this
region has been exaggerated by post-glacial uplift of the margin [Bugge et al., 1988].

The catastrophic methane releases in Santa Barbara Basin recorded by large, negative benthic
and planktonic carbon isotopic excursions (Figure 5) [Kennett et al., 2000a] and may have
been associated with submarine slides [Kennett and Sorlien, 1998]. Although these events
could be considered relatively small in terms of aerial extent, they have the potential for sig-
nificant methane rel ease. Conservative cal culations accounting for the magnitude and duration
of the isotopic excursion suggest 6.4 Tg yr? was expelled into basin waters, which if trans-
ported to the atmosphere, would be equal to ~1.3% of the modern annual flux. At thisrate, one
brief event may have released ~18% of the average methane increase associated with intersta-
dials[Kennett et al., 20004]. If methane was efficiently transported to surface waters and the
atmosphere, then thetotal volume of gasreleased by these eventswaslikely greater than calcu-
lated because the amount that escaped into the atmosphere was not recorded by the carbon
isotopes of foraminifera.

The high-resolution carbon isotopic records from Santa Barbara Basin (Figure 5) [Kennett et
al., 2000a] suggest modulation of methane hydrate instability by millennial-scale oscillations
in intermediate-water temperature closely associated with stadial-interstadial cycles. Intersta-
dials were marked by warmer intermediate waters that destabilized basinal hydrates and acti-
vated upward methane flux through the sediment (Figure 5). Methane hydrate instability is
also inferred to have caused sporadic submarine sliding in the basin that de-roofed methane
hydrates and caused massive methane release into the water column and atmosphere (Figure
6). In contrast, cooler stadial waters led to methane hydrate stability, accumulation, and re-
duced methane flux into the basin (Figure 5). These oscillations were likely widespread along
the Californiamargin and el sewhere, affecting methane hydrate instability over broad areas of
the margins, and contributing to millennial -scale atmospheric methane oscillations [K ennett et
al., 2000a].

Preliminary investigations suggest that there has been a systematic history of major mass sedi-
ment deformation on upper continental slopes during the late Quaternary, i.e., Slumping epi-
sodes activated by methane hydrate instability would have occurred at times of relatively low
sealevel and increased bottom-water temperatures (Figure 6). Thelast such major episode was
during the last glacial to interglacial transition, an especially vulnerable time for methane hy-
drate instability. This should have been a time of major sediment instability on the slope.
Although the age of most slump activation ispoorly constrained, general trends of slump activ-
ity are now becoming better known and suggests increased activity during the last glacia
termination.
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Figure 6. Schematic diagram depicting three different ocean states and associated stability/instability of
the upper continental slope methane hydrate reservoir. During glacial and stadial episodes (A), cold
intermediate waters led to a relatively stable methane hydrate reservoir, in spite of lower sea levels.
Greatest stability of hydrates occurred during the middle to late part of interglacial episodes (C) in response
to high sea level and relatively long-term stability of intermediate waters. High instability of hydrates
occurred during the intermediate deglacial times and following the onset of interstadials (B). Warming of
intermediate waters then caused dissociation of hydrates. This in turn led to major instability of slope
sediments, associated mass sediment transport and major release of CH, into the ocean/atmosphere
system. The presence of methane hydrates on continental slopes is often detected seismically by the
presence of a bottom-simulating reflector (BSR) if hydrates are underlain by sufficient free gas. The
ocean states are marked by differences in vertical temperature gradient and changing strength of the
oxygen-minimum zone (OMZ).
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THE CLATHRATE GUN HYPOTHESIS

In response to increasing support that methane hydrates have been an integral part of the
climate system and play arole in abrupt climate change a hypothesis has been posited that
episodic atmospheric methane emissions resulting from instability of the marine sedimentary
methane hydrate (clathrate) reservoir contributed significantly to the distinctive behavior of
late Quaternary climate on orbital (Milankovitch) and millennial time scales [Kennett et al.
2002]. Because this model involves punctuated rel eases of methane from the methane hydrate
reservair, this has been termed the Clathrate Gun Hypothesis. According to this hypothesis,
changesin upper intermediate waters i ntersecting upper continental slopes caused temperature
changes of sufficient magnitude to partially destabilize the methane hydrate reservoir
(Figure 7). Resulting methane rel eases to the atmosphere/ocean system provided the amplifi-
cation to “jump-start” rapid warmings at stadial and glacial terminations that were signifi-
cantly reinforced by other greenhouse gases, especially water vapor. Collectively, these changes
shifted the climate system into an interglacial or interstadial state (Figure 7).

According to this hypothesis, late Quaternary methane hydrate instability occurred even dur-
ing times of relative sea-level stability because of frequent, rapid upper intermediate-water
temperature oscillations over wide areas of the upper continental margins in the depth zone of
potential hydrateinstability. Thesetemperature oscillationsled to successiveinterval s of methane
hydrate instability during the transitions and early portions of warm intervals and stability
during cool intervals. It is suggested that the methane hydrate reservoir (clathrate gun) was
episodically “loaded” or recharged during cold intervals of the late Quaternary when cold
intermediate waters bathed upper continental slopes (Figure 7). The changing temperatures on
the upper continental slopes resulted from oscillationsin the production of upper intermediate
watersin low and high latitudes (Figure 7). Switching to sources of warm intermediate waters
at stadial and glacial terminations created instability in the methane hydrate reservoir and
catastrophic release of methane into the ocean/atmosphere system as aresult of sediment dis-
ruption that unroofed hydrates on the upper continental slopes. This led to the well-known
rapid warmings of the late Quaternary on different time scales and magnitudes and also pro-
duced the sawtooth pattern of late Quaternary climate and atmospheric methane variability
exhibited in the 100-kyr cycle and in millennial- scale oscillations (Figures 1 and 2).

The hypothesis predicts extensive instability of upper continental slope sedimentsduring rapid
atmospheric methane increases (Figure 7). Thisinstability would have been reflected by wide-
spread development of slumps, debrisflows, and pockmarks on continental slopes, and associ-
ated downslope mass sediment transport into the ocean basins. The hypothesis predicts that
glacial terminations represent intervals of greatest sensitivity of the methane hydrate reservoir
because of vertical and lateral expansion of the zone of hydrate-bearing sediment due to pro-
longed cooling near the end of the glacial cycle combined with especially low sealevel (and
pressure). M ethane emissions would have been greatest during these intervals when methane
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hydrates were destabilized, a prediction supported by the ice core records. The oscillatory
pattern of late Quaternary climate change at millennial to orbital time scales suggests aclimate
system highly sensitive to feedbacks within the system.
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Figure 7. Summary diagram illustrating major elements of the Clathrate Gun Hypothesis. In this hypothesis,
climatic feedbacks associated with changing atmospheric CH, composition result from changes in the
stability of the methane hydrate reservoir associated with changes in bottom-water temperature (shifts in
thermohaline circulation). Oscillations occur between stadial (glacial) and interstadial (interglacial) states.
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CONSISTENCY OF HYPOTHESIS WITH CLIMATE HISTORY

The speed, magnitude, and timing of the glacial terminations during the late Quaternary ice age
are consistent with aprocessinvolving major atmospheric methane emission from destabilized
methane hydrates. The Clathrate Gun Hypothesis predicts that the largest exchange of meth-
anefrom the hydrate reservoir to the ocean/atmosphere system would occur at glacial termina-
tions for several reasons. 1) low sea levels would have decreased pressure on the hydrate
reservoir and increased its potential instability creating a hypercritical state for some hydrates
[Buffett & Zatsepina, 1999; Buffett, 2000]; 2) expansion of cold intermediate waters during
glacial maximawould have caused growth of hydrates on shallower regions of upper continen-
tal dopes; and 3) the several thousand year interval during glacial maxima marked by rela-
tively stable, cold deep-sea waters would have caused growth of hydrates especially in areas
where continuous upward diffusion of methane addsto the volume of hydrate [Hyndman et al.,
2001]. Such conditions should have occurred at shallow depths within the sediment column.
At this stagein the glacia cycle, conditions were most favorable for the largest volume of gas
to be released by methane hydrate dissociation upon warming of intermediate waters [K ennett
et a., 2000a; Hendy and Kennett, submitted]. Consistent with this explanation is the repeated
association of the coldest, most glaciated interval, followed by the warmest with distinct meth-
ane overshoots observed at some terminations. Highest methane values tend to occur early in
interglacial and interstadial episodes which is consistent with this hypothesis.

A critical component of the Clathrate Gun Hypothesisis the effect of bottom-water tempera-
ture increases at the depths of potential methane hydrate instability (~400 to 1000 m) (Figure
4). Changes in sea level aone were not sufficient or rapid enough to cause major instability.
Pressure decrease related to a 100 m drop in sealevel is equal to only about one degree or less
of bottom-water warming in the zone of potential methane hydrate instability (Figure 4). Yet,
strong evidence exists for significant temperature increase (~3°C) of upper intermediate wa-
ters on continental margins during deglaciation, probably sufficient to destabilize methane
hydrates.

The remarkable millennial-scale climate variability during the latest Quaternary, including
abrupt global warmings, was driven by processes yet unexplained. The behavior of these short-
duration eventsgivesinsight into the processesinvolved in thelarger orbital-scal e deglaciations.
Any hypothesis proposed to explain this climate history must be consistent in explaining the
record at all time scales through the late Quaternary. The following major characteristics of
millennial-scal e climate behavior during the last glacial cycle appear consistent with the Clath-
rate Gun Hypothesis:

*  Remarkably rapid warmings at the onset of interstadials.
e Significant climate instability during these warmings [Sachs and Lehman, 1999].
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Close association and similar relative magnitude of temperature and atmospheric meth-
ane variation.

Largest climate variability during M1S 3 when the methane hydrate reservoir was par-
ticularly unstable because of low sea-level and intermediate-water temperature oscil-
lations.

Strong tropical involvement in stadial-interstadia cycles including large changes in
temperature and continental precipitation.

Largest warmings at the onset of interstadials when methane hydrate dissociation and
hence atmospheric methane emission would have been greatest.

Brief, conspicuous temperature overshoots at the onset of many interstadials recorded
in polar ice cores and marine sediment suggestive of dynamic temperature increases.

Brief, conspicuous methane overshoots at the onset of several interstadial s suggesting
dynamic methane rel ease from methane hydrates.

Sawtooth pattern of temperature and methane during interstadials because of rapid
increases and slower decreases.

Clustering of stadial-interstadial cycles into groups (Bond Cycles) that initiate with
the warmest interstadial and subsequently decrease in magnitude. Bond Cycle termi-
nations are marked by the most extended cool episode (Heinrich Event) that immedi-
ately precedes the next major warming marking the onset of the next Bond Cycle.
Thus, the coldest episodes are juxtaposed with the warmest, much like that of the 100-
kyr cycle. Theresulting sawtooth pattern isthus consistent with cycles that begin with
major hydrate dissociation following extended cool periods followed by interstadial
episodes of decreasing magnitude. This pattern is consistent with initial dissociation
of the most accessible, near surface methane hydrates followed by the gradual accu-
mulation of methane hydrates as colder intermediate waters become progressively more
dominant and warm intermediate waters during interstadials become weaker and less
extensive. The magnitude and duration of interstadials are also likely modulated by
orbital forcing (tilt and precession), that affectsthe extent, temperature and duration of
thermohaline circulation changes in a non-linear relationship. Thus MIS 5 and early
MIS 3 warm episodeswere of longer duration and generally warmer than those of MIS
4 and later MIS 3.

Synchronous millennial-scale climate change between the high northern latitudes,
middle latitudes, and tropics and between terrestrial and marine systems. Thisis con-
sistent with a greenhouse forcing mechanism and tel econnections via the atmosphere.

Rapid (decades to centuries) interstadial terminations. These intervals are matched in
SantaBarbaraBasin by sudden, rapid bottom-water cooling, reflecting asudden switch-
ing to cool intermediate waters. This evidence is consistent with a sudden decreasein
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methane emissions because of the methane hydrate reservoir stabilization. The brevity
of interstadials (500 to 2000 yr) is thus linked to the duration of warm intermediate-
water episodesthat largely control methane hydrate reservoir stability. Initial warming
of upper intermediate waters is amplified into abrupt, major warming marking the
onset of interstadial and interglacial episodes by rel ease of methane from dissociating
methane hydrates. This forcing of temperature change in upper intermediate waters
operates at a more rapid pace than orbital cycles. The nature of this suborbital pace-
maker remains largely unknown and represents one of the most vexing problemsin
earth sciences.

THE FUTURE

Can Changes in Methane Hydrates Significantly | mpact Future Climate Change?

The methane hydrate reservoir is known to contain sufficiently large volumes of methane to
potentially play an important rolein global climate change. Thisisthe largest fossil fuel reser-
voir and has been estimated at containing ~3000 times the amount of methane in the modern
atmosphere. Thus even some instability of the methane hydrate reservoir could have signifi-
cant climatic consequences given the potency of methane as a greenhouse gas. However, in
spite of the potentia for climate change and evidence of someinstability of the reservoir inthe
recent geologic past, it remains unclear if methane hydrates experienced degassing episodes of
sufficient magnitude to affect global climate warming during the late Quaternary. The initial
challenge is to conclusively determine if major degassing events did occur during the late
Quaternary and if the abrupt increases in atmospheric methane recorded inice coresarerelated
to hydrateinstability. A further challengeisto determineif these degassing eventswere impor-
tant agentsin climate change. If so, itis clear that such events can be expected in the future. A
primary question is the relative sensitivity of the modern methane hydrate reservoir to disso-
ciation and instability in response to possible future increases in temperature of intermediate
waters. It is possible that the geologic evidence may indicate no major effects of methane
hydrate degassing on abrupt climate change, in which case future concerns are markedly de-
creased. Nevertheless, it can be expected that during the last 10 thousand years, methane hy-
drates have been relatively stable in response to high sealevels (higher pressure) and relative
stability of intermediate water temperatures. Thisis supported by marine geological evidence.
If thisisthe case, in the absence of magjor degassing it follows that the methane hydrate reser-
voir likely hasincreased in volume. This potentially increases vulnerability to any future tem-
perature increases in bottom waters.

The possible future consumption of hydrate methane as afuel will clearly contribute to atmo-
spheric CO, with potential climatic effects. On the other hand, methane asafuel hasthe advan-
tage of being arelatively clean and more efficiently burning fuel than other fossil fuels. Fur-
thermore, technological developments may enable methane to be employed as a hydrogen fuel
source with significant societal benefits.
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RESEARCH NEEDS

In thisreport, we have briefly summarized awide range of datafrom ice cores and marine and
continental sedimentary and pal eontological recordsthat, collectively formulated asthe Clath-
rate Gun Hypothesis, appear to make acompelling explanation of many aspects of late Quater-
nary climate behavior. Nearly all data relevant to this hypothesis has resulted from studies
conducted during the last decade or few years. Thisis ayouthful field of enquiry and many of
the most fundamental questions remain unresolved. Given this, a wide range of experiments
are required to test the hypothesis that methane hydrates represent a critical and integral and
part of the late Quaternary climate system. It islikely that a number of rigorous tests, summa:
rized inthisreport, will be required to confirm or negate the various elements that make up the
hypothesis. Some of these are suggested below, arranged by the component tested.

Atmospheric Methane Record of | ce Cores

» Refine models and tests of the effects of gas diffusion, gravitational separation and the
gas-age/ice-age difference on the phasing and rate-of-change of methane relative to
temperature in ice cores during abrupt warmings. Simply stated, if methane was a
primary mechanism driving abrupt climate warming events, the risesin methane could
not have lagged the abrupt climate changes.

* Investigate the influence of post-incorporation microbial and chemical processes on
preserving or modifying atmospheric gas concentrations in the ice, especialy that of
methane.

» Determinevalidity and frequency of brief methane “overshoots’ associated with rapid
methane increases in ice cores through high temporal resolution investigations.

Source of Atmospheric Methane
» Determine the stable isotopic composition of C and H from methaneinice coresasan
indication of its source-methane hydrate or terrestrial wetlands.

o Determine“C activity of methaneinice coresfrom samples of known ageto differen-
tiate contemporaneous wetland sources from predicted older methane derived from
methane hydrates.

Wetland History

» Refinetiming of wetland initiation and evolution in several critical areasincluding the
large modern ecosystems in southeast Asia.

o Determine wetland extent and variability during the millennial-scale climate oscilla-
tions of the last glacial episode.
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Marine Methane Hydrate Stability

Determine spatial and temporal variability of inferred major methane emissions from
methane hydrates during the late Quaternary and compare them with theice core meth-
ane records.

Develop better understanding of processes that destabilize the methane hydrate reser-
voir and transport methane out of marine sediments into the ocean and then into the
atmosphere. What are the processes that modify methane as it migrates through the
oceans?

Strengthen understanding of proxies for past methane emissions to the water column
from methane hydrates including carbon isotopes, organic biomarkers, and faunal as-
semblages.

Better determine the spatial and temporal history of mass sediment wasting from con-
tinental slopes for comparison with predicted intervals of methane hydrate instability
during the late Quaternary.

Determine if evidence exists, such as pockmark fields, for widespread methane hy-
drate distribution at or near the ocean floor during predicted intervals of methane hy-
drate instability during the late Quaternary.

Pal eoceanography/Pal eoclimatol ogy

Improve global coverage of records of rapid, millennial-scale climate oscillations dur-
ing the late Quaternary to determine potential inter-hemispheric climate synchroneity
that would have resulted from greenhouse gas forcing.

Better understand spatial and temporal variability of upper intermediate water thermo-
haline circulation especially as it affects bottom water temperature within the depth
zone of potential methane hydrate instability (~400 to 1000 m) on continental slopes.

Determine whether anomalous *C reservoir ages documented for the deglacial epi-
sode and other times during the late Quaternary were affected by release of “C-de-
pleted methane from methane hydrates rather than by changesin ocean circulation.

Investigate earlier episodes of climate behavior like that of the late Quaternary (“100-
kyr world”) to test the potentia role of methane hydrates as a cause of this climate
variability.

Modeling

Expand models of methane atmospheric chemistry to accommaodate the full range of
variation in fluxes, sources, and sinks likely encountered during the late Quaternary,
especially with respect to changes in atmospheric methane residence time related to
inferred rapid, major releases from methane hydrates.
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o Evauateif estimated increases in atmospheric methane levels were sufficient to acti-
vate global warming episodes. Refine climate model sby incorporating additional feed-
backs associated with rapid atmospheric methane increases.

» Refinemodelsof late Quaternary changesin theinter-polar methane gradient to incor-
porate the potential contributions of methane hydrates as globally distributed at vari-
ous times on the continental margins.

e Modéd the variation in size and distribution of the methane hydrate reservoir through
the late Quaternary as constrained by changes in intermediate water temperature, sea
level, and ice coverage.

REFERENCES

Alley, R. B., and P. U. Clark, The deglaciation of the northern hemisphere: A global perspec-
tive, Annu. Rev. Earth Planet. Sci., 27, 149-182, 1999.

Bard, E., F. Rostek, and C. Sonzogni, Interhemispheric synchrony of the last deglaciation in-
ferred from alkenone palaeothermometry, Nature, 385, 707-710, 1997.

Behl, R. J., and J. P. Kennett, Brief interstadial eventsin the Santa Barbara Basin, NE Pacific,
during the past 60 kyr, Nature, 379, 243-246, 1996.

Bell, P. R., Methane hydrate and the carbon dioxide question, in Carbon Dioxide Review,
edited by W. C. Clark, pp. 401-406, Oxford University Press, New York, 1982.

Boles, J.R., J. F. Clark, I. Leifer, and L. Washburn, Temporal variation in natural methane seep
rate due to tides, Coal Qil Point area, California, J. Geophys. Res., 106, 27077-27086, 2001.

Bond, G, H. Heinrich, W. Broecker, L. Labeyrie, J. McManus, J. Andrews, S. Huon, R. Jantschik,
S. Clasen, C. Simet, K. Tedesco, M. Klas, G. Bonani, and S. lvy, Evidence for massive dis-
charges of icebergs into the North Atlantic ocean during the last glacial period, Nature, 360,
245-249, 1992.

Bond, G, W. Broecker, S. Johnsen, J. McManus, L. Labeyrie, J. Jouzel, and G. Bonani, Cor-
relations between climate records from North Atlantic sediments and Greenland ice, Nature,
365, 143-147, 1993.

Borowski, W. S,, C. K. Paull, and W. Usdler, 111, Global and loca variations of interstitial
sulfate gradientsin deep-water, continental margin sediments: Sensitivity to underlying meth-
ane and gas hydrates, Mar. Geol., 159, 131-154, 1999.

Broecker, W. S., Thermohaline circulation, the Achilles Hedl of our climate system: Will man-
made CO, upset the current balance?, Science, 278, 1582-1588, 1997a.

B-35



Broecker, W. S., What if the conveyor were to shut down? Reflections on a possible outcome
of the great global experiment, GSA Today, 9, 1-7, 1999.

Broecker, W. S., Abrupt climate change: Causal constraints provided by the pal eoclimate record,
Earth Sci. Rev., 51, 137-154, 2000.

Broecker, W. S., D. M. Peteet, and D. Rind, Doesthe ocean-atmosphere system have morethan
one mode of operation?, Nature, 315, 21-25, 1985.

Brook, E. J., T. Sowers, and J. Orchardo, Rapid variations in atmospheric methane concentra-
tion during the past 110,000 years, Science, 273, 1087-1091, 1996.

Brook, E. J., S. Harder, J. Severinghaus, and M. Bender, Atmospheric methane and millennial
scale climate change, in Mechanisms of Global Climate Change at Millennial Time Scales,
edited by P. U. Clark, R. S.Webb and L. D. Keigwin, Geophys. Monogr. Ser., 112, pp. 165-175,
AGU, Washington D.C., 1999.

Brook, E. J., S. Harder, J. Severinghaus, E. J. Steig, and C. M. Sucher, On the origin and timing
of rapid changes in atmospheric methane during the last glacial period, Global Biogeochem.
Cycles, 14, 559-572, 2000.

Buffett, B. A., Clathrate hydrates, Annu. Rev. Earth Planet. Sci., 28, 477-507, 2000.

Buffett, B.A., and O. Y. Zatsepina, Metastability of gas hydrate, Geophys. Res. Lett., 26, 2981-
2984, 1999.

Bugge, T., R. H. Belderson, and N. H. Kenyon, The Storegga dlide, Philos. Trans. R. Soc.
London, 325, 357-388, 1988.

Cane, M. A., and M. Evans, Do the tropics rule?, Science, 290, 1107-1108, 2000.

Cannariato, K. G, and J. P. Kennett, Climatically related millennial-scalefluctuationsin strength
of California margin oxygen-minimum zone during the past 60 k.y., Geology, 27, 975-978,
1999.

Chappellaz, J., J. M. Barnola, D. Raynaud, Y. S. Korotkevich, and C. Lorius, | ce-core record of
atmospheric methane over the past 160,000 years, Nature, 345, 127-131, 1990.

Cicerone, R. J., and R. S. Oremland, Biogeochemical aspects of atmaospheric methane, Global
Biogeochem. Cycles, 2, 299-327, 1988.

Clark, P. U., and A. C. MiX, Ice sheets by volume, Nature, 406, 689-690, 2000.

Clark, P. U., S. J. Marshdll, G K. C. Clarke, S. W. Hostetler, J. M. Licciardi, and J. T. Teller,
Freshwater forcing of abrupt climate change during the last deglaciation, Science, 293, 283-
287, 2001.

B-36



Crowley, T. J,, and G R. North, Paleaclimatology, 339 pp., Oxford University Press, New
York, 1991.

Dansgaard, W., S. J. Johnsen, H. B. Clausen, D. Dahl-Jensen, N. Gundestrup, C. U. Hammer,
H. Oeschger, North Atlantic climatic oscillations revealed by deep Greenland ice cores, in
Climate Processes and Climate Sensitivity, edited by J. E. Hansen and T. Takahashi, Geophys.
Monogr. Ser., 29, pp. 288-298, AGU, Washington, D.C., 1984.

Dansgaard, W., S. J. Johnsen, H. B. Clausen, D. Dahl-Jensen, N. S. Gundestrup, C. U. Ham-
mer, C. S. Hvidberg, J. P. Steffensen, A. E. Sveinbjornsdottir, J. Jouzel, and G. Bond, Evidence
for general instability of past climate from a 250-kyr ice-core record, Nature, 364, 218-220,
1993.

Denton, G. H., C. J. Heusser, T. V. Lowell, P. I. Moreno, B. G Andersen, L. E. Heusser, C.
Schitichter, and D. R. Marchant, Interhemispheric linkage of paleoclimate during the last gla-
ciation, Geogr. Ann., 81A, 107-153, 1999.

Dickens, G. R., On the fate of past gas: What happens to methane released from a bacterially
mediated gas hydrate capacitor?, Geochem. Geophys. Geosyst., 2, Paper number 2000GC000131,
Jan. 9, 2001a.

Dickens, G. R., Modeling the global carbon cycle with a gas hydrate capacitor: Significance
for the latest Paleocene therma maximum, in Natural Gas Hydrates. Occurrence, Distribu-
tion, and Detection, edited by C. K. Paull and W. P. Dillon, Geophys. Monogr. Ser., 124, pp.
19-38, AGU, Washington D.C., 2001b.

Dickens, G R., and M. S. Quinby-Hunt, Methane hydrate stability in seawater, Geophys. Res.
Lett., 21, 2115-2118, 1994.

Dickens, G. R., and M. S. Quinby-Hunt, Methane hydrate in pore water: A simple theoretical
approach for geophysical applications, J. Geophys. Res., 102, 773-783, 1997.

Dickens, G. R., J. R. O'Nell, D. K. Rea, and R. M. Owen, Dissociation of oceanic methane
hydrate asacause of the carbon isotope excursion at the end of the Pal eocene, Paleoceanography,
10, 965-971, 1995.

Dickens, G R., M. M. Cadtillo, and J. C. G. Walker, A blast of gas in the latest Paleocene:
Simulating first-order effects of massive dissociation of methane hydrate, Geology, 25, 259-
262, 1997.

Dillon, W. P, and C. K. Paull, Marine gas hydrates |1: Geophysical evidence, in Natural Gas
Hydrates: Properties, Occurrence, and Recovery, edited by J. L. Cox, pp. 73-90, Butterworth,
Boston, 1983.

Donner, L., and V. Ramanathan, Methane and nitrous oxide: Their effects on terrestrial cli-
mate, J. Atmos. Sci., 37, 119-124, 1980.

B-37



Ehhalt, D., M. Prather, F. Dentener, R. Derwent, E. Dlugokencky, E. Holland, 1. Isaksen, J.
Katima, V. Kirchhoff, P. Matson, P. Midgley, and M. Wang, Atmospheric chemistry and green-
house gases, in Climate Change 2001: The Scientific Basis: Contribution of Working Group |
to the Third Assessment Report of the Intergovernmental Panel on Climate Change, edited by
J. T. Houghton, Y. Ding, D. J. Griggs, and M. Noguer, Cambridge University Press, pp. 239-
287, 2001.

Eyles, N., Earth’s glacia record and its tectonic setting, Earth Sci. Rev., 35, 1-248, 1993.

Fawcett, P. J., A. M. Agustsdéttir, R. B. Alley, and C. A. Shuman, The Younger Dryas termina-
tion and North Atlantic Deep Water formation: Insights from climate model simulations and
Greenland ice cores, Paleoceanography, 12, 23-38, 1997.

Flickiger, J., A. Ddlenbach, T. Blunier, B. Stauffer, T. F. Stocker, D. Raynaud, and J.-M.
Barnola, Variations in atmospheric N,O concentration during abrupt climatic changes, Sci-
ence, 285, 227-230, 1999.

Grootes, P. M., and M. Stuiver, Oxygen 18/16 variability in Greenland snow and ice with 103-
to 10°-year time resolution, J. Geophys. Res., 102, 26455-26470, 1997.

Grootes, P. M., M. Stuiver, J. W. C. White, S. Johnsen, and J. Jouzel, Comparison of oxygen
isotope records from the GISP2 and GRIP Greenland cores, Nature, 366, 552-554, 1993.

Hansen, J., M. Sato, R. Ruedy, A. Lacis, and V. Oinas, Global warming in the twenty-first
century: An aternative scenario, Proc. Natl. Acad. Sci., 97, 9875-9880, 2000.

Hanson, R. S., and T. E. Hanson, Methanotrophic bacteria, Microbiol. Rev., 60, 439-471, 1996.

Hag, B. U., Deep-sea response to eustatic change and significance of gas hydrates for conti-
nental margin stratigraphy, in Sequence Sratigraphy and Facies Associations, edited by H. W.
Posamentier, C. P. Summerhayes, B. U. Hag and G. P. Allen, Spec. Publ. Int. Ass. Sediment.,
18, pp. 93-106, 1993.

Haqg, B. U., Natural gashydrates: Searching for thelong-term climatic and slope-stability records,
in Gas Hydrates: Relevance to World Margin Sability and Climate Change, edited by J.-P.
Henriet and J. Mienert, Geol. Soc. Spec. Publ., 137, pp. 303-318, 1998a.

Hag, B. U., Gas hydrates. Greenhouse nightmare? Energy panaceaor pipe dream?, GSA Today,
8, 1-6, 1998b.

Hag, B. U., Climate impact of natural gas hydrates, in Natural Gas Hydrate in Oceanic and
Permafrost Environments, edited by M. D. Max, pp. 137-148, Kluwer Academic Publishers,
Dordrecht, Netherlands, 2000.

Hendy, I. L., and J. P Kennett, Latest Quaternary north pacific surface-water responses imply
atmospheric-driven climate instability, Geology, 27, 291-294, 1999.

B-38



Hendy, I. L., and J. P. Kennett, Dansgaard-Oeschger cycles and the California current system:
Planktonic foraminiferal responseto rapid climate change in Santa Barbara Basin, ocean drill-
ing program hole 893A, Paleoceanography, 15, 30-42, 2000.

Hendy, I. L., and J. P. Kennett, Tropical forcing of North Pacific Intermediate Water distribu-
tion during Late Quaternary rapid climate change?, Quat. Sci. Rev., submitted.

Hendy, I. L., J. P. Kennett, E. B. Roark, and B. L. Ingram, Apparent synchroneity of submillennial
scale climate events between Greenland and Santa Barbara Basin, California from 30-10 ka,
Quat. Sci. Rev,, 21, 1167-1184, 2002.

Henriet, J-P, and J. Mienert, Gas Hydrates: Relevance to World Margin Sability and Cli-
matic Change: Tutorial Book: Het Pand, 167 pp., Gent, Belgium, 1996.

Henriet, J.-P, and J. Mienert, (Eds.) Gas Hydrates: Relevance to World Margin Sability and
Climate Change, Geol. Soc. Spec. Publ, 137, 338 pp., 1998.

Hesselbo, S. P, D. R. Grocke, H. C. Jenkyns, C. J. Bjerrum, P. Farrimond, H. S. Morgans Bell,
and O. R. Green, Massive dissaciation of gas hydrate during a Jurassic oceanic anoxic event,
Nature, 406, 392-395, 2000.

Hoffman, P. F, G. P. Halverson, and J. P. Grotzinger, Are Proterozoic cap carbonates and
isotopic excursions a record of gas hydrate destabilization following Earth’s coldest inter-
vals?: Comment, Geology, 30, 286-287, 2002.

Hyndman, R. D., G. D. Spence, R. Chapman, M. Riedel, and R. N. Edwards, Geophysical
studies of marine gas hydrate in northern Cascadia, in Natural Gas Hydrates: Occurrence,
Distribution, and Detection, edited by C. K. Paull and W. P. Dillon, Geophys. Monogr. Ser.,
124, pp. 273-296, AGU, Washington D.C., 2001.

Jouzel, J., N. |. Barkov, J. M. Barnola, M. Bender, J. Chappellaz, C. Genthon, V. M. Kotlyakov,
V. Lipenkov, C. Lorius, J. R. Petit, D. Raynaud, G. Raisbeck, C. Ritz, T. Sowers, M. Stievenard,
F. Yiou, and P. Yiou, Extending the Vostok ice-core record of paleoclimate to the penultimate
glacial peroid, Nature, 364, 407-412, 1993.

Judd, A. G., Geological sources of methane, in Atmospheric Methane: Its Role in the Global
Environment, edited by M. A. K. Khalil, pp. 280-303, Springer-Verlag, Berlin, 2000.

Kastner, M., Gas hydrates in convergent margins. Formation, occurrence, geochemistry and
global significance, in Natural Gas Hydrates: Occurrence, Distribution, and Detection,
edited by C. K. Paull and W. P. Dillon, Geophys. Monogr. Ser., 124, 67-86, AGU, Washington
D.C., 2001.

Katz, M. E., D. K. Pak, G. R. Dickens, and K. G. Miller, The source and fate of massive carbon
input during the latest Paleocene Thermal Maximum, Science, 286, 1531-1533, 1999.

B-39



Keding, R. F.,, and B. B. Stephens, Antarctic sea ice and the control of Pleistocene climate
instability, Paleoceanography, 16, 112-131, 2001.

Keigwin, L. D., Late Pleistocene-Holocene paleoceanography and ventilation of the Gulf of
Cdlifornia, J. Oceanogr., 58, 421-432, 2002.

Kennedy, M. J., N. Christie-Blick, and L. Sohl, Are Proterozoic cap carbonates and isotopic
excursionsarecord of gas hydrate destabilization following Earth’s coldest interval ?, Geol ogy,
29, 443-446, 2001.

Kennedy, M. J., N. Christie-Blick, and L. Sohl, Are Proterozoic cap carbonates and isotopic
excursions a record of gas hydrate destabilization following Earth’'s coldest interval?: Reply,
Geology, 30, 287-288, 2002.

Kennett, J. P, and C. C. Sorlien, Hypothesis for a bottom-simulating reflection in Holocene
Strata, submarine slides, and catastrophic methane release, Santa Barbara Basin, California,
AAPG Bull., 83, 692, 1998.

Kennett, J. P, and L. D. Stott, Abrupt deep-seawarming, pa eoceanographic changesand benthic
extinctions at the end of the Paleocene, Nature, 353, 225-229, 1991.

Kennett, J. P, I. L. Hendy, and R. J. Behl, Late Quaternary foraminiferal carbon isotopic record
in Santa Barbara Basin: Implications for rapid climate change, EOS Trans. AGU, 77(46), Fall
Meet. Suppl., 294, 1996.

Kennett, J. P, K. G Cannariato, I. L. Hendy, and R. J. Behl, Carbon isotopic evidence for
methane hydrate instability during Quaternary interstadials, Science, 288, 128-133, 2000a.

Kennett, J. P, K. G Cannariato, |. L. Hendy, and R. J. Behl, Role of methane hydratesin late
Quaternary climate change (abstract), EOS Trans. AGU, 81(48), Fall Meet. Suppl., 630, 2000b.

Kennett, J. P, K. G Cannariato, I. L. Hendy, and R. J. Behl, Methane Hydrates in Quaternary
Climate Change: The Clathrate Gun Hypothesis, American Geophysical Union (2002, 210

Pp).

Kleinberg, R. L., and P. G. Brewer, Probing gas hydrate deposits, Amer. Sci., 89, 244-251,
2001.

Krull, E. S., G J. Retallack, H. J. Campbell, and G. L. Lyon, Corg chemostratigraphy of the
Permian-Triassic boundary in the Maitai Group, New Zealand: evidence for high-latitudinal
methane release, New Zealand J. Geol. Geophys., 43, 21-32, 2000.

Kvenvolden, K. A., Methane hydrates and global climate, Global Biogeochem. Cycles, 2, 221-
229, 1988a.

Kvenvolden, K. A., Methane hydrates-A major reservoir of carbon in the shallow geosphere?,
Chem. Geol., 71, 41-51, 1988b.

B-40



Kvenvolden, K. A., Gas hydrates-Geological perspective and global change, Rev. Geophys.,
31, 173-187, 1993.

Kvenvolden, K. A., A review of the geochemistry of methane in natural gas hydrate, Org.
Geochem.,, 23, 997-1008, 1995.

Kvenvolden, K. A., and T. D. Lorenson, The global occurrence of natural gas hydrate, in
Natural Gas Hydrates: Occurrence, Distribution, and Detection, edited by C. K. Paull and W.
P. Dillon, Geophys. Monogr. Ser., 124, pp. 3-18, AGU, Washington D.C., 2001.

Kvenvolden, K. A., and M. A. McMenamin, Hydrates of natural gas: A review of their geo-
logic occurrence, U.S. Geol. Survey Circ., C825, 11, 1980.

Kvenvolden, K. A., T. D. Lorenson, and M. D. Lilley, Methane in the Beaufort Sea on the
continental shelf of Alaska (abstract), EOS Trans. AGU, 73(43), Fall Meet. Suppl., 309, 1992.

Leggett, J., The nature of the greenhouse threat, in Global Warming: The Greenpeace Report,
edited by J. Leggett, pp. 30, 40-41, Oxford University Press, New York, 1990.

Loehle, C., Geologic methane as a source for post-glacial CO, increases: The hydrocarbon
pump hypothesis, Geophys. Res. Lett., 20, 1415-1418, 1993.

Lorius, C., J. Jouzel, D. Raynaud, J. Hansen, and H. Le Treut, The ice-core record: Climate
sensitivity and future greenhouse warming, Nature, 347, 139-145, 1990.

MacDonald, G. J., The Long-Term Impacts of Increasing Atmospheric Carbon Dioxide Levels,
252 pp., Ballinger, Cambridge, Massachusetts, 1982.

MacDonald, G. J., Role of methane clathrates in past and future climates, Clim. Change, 16,
247-281, 1990a.

MacDonald, G. J., The future of methane as an energy resource, Ann. Rev. Energy, 15, 53-83,
1990b.

MacDonald, G. J., Clathrates, in Encyclopedia of Earth System Science, edited by W. A.
Nierenberg, 1, pp. 475-484, 1992.

Madlin, M., S. Burns, H. Erlenkeuser, and C. Hohnemann, Stable isotope records from sites
932 and 933, in Prac. Ocean Drill. Program <ci. Results, 155, edited by R. D. Flood, D. J. W.
Piper, A. Klaus, L. C. Peterson, et al., pp. 305-318, Ocean Drilling Program, College Station,
Texas, 1997.

Max, M. D., (Ed.) Natural Gas Hydrate in Oceanic and Permafrost Environments, 414 pp.,
Kluwer Academic Publishers, Dordrecht, Netherlands, 2000.

McCorkle, D. C., L. D. Keigwin, B. H. Corliss, and S. R. Emerson, The influence of micro-
habitats on the carbon i sotopic composition of deep seabenthic foraminifera, Paleoceanography,
5, 161-185, 1990.

B-41



Meese, D., R. Alley, T. Gow, P. M. Grootes, P. Mayewski, M. Ram, K. Taylor, E. Waddington,
and G. Zielinski, Preliminary depth-age scale of the GISP2 ice core, CRREL Special Report
94-1, 1994,

National Research Council (U.S.) Committee on Abrupt Climate Change, Abrupt Climate
Change: Inevitable Surprises, 244 pp., National Academy Press, Washington D.C., 2002.

Nisbet, E., Climate change and methane, Nature, 347, 23, 1990.

Nisbet, E. G., Sources of atmospheric CH4 in early postglacial time, J. Geophys. Res., 97,
12859-12867, 1992.

Nisbet, E. G, and D. J. W. Piper, Giant submarine landslides, Nature, 392, 329-330, 1998.

Oeschger, H., J. Beer, U. Siegenthaler, B. Stauffer, W. Dansgaard, C. C. Langway, Late glacia
climate history from ice cores, in Climate Processes and Climate Sensitivity, edited by J. E.
Hansen and T. Takahashi, Geophys. Monogr. Ser., 29, pp. 299-306, AGU, Washington, D.C.,
1984.

Oltmans, S. J., and D. J. Hofmann, Increase in lower-stratospheric water vapour at a mid-
latitude northern hemisphere site from 1981 to 1994, Nature, 374, 146-149, 1995.

Padden, M., H. Weissert, and M. de Rafelis, Evidence for Late Jurassic release of methane
from gas hydrate, Geology, 29, 223-226, 2001.

Paillard, D., Glacial cycles: Toward a new paradigm, Rev. Geophys., 39, 325-346, 2001.

Pafy, J.,A. Demény, J. Haas, M. Hetényi, M. J. Orchard, and |. Vetd', Carbon isotope anomaly
and other geochemical changes at the Triassic-Jurassic boundary from a marine section in
Hungary, Geology, 29, 1047-1050, 2001.

Paull, C. K., and W. P. Dillon, (Eds.) Natural Gas Hydrates: Occurrence, Distribution, and
Detection, Geophys. Monogr. Ser., 124, 315 pp., AGU, Washington D.C., 2001.

Paull, C. K., W. Usder, 111, and W. P. Dillon, Isthe extent of glaciation limited by marine gas-
hydrates?, Geophys. Res. Lett., 18, 432-434, 1991.

Paull, C. K., W. Usdler, I11, and W. S. Borowski, Sources of biogenic methane to form marine
gas hydrates, Ann. N. Y. Acad. <ci., 715, 392-409, 1994.

Paull, C. K., W. Usder, 1Il, W. S. Borowski, and F. N. Spiess, Methane-rich plumes on the
Carolina continental rise: Associations with gas hydrates, Geology, 23, 89-92, 1995.

Peterson, L. C., G. H. Haug, K. A. Hughen, and U. R6hl, Rapid changesin the hydrologic cycle
of the tropical Atlantic during the last glacial, Science, 290, 1947-1951, 2000.

B-42



Petit, J. R., J. Jouzel, D. Raynaud, N. I. Barkov, J-M. Barnola, |. Basile, M. Bender, J. Chappellaz,
M. Davis, G. Delaygue, M. Delmotte, V. M. Kotlyakov, M. Legrand, V. Y. Lipenkov, C. Lorius,
L. Pépin, C. Ritz, E. Saltzman, and M. Stievenard, Climate and atmospheric history of the past
420,000 years from the Vostok ice core, Antarctica, Nature, 399, 429-436, 1999.

Pierrehumbert, R. T., Subtropical water vapor as a mediator of rapid global climate change, in
Mechanisms of Global Climate Change at Millennial Time Scales, edited by P. U. Clark, R. S.
Webb and L. D. Keigwin, Geophys. Monogr. Ser., 112, pp. 339-361, AGU, Washington D.C.,
1999.

Quinby-Hunt, M. S., and P. Wilde, Climate forcing by marine methane clathrates during the
lower Paleozoic?, EOS Trans. AGU, 76(46), Fall Mest. Suppl., 306, 1995.

Rathburn, A. E., L. A. Levin, Z. Held, and K. C. Lohmann, Benthic foraminifera associated
with cold methane seeps on the northern California margin: Ecology and stabl e isotopic com-
position, Mar. Micropaleontal., 38, 247-266, 2000.

Raynaud, D., J. Jouzel, J-M. Barnola, J. Chappellaz, R. J. Delmas, and C. Lorius, The ice
record of greenhouse gases, Science, 259, 926-934, 1993.

Raynaud, D., J-M. Barnola, J. Chappellaz, T. Blunier, A. Indermihle, and B. Stauffer, Theice
record of greenhouse gases: A view in the context of future changes, Quat. Sci. Rev., 19, 9-17,
2000.

Revelle, R. R., Methane hydrates in continental slope sediments and increasing atmospheric
carbon dioxide, in Changing Climate: Report of the Carbon Dioxide Assessment Committee,
pp. 252-261, National Academy Press, Washington D.C., 1983.

Roéhl, U., T. J. Bralower, R. D. Norris, and G. Wefer, A new chronology for the late Paleocene
thermal maximum and its environmental implications, Geology, 28, 927-930, 2000.

Sachs, J. P, and S. J. Lehman, Subtropical North Atlantic temperatures 60,000 to 30,000 years
ago, Science, 286, 756-759, 1999.

Sarnthein, M., J. P. Kennett, J. Chappell, T. Crowley, W. Curry, J. C. Duplessy, P. Grootes, .
Hendy, C. Laj, J. Negendank, M. Schulz, N. J. Shackleton, A. Voelker, B. Zolitschka, and the
other Trins workshop participants, Exploring Late Pleistocene climate variations, EOS Trans.
AGU, 81, 625 and 629-630, 2000.

Severinghaus, J. P, and E. J. Brook, Abrupt climate change at the end of thelast glacial period
inferred from trapped air in polar ice, Science, 286, 930-933, 1999.

Severinghaus, J. P, T. Sowers, E. J. Brook, R. B. Alley, and M. L. Bender, Timing of abrupt
climate change at the end of the Younger Dryas interval from thermally fractionated gasesin
polar ice, Nature, 391, 141-146, 1998.

B-43



Sigman, D. M., and E. A. Boyle, Glacia/interglacial variationsin atmospheric carbon dioxide,
Nature, 407, 859-869, 2000.

Sloan, E. D., Jr., Clathrate Hydrates of Natural Gases, 641 pp., Marcel Dekker, New York,
1990.

Sloan, E. D., Clathrate Hydrates of Natural Gases, 2 ed., 705 pp., Marcel Dekker, New York,
1998.

Smith, L. M., J. P. Sachs, A. E. Jennings, D. M. Anderson, and A. deVernal, Light «*C events
during deglaciation of the East Greenland continental shelf attributed to methane release from
gas hydrates, Geophys. Res. Lett., 28, 2217-2220, 2001.

Sowers, T., M. Bender, L. Labeyrie, D. Martinson, J. Jouzel, D. Raynaud, J. J. Pichon, and Y.
Korotkevich, 135,000 year Vostok-SPECMAP common temporal framework,
Pal eoceanography, 8, 737-766, 1993.

Stott, L. D., T. Bunn, M. Prokopenko, C. Mahn, J. Gieskes, and J. M. Bernhard, Does the
oxidation of methane leave an isotopic fingerprint in the geol ogic record?, Geochem. Geophys.
Geosyst., 3, 10.1029/2001GC000196, 2002.

Stuiver, M., and P. M. Grootes, GI SP2 oxygen isotope ratios, Quat. Res., 53, 277-284, 2000.

Stuiver, M., P. M. Grootes, and T. F. Braziunas, The GI SP2 delta *®O climate record of the past
16,500 years and the role of the sun, ocean, and volcanoes, Quat. Res., 44, 341-354, 1995.

Suess, E., M. E. Torres, G Bohrmann, R. W. Collier, J. Greinert, P. Linke, G Rehder, A. Trehu,
K. Wallmann, G. Winckler, and E. Zuleger, Gas hydrate destabilization: Enhanced dewatering,
benthic material turnover and large methane plumes at the Cascadia convergent margin, Earth
Planet. Sci. Lett., 170, 1-15, 1999.

Thorpe, R. B., J. A. Pyle, and E. G. Nisbet, What doesthe ice-corerecord imply concerning the
maximum climatic impact of possible gas hydrate release at Termination 1A?, in Gas Hy-
drates: Relevance to World Margin Sability and Climate Change, edited by J.-P. Henriet and
J. Mienert, Geol. Soc. Spec. Publ., 137, pp. 319-326, 1998.

vanKreveld, S., M. Sarnthein, H. Erlenkeuser, P. Grootes, S. Jung, M. J. Nadeau, U. Pflaumann,
and A. Voelker, Potential links between surging ice sheets, circulation changes, and the
Dansgaard-Oeschger cyclesin the Irminger Sea, 60-18 kyr, Paleoceanography, 15, 425-442,
2000.

Wefer, G, P-M. Heinze, and W. H. Berger, Cluesto ancient methane release, Nature, 369, 282,
1994.

Zonenshain, L. P, 1. O. Murdmaa, B. V. Baranov, A. P. Kuznetsov, V. S. Kuzin, M. I. Kuzmin,
G. P Avdeiko, P. A. Stunzhas, V. N. Lukashin, M. S. Barash, G M. Valyashko, and L. L.
Dyomina, An underwater gas source in the Sea of Okhotsk west of Paramushir Island, Ocean-
ology, 27, 598-602, 1987.

B-44





