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ABSTRACT

A
strong upward trend exists for the consumption of all energy sources as
people throughout the world strive for a higher standard of living. Some-
day, possibly soon, the earth’s store of easily accessed hydrocarbons will no

longer satisfy our growing economies and populations. By then, an unfamiliar but
kindred hydrocarbon resource called natural gas hydrate may become a significant
source of energy.

Approximately 35 years ago, Russian scientists made what was then a bold
assertion that gas hydrates, a crystalline solid of water and natural gas and a his-
torical curiosity to physical chemists, should occur in abundance in the natural
environment. Since this early start, the scientific foundation has been built for the
realization that gas hydrates are a global phenomenon, occurring in permafrost
regions of the arctic and in deep-water parts of most continental margins world-
wide. The amount of natural gas contained in the world’s gas-hydrate accumula-
tions is enormous, but these estimates remain highly speculative.

Researchers have long speculated that gas hydrates could eventually be a
commercial producible energy resource, yet technical and economic hurdles have
historically made gas-hydrate development a distant goal instead of a near-term
possibility. This view began to change in recent years with the realization that this
unconventional resource could possibly be developed with the existing conven-
tional oil andgasproduction technology. Thepaceof gas-hydrate energy assessment
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projects has significantly accelerated over the past several years, but many critical
gas-hydrate exploration and development questions still remain.

The exploitation and potential development of gas-hydrate resources is a com-
plex technological problem. However, humans have successfully dealt with such
complicatedproblems in thepast to satisfy our energyneeds; technical innovations
have been key to our historical successes.

INTRODUCTION

Gas hydrates are naturally occurring icelike com-

binations of natural gas and water that have the po-

tential to provide an immense resource of natural gas

from the world’s oceans and polar regions. Gas hy-

drates are known to be widespread in permafrost re-

gions and beneath the sea in sediments of outer conti-

nental margins. The volume of natural gas contained

in the world’s gas-hydrate accumulations is generally

accepted to greatly exceed that of known gas reserves

(reviewed in Collett, 2002). Growing evidence that

natural gas can be produced from gas hydrates with

existing conventional oil and gas production technol-

ogy is present (Moridis et al., 2005a, 2008; Anderson

et al., 2008; Dallimore et al., 2008a, b; Yamamoto and

Dallimore, 2008).

Beyond a future energy resource, gas hydrates also

represent a significant drilling and production hazard.

Russian, Canadian, and American researchers have de-

scribed numerous problems associated with the oc-

currence of gas hydrate in the Arctic, including well-

control difficulties and casing failures (reviewed by

Collett and Dallimore, 2002). Other studies also indi-

cate that naturally-destabilized gas hydrates may be

contributing to the build-up of atmospheric methane,

a significant greenhouse gas (reviewed by Kvenvolden,

1988; Dickens et al., 1997; Kennett et al., 2000).

This chapter is an introductory review to gas hy-

drates, and is intended to provide an up-to-date anal-

ysis of the geologic controls on the occurrence of gas

hydrates in nature with a focus on understanding the

energy resource potential of gas hydrates. This review

starts with a discussion of what a gas hydrate is and a

description of some of their more important physical

properties. The concept of the gas-hydrate petroleum

system is introducedanddescribed. The results of some

of the more important international gas-hydrate re-

search projects are discussed. Representative examples

of some of the best-characterized gas-hydrate occur-

rences and accumulations are presented. The chapter

ends with a review of completed gas-hydrate produc-

tion studies and modeling efforts.

GAS HYDRATE TECHNICAL REVIEW

Gas-hydrate Structures and Physical Properties

Natural gas hydrate is a combination of two com-

mon substances, water and natural gas. If gas and wa-

ter meet under suitable conditions of high pressure

and low temperature, they join to form an icelike solid

substance. Vast areas of the earth’s oceans and polar

regions are underlain by conditions conducive to

gas-hydrate formation. In fact, numerous field studies

have shown that gas hydrate is widespread in perma-

frost regions and beneath the sea in sediments of outer

continental margins (Figure 1).

Gas hydrates are crystalline compounds that result

from the three-dimensional (3-D) stacking of cages

ofhydrogen-bondedwatermolecules.Commonly, each

cage can hold a single gas molecule (Figure 2). Gas hy-

drates are clathrates, meaning that guest gas mole-

cules are encaged in a host framework of water mole-

cules. The empty cagework is unstable and requires

the presence of encapsulated gas molecules to stabi-

lize the clathrate crystal (Figure 3). The compact na-

ture of the hydrate structure makes for a highly effec-

tive packing of gas. A volume of gas hydrate expands

between 150- and 180-fold when released in gaseous

form at standard pressure and temperature (1 kPa,

208C [688F]).
Clathrate hydrates can form in the presence of gas

molecules in the size range of 0.48–0.90 nm. Three dis-

tinct structural types exist, and generally, the structure

that is formed depends on the size of the largest guest

molecules. Considerable complexities in the structure-

size relationship are present; however, methane and

ethane individually form structure I (sI) hydrate but

in certain combinations also form structure II (sII) hy-

drate (Figure2). Propaneand isobutane formsIIhydrate,

either individually or in combination with ethane and

methane. Normal butane and neopentane form sII hy-

drate onlywhenmethane is present as well, and larger

hydrocarbonmolecules (C5–C9) form structureH (sH)

hydrate, again when methane is present (Figure 2).

The gas-hydrate structures encountered in na-

ture will reflect the natural gas composition, with the
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abundance of each structural type depending on the

relative amountof each structure-determininghydro-

carbon molecule. In sediments that produce only bio-

genicmethane, sI hydrate occurs. This is the predomi-

nant type of hydrate found in marine environments.

Thermogenic gas produced by thermal cracking of

moredeeplyburiedorganiccarboncommonlycontains

a wider range of hydrocarbons in addition tomethane.

Significant amounts of propane and butane result

in sII hydrate being formed as discussed above. The

pressure and temperature stability zone for sII and sH

is much greater than for sI hydrate. For all hydrate

structures, the pressure and temperature stability con-

ditions can also be affected by the incorporation of

other nonhydrocarbon gas molecules such as nitro-

gen, hydrogen sulfide, and carbon dioxide.

On a macroscopic level, many of the mechanical

properties of gas hydrates resemble those of ice be-

cause hydrates contain about 85% water on a molar

basis. Among the exceptions to this heuristic is ther-

mal conductivity, which is relatively low in hydrates,

a behavior that can be attributed to the interaction

FIGURE 1. Location of sampled and inferred gas-hydrate occurrences in oceanic sediments of outer continental margins
and permafrost regions (modified from Kvenvolden, 1993). Most of the recovered gas-hydrate samples have been
obtained during deep coring projects or shallow seabed coring operations. Most of the inferred gas-hydrate occurrences
are sites at which bottom-simulating reflectors have been observed on available seismic profiles. The gas-hydrate
occurrences reviewed in this chapter have also been highlighted on this map. IODP = Integrated Ocean Drilling Program;
UBGH1 = Ulleung Basin Gas Hydrate Expedition 1; ODP = Ocean Drilling Program; JIP = Joint Industry Project; METI =
Ministry of Economy, Trade, and Industry; GMGS = Guangzhou Marine Geological Survey; NGHP = India National Gas
Hydrate Program.
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between the guest molecule and the host water frame-

work, an interaction not present in normal ice.

For a complete description of the structure and

physical properties of gas hydrates, see the summary

by Sloan and Koh (2008).

Gas Hydrate in Nature and Energy Assessments

Chemists have known about gas hydrates for al-

most 200 years, but for the first 130 years, they were

treated as only laboratory curiosities. The petroleum

industry began to take an interest in hydrates in the

1930s when gas-hydrate formation was suggested

to be the cause of troublesome pipeline blockages

(Hammerschmidt, 1934). The first suggestions that

gas hydrates might occur naturally in the geosphere

can be attributed to Russian scientists (Makogon et al.,

1972; Trofimuk et al., 1977). In thewest, hydrates were

inferred to exist below the permafrost and in marine

sediments in the early 1970s (Stoll et al., 1971; Bily

andDick, 1974). This was confirmed in the early 1980s

FIGURE 2. Gas-hydrate crystal structures. The five types of water cages that make up the gas-hydrate structures are
the pentagonal dodecahedron (512), the tetrakaidecahedron (51262), the hexakaidecahedron (51264), the irregular
dodecahedron (435663), and the icosahedrons (51268). The three structure types that have been observed for gas
hydrates are also shown: structures I, II, and H. Representing guest gas molecules in each hydrate structure are also listed
(modified from Heriot-Watt University, 2008).

FIGURE 3. Arbitrary examples
of different depth-temperature
zones in which gas hydrates
are stable: A) a permafrost
region and B) an outer conti-
nental margin marine setting
(modified from Kvenvolden,
1988). mbsf =meters below sea
floor; 1 m = 3.28 ft.
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as scientists on deep-sea drilling expeditions recov-

ered cores containing gas hydrate from sediments

along outer continentalmarinemargins (reviewed by

Kvenvolden, 1988, 1993).

Many studies have established that the gas held in

naturally occurring gas hydrates is formed when an-

aerobic bacteria break down organicmatter under the

sea floor, producing methane and other gaseous by-

products, including carbon dioxide, hydrogen sulfide,

ethane, and propane. All of these can be incorporated

as guest molecules in gas hydrates, as discussed above,

but methane is predominant. In a limited number of

settings, gas in hydrates also comes from thermogenic

sources deeper within the earth.

The amount of gas stored in the world’s hydrate

accumulations is enormous (Table 1), but estimates

are speculative and range more than three orders

of magnitude from about 2.8 � 1015 to 8 � 1018 m3

(�9.9� 1016 to 2.8� 1020 ft3) of gas. One of themore

widely cited estimates of the volume of gas trapped

in the global gas hydrate accumulations is that of

Kvenvolden (1988) at 2 � 1016 m3 (7 � 1017 ft3). By

comparison, conventional natural gas accumulations

(reserves and technically recoverable undiscovered

global resources) are estimated to be approximately

4.4 � 1014 m3 (�1.5 � 1016 ft3) (Ahlbrandt, 2002).

Despite the enormous range in reported gas-hydrate

volumetric estimates, even the lowest reported esti-

mates seem to indicate that gas hydrates are a large

storehouse of natural gas, and the volume of gas with-

inhydratesmay rival thatwithincurrent conventional

natural gas accumulations. However, it is important

to note that none of the published world gas-hydrate

assessments have predicted how much gas could ac-

tually be produced from gas hydrates. Much more

work is needed both to constrain realistic in-place gas-

hydrate volumetric estimates and to go beyond these

estimates to quantify producible volumes.

Gas-hydrate volumetric estimates have also been

conducted at both the national and sedimentary ba-

sin scale. The 1995 National Assessment of United

States Oil and Gas Resources conducted by the U.S.

Geological Survey (USGS) focused on assessing the

undiscovered conventional and unconventional re-

sources of crudeoil andnatural gas in theUnited States.

This assessment included for the first time a system-

atic appraisal of the in-place gas-hydrate resources

of the United States onshore and offshore regions

(Collett, 1995). Eleven gas-hydrate plays were iden-

tified within four offshore and one onshore gas-

hydrate provinces. The offshore gas-hydrate prov-

inces lie within the U.S. Exclusive Economic Zone

(EEZ) adjacent to the lower 48 states and Alaska. The

only onshore province assessed was the North Slope

of Alaska. In-place gas resources within the gas hy-

drates of the United States are estimated to range

from about 3200 to 19,000 trillion m3 (�113,000 to

671,000 tcf) of gas at the 0.95 and 0.05 probability

levels, respectively. Although this wide range of val-

ues shows a high degree of uncertainty, it does indi-

cate that enormous quantities of gas are stored as gas

hydrates. Themean in-place value for the entireUnited

States was calculated to be about 9000 trillion m3

(�318,000 tcf) of gas.

More recently, the U.S. Minerals Management Ser-

vice (MMS) conducted a systematic geological and

statistical assessment of in-place gas-hydrate resources

in the Gulf of Mexico sedimentary basin (Frye, 2008).

This assessment integrated the latest findings regard-

ing the geological controls on the occurrence of gas

hydrate and the abundant geological and geophysical

data from the Gulf of Mexico (Figure 4). The MMS

gas-hydrate assessment model was developed using

a mass balance approach, with the volume of gas hy-

drate in each model cell being calculated within a sto-

chastic modeling approach. The in-place volume of

undiscovered gas estimated with the gas hydrates

of the Gulf of Mexico was reported as a cumulative

probability distribution,with ameanvolume estimate

Table 1. World estimates of the amount of gas
within gas hydrates.*

In-Place Gas Resources

Cubic Meters Reference

Terrestrial gas hydrates

1.4 � 1013 Meyer (1981)

3.1 � 1013 McIver (1981)

5.7 � 1013 Trofimuk et al. (1977)

7.4 � 1014 MacDonald (1990)

3.4 � 1016 Dobrynin et al. (1981)

Oceanic gas hydrates

3.1 � 1015 Meyer (1981)

3 to 5 � 1015 Milkov et al. (2003)

5 to 25 � 1015 Trofimuk et al. (1977)

125 � 1015 Klauda and Sandler (2005)

2 � 1016 Kvenvolden (1988)

2.1 � 1016 MacDonald (1990)

4 � 1016 Kvenvolden and Claypool (1988)

7.6 � 1018 Dobrynin et al. (1981)

*At standard pressure and temperature, 1 atm and 208C (688F).
1 m3 = 35.3 ft2.
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FIGURE 4. Results of the Minerals Management Service gas-hydrate assessment in the Gulf of Mexico. A) Map of the
mean in-place volume of gas (at STP) within hydrates, and B) map of the mean in-place volume of gas (at STP) within
hydrates occurring only in sand reservoirs (TCM = trillion cubic meters; 1 m3 = 35.3 ft3; STP = standard temperature
and pressure, 1 atm and 208C [688F]). Modified from Frye, 2008.
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of 607 trillion m3 (�21,000 tcf). In addition, the as-

sessment has reported that 190 trillion m3 (�6700 tcf)

of thismeanestimateoccurs as relativelyhighly concen-

trated accumulations within sand reservoirs, with the

remainder occurringwithin clay-dominated sediments.

In2004,scientistsworkingwithintheU.S.-Department-

of-Energy(DOE)-andBP-(Alaska)-Exploration-sponsored

gas-hydrate resource characterizationproject innorth-

ernAlaska further refined theprevious in-placehydrate

assessments of Collett (1993). As reviewed by Boswell

et al. (2008), they determined that of the 1.0 to 1.2 tril-

lion m3 (�35.3 to 42.4 tcf) of gas existing within the

Eileen gas-hydrate accumulation of the greater Prud-

hoe Bay region, as much as approximately 0.34 tril-

lionm3 (�12 tcf) could be technically recovered with

existing technology. This was the first attempt to

document the potential recoverability of gas from a

gas-hydrate accumulation (see Collett, 1993; Inks

et al., 2009).

In the fall of 2008, the USGS completed the first

regional assessment of the undiscovered, technically

recoverable gas-hydrate resources on the North Slope

of Alaska (Collett et al., 2008a). This assessment in-

dicates the existence of technically recoverable gas-

hydrate resources, that is, resources that canbediscov-

ered,developed,andproducedusingcurrent technology.

This assessment isbasedon thegeologic elementsused

to define a total petroleum system (TPS), including

characteristics of hydrocarbon source rocks (source

rock type, maturation, hydrocarbon generation, and

migration), reservoir rocks (sequence stratigraphy,

petrophysical properties, seismic attribute develop-

ment, and prospecting), and hydrocarbon traps (trap

formation and timing). The area assessed innorthern

Alaska (Figure 5) extends fromtheNational Petroleum

Reserve in Alaska (NPRA) on the west through the

Arctic National Wildlife Refuge (ANWR) on the east

and from the Brooks Range northward to the State-

Federal offshore boundary (located �4.8 km [�3 mi]

north of the coastline). This area consists mostly of fed-

eral, state, andnative lands covering about 114,765km2

(�44,311 mi2). For the first time, the USGS has as-

sessed gas hydrates, an unconventional resourcewith

no confirmed production history, as a producible re-

source occurring in discrete hydrocarbon traps and

structures. The approach used to assess the gas hy-

drate resources in northern Alaska followed standard

geology-based USGS assessment methodologies de-

veloped to assess conventional oil and gas resources.

To use the USGS conventional assessment approach

on gas-hydrate resources, it was documented through

the analysis of 3-D industry-acquired seismic data that

the gas hydrates on the North Slope occupy limited,

discrete volumes of rock bounded by faults and down-

dip water contacts (discussed later in this chapter).

The USGS conventional assessment approach also

FIGURE 5. Map showing the northern Alaska gas-hydrate total petroleum system (TPS) (shaded in tan) and the limit of
gas-hydrate stability zone in northern Alaska (red outline) (Collett et al., 2008a). 1 m = 3.28 ft.
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assumes that thehydrocarbon resource being assessed

canbeproducedby existing conventional technology.

The production potential of the known and seismi-

cally inferred gas-hydrate accumulations in northern

Alaska has not been adequately field-tested but has

been the focus of a DOE research effort. Although ver-

ified by only limited field-testing, numerical produc-

tion models of gas-hydrate-bearing reservoirs suggest

that gas can be produced from gas hydrate with exist-

ing conventional technology. Using a geology-based

assessment methodology, the USGS estimates that

the total undiscovered, technically recoverable natu-

ral-gas resources in gas hydrates in northern Alaska

range between 0.71 and 4.47 trillion m3 (�25.2 and

157.8 tcf) (95 and 5% probabilities of greater than

these amounts, respectively), with amean estimate of

2.42 trillion m3 (�85.4 tcf).

GAS-HYDRATE PETROLEUM SYSTEM

In recent years, significant progress has beenmade

in addressing key issues on the formation, occurrence,

and stability of gas hydrate in nature. The concept of a

gas-hydrate petroleum system, similar to the system

that guides current conventional oil and gas explora-

tion, is gaining acceptance (Table 2). In a gas-hydrate

petroleum system, the individual factors that contri-

bute to the formation of gas-hydrate occurrences, such

as (1) gas-hydrate pressure-temperature stability con-

ditions, (2) gas source, (3) availability of water, (4) gas

migration, (5) the growth of the gas hydrate in suit-

able host sediment or reservoir, and (6) the timing of

Table 2. Components of a conventional
petroleum system and a gas-hydrate petroleum
system.

Conventional Petroleum System

Definition: Geologic components and processes necessary
to generate and store hydrocarbons, including a mature
source rock, migration pathway, reservoir rock, trap, and
seal. Appropriate relative timing of formation of these
elements and the processes of generation, migration, and
accumulation are necessary for hydrocarbons to accumulate
and be preserved (Magoon, 1988, p. 2).

Gas-hydrate Petroleum System

1. Gas hydrate stability conditions

Formation temperature

Formation pressure

Gas chemistry

Pore-water salinity

2. Gas source: availability of gas

3. Availability of water included within the hydrate structure

4. Migration of gas included within the hydrate structure

5. Reservoir rocks, traps, and seals

6. Timing

FIGURE 6. Gas-hydrate phase diagrams showing the depth and temperature conditions suitable for the occurrence of gas
hydrate under various conditions of permafrost depth; geothermal gradient; gas chemistry; and pore-pressure gradient
of (A) 9.048, (B) 9.795, and (C) 11.311 kPa/m (0.400, 0.433, and 0.500 psi/ft) (modified fromHolder et al., 1987). 1m = 3.28 ft.
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the required petroleum system elements, can be iden-

tified andquantified. In the following discussion, these

geologic controls on the stability and formation of gas

hydrate in nature will be reviewed and assessed. This

section of the chapter ends with a description of a

series of hypothetical gas-hydrate petroleum systems

in which the geologic controls on the occurrence of

gas hydrate are further discussed.

Components of a Gas-hydrate Petroleum System

Gas-hydrate Stability Conditions

Gas hydrates exist under a limited range of tem-

perature and pressure conditions such that the depth

and thickness of the zone of potential gas-hydrate sta-

bility can be calculated. A series of subsurface temper-

ature profiles from an onshore permafrost area and

two laboratory-derived gas-hydrate stability curves for

different natural gases are depicted in the temperature-

depthplots of Figure 6A–C (modified fromHolder et al.,

1987). These gas-hydrate phase diagrams illustrate how

variations in formation temperature, pore pressure,

and gas composition can affect the thickness of the gas-

hydrate stability zone. Ineachphasediagram, themean

annual surface temperature is assumed to be �108C
(148F); however, the depth to the base of permafrost

(08C [328F] isotherm) is varied for each temperature

profile (assumed permafrost depths of 305, 610, and

914m[1001, 2001, and2999 ft]). Below thepermafrost,

three different geothermal gradients (4.08C/100 m

[2.28F/100 ft], 3.28C/100m [1.88F/100 ft], and 2.08C/
100 m [1.18F/100 ft]) are used to project the subper-

mafrost temperature profiles. The two gas-hydrate sta-

bility curves represent gas hydrates with different gas

chemistries. One of the stability curves is for a 100%

methane hydrate, and the other is for a hydrate that

contains 98% methane, 1.5% ethane, and 0.5% pro-

pane. The only difference among the three phase dia-

grams (Figure 6A–C) is the assumed pore-pressure gra-

dient. Each phase diagram is constructed assuming

differentpore-pressuregradients:9.048kPa/m(0.400psi/

ft) (Figure 6A), 9.795 kPa/m (0.433 psi/ft) (Figure 6B),

and 11.311 kPa/m (0.500 psi/ft) (Figure 6C).

The zone of potential gas hydrate stability in each

phase diagram lies at the depths between the two

intersections of the geothermal gradient and the gas-

hydrate stability curve. For example, in Figure 6B,

which assumes a hydrostatic pore-pressure gradient,

the temperature profile projected to an assumed per-

mafrost base of 610 m (2001 ft) intersects the 100%

methane-hydrate stability curve at about 200 m

(�656 ft), thus marking the upper boundary of the

methane-hydrate stability zone. A geothermal gra-

dient of 4.08C/100 m (2.28F/100 ft) projected from

the base of permafrost at 610 m (2001 ft) intersects

the 100%methane-hydrate stability curve at about

1100m(�3609 ft); thus, the zoneofpotentialmethane-

hydrate stability is approximately 900 m (�2953 ft)

thick. However, if permafrost extended to a depth of

914m (2999 ft) and if the geothermal gradient below

permafrost is 2.08C/100 m (1.18F/100 ft), the zone of

potentialmethane-hydrate stabilitywouldbe approx-

imately 2100 m (�6890 ft) thick.

Most gas-hydrate stability studies assume that the

pore-pressure gradient is hydrostatic (9.795 kPa/m

[0.433 psi/ft]) (reviewed byCollett, 2002). Pore-pressure

gradients greater than hydrostatic gradients will cor-

respond to higher pore pressures with depth and a

thicker gas-hydrate stability zone. A pore-pressure gra-

dient less than a hydrostatic gradient will correspond

to a thinner gas-hydrate stability zone. The effect of

pore-pressure variations on the thickness of the gas-

hydrate stability zone canbequantified by comparing

each of the phase diagrams in Figure 6A–C. For ex-

ample, in Figure 6A, which assumes a 9.048 kPa/m

(0.400 psi/ft) pore-pressure gradient, the thickness

of the 100% methane-hydrate stability zone with a

610-m (2001-ft) permafrost depth and a subperma-

frost geothermal gradient of 2.08C/100 m (1.18F/
100 ft) would be about 1600m (�5249 ft).However, if

a pore-pressure gradient of 11.311 kPa/m (0.500 psi/ft)

is assumed (Figure 6C), the thickness of the methane-

hydrate stability zone would be increased to about

1850 m (�6069 ft).

The gas-hydrate stability curves in Figure 6A–Cwere

obtained from laboratory data published in Holder

et al. (1987). The addition of 1.5% ethane and 0.5%

propane to the pure methane gas system shifts the

stability curve to the right, thus deepening the zone of

potential gas-hydrate stability. For example, assuming

a hydrostatic pore-pressure gradient (Figure 6B), a per-

mafrost depth of 610 m (2001 ft), and a subperma-

frost geothermalgradientof4.08C/100m(2.28F/100 ft),
the zone of potential methane (100%-methane)-

hydrate stability would be about 900 m (�2953 ft)

thick; however, the addition of ethane (1.5%) and pro-

pane (0.5%) would thicken the potential gas-hydrate

stability zone to 1100 m (3609 ft).

Dissolved salt is well known to depress the freez-

ing point of water. For example, the base of the ice-

bearing permafrost on the North Slope of Alaska does

not coincide with the 08C (328F) isotherm but with a

lower temperature (Collett, 1993). This freezing-point

depression has been attributed in part to the presence
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of salt in the unfrozen pore waters. Salt, such as NaCl,

when added to a gas-hydrate system, also lowers the

temperature at which gas hydrates form. Pore-water

salts in contact with the gas during gas-hydrate for-

mation can reduce the crystallization temperature

by about 0.068C (0.118F) for each part per thousand

of salt (Holder et al., 1987). Therefore, a pore-water

salinity similar to that of seawater (32%) would shift

the gas hydrate stability curves in Figure 6A–C to the

left about 28C (3.68F) and reduce the thickness of the

gas hydrate stability zone.

Gas Source

It has been shown that the availability of large

quantities of hydrocarbon gas from both microbial

and thermogenic sources is an important factor con-

trolling the formation and distribution of gas hy-

drates (Collett, 1993, 2002; Kvenvolden, 1993; Collett

et al., 2008c). Carbon isotope analyses indicate that

the methane in many oceanic hydrates is derived

frommicrobial sources. However, molecular and iso-

topic chemical analyses of gas evolved from recov-

ered hydrate samples indicate a thermal origin for

the gas in several of the hydrate occurrences from

theGulf ofMexico, northernAlaska,Mackenzie delta,

and the Caspian and Black Seas (Collett, 1995, 2002;

Dallimore and Collett, 2005).

In some of the more sophisticated gas-hydrate as-

sessment studies, attempts have been made to quan-

tify the potential source of the gas (Collett, 1995;

Klauda and Sandler, 2005; Frye, 2008) when assessing

the volume of gas that might occur within a given hy-

drate accumulation. These estimates commonly in-

clude the assessment of a set of minimum source-rock

criteria such as organic richness (total organic carbon),

sediment thickness, and thermal maturity as they ap-

ply to both microbial and thermogenic gas sources.

Microbial gas is produced by the decomposition of

organicmatter bymicroorganisms. Two primary path-

ways have been identified for the generation of mi-

crobial gas: carbon dioxide (CO2) reduction and fer-

mentation. Although fermentation is the pathway

for gas generation in some modern environments,

CO2 reduction is the most important process leading

to the development of ancient microbial gas accumu-

lations. The CO2 needed for reduction to generate

methane is mostly derived from the oxidation and

thermal decarboxylation of in-situ organic matter.

Thus, abundant organic matter is needed for the for-

mationofmicrobialmethane. FinleyandKrason (1989)

have shown that, for geologic conditions observed on

the Blake Ridge, a marine sediment with an average

1% organic carbon content could yield enough gas

to form hydrates within about 28% of the available

pore space of a 50%-porosity sediment, if all the or-

ganic matter was converted to methane. However,

organic-carbon-to-methane conversion efficiency of

100% is unreasonable (Kvenvolden and Claypool,

1988). A lowermicrobial conversion efficiency of 50%

was assumed in the 1995 USGS assessment of gas-

hydrate resources in theUnited States (Collett, 1995),

whichwas used to set aminimumorganic carbon con-

tent required for a hydrate formation of 0.5%. Because

of the relatively low organic carbon content of most

sediments, the production of microbial methane in-

ternally within the gas-hydrate stability zone alone

is a limiting factor for the development of significant

gas-hydrate accumulations. Paull et al. (1994) showed

that gas recycling and upward migration of methane

fromdeeper sources inamarine sedimentary sequence

FIGURE 7. Evolution of organic matter from freshly
deposited sediments to the metamorphic zone. The
optimal depth-temperature conditions for the generation
of microbial methane and thermogenic methane are
depicted (modified from Tissot and Welte, 1978).
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are essential for the formationof significantgas-hydrate

accumulations. Once a gas-hydrate stability zone is es-

tablished, microbial gas may accumulate as a result of

recycling natural gas from below the base of the sta-

bility zone and from continuedmicrobial gas produc-

tion at depth.

Thermogenicmethane is generatedduring the ther-

mochemical alteration of organicmatter. During early

thermal maturation, thermal methane is produced

along with other hydrocarbon and nonhydrocarbon

gases and is commonly associated with crude oil. At

the highest thermal maturities (Figure 7), methane

alone is formedby the crackingof carbon-carbonbonds

in kerogen, bitumen, and oils. As temperature in-

creases during thermal maturation, each of the hy-

drocarbon species is formed during optimal thermal

windows. Formethane, optimum generation occurs at

1508C (Tissot andWelte, 1978;Wiese andKvenvolden,

1993). As discussed above, most of the gas within the

sampled gas-hydrate occurrences in the world has

been shown to be derived from microbial sources.

Thus, most of the published gas-hydrate assessments

have focused on assessing only microbial gas sources.

However, recent studies in northern Alaska (Collett

et al., 2008a) andCanada (Dallimore andCollett, 2005)

have again documented the importance of thermo-

genic gas sources to the formation of highly concen-

trated gas-hydrate accumulations. For the most part,

the function of thermogenic derived gas in most gas-

hydrate field studies has likely been underappreciated.

Availability of Water

Upon closer analysis, gas hydrate is obviouslymost-

ly water. The ideal gas/water ratio of sI gas hydrate is

8/46, whereas the ideal gas/water ratio of sII gas hy-

drate is 24/136. These gas/water ratios confirm the

observation that gas hydrates contain a substantial

amountofwater. For themost part,water isubiquitous

in marine and terrestrial sediments, but we have seen

in several situations that the apparent lack of available

water has precluded the formation of gas hydrate. The

observation of gas bubbles at vent sites and other

similar features innumerous deep-water environments

document the fact that gas is somehow allowed to

migrate through thick gas-hydrate stability zones (re-

viewed by Tréhu et al., 2004). One of the models used

to explain the processes allowing for gas migration

through a hydrate stability zone involves bubble-

phase gasmigration along fracturepathways inwhich

the walls of the fracture have become coated with gas

hydrate, and the migrating bubble-phase gas travels

along internal conduits within the hydrate-filled frac-

tures, never coming into contact with the formation

free water. In this system, the exclusion of water pre-

vents the formation of gas hydrate.Wehave also seen

in one case from northern Alaska a free-gas-bearing

sand reservoir occurringwithin thepredictedmethane-

hydrate stability zone. In this situation, it appears

that an isolated sand body, occurring within a thick

shale section, was likely originally charged with free

gas to irreducible water saturations of only several per-

cent (Collett, 2004). At sometime in the past, the hy-

drate stability zone advanced because of climate cool-

ing to a depth well below the free-gas-saturated sand

body. Gas hydrate, however, did not appear to form

in this isolated sand reservoir because of the lack of

available pore water.

Gas Migration

As previously shown, a highly concentrated gas-

hydrate occurrence contains a substantial volume of

gas, which is potentially derived frommicrobial and/

or thermogenic sources. As discussed above, in most

cases, not enough microbial methane is generated

internally within the gas-hydrate stability zone alone

to account for the gas contentofmosthydrate accumu-

lations. In addition, most gas-hydrate accumulations

are found in sediments that have never been deeply

buried or subjected to temperatures high enough to

form thermogenic gas. Thus, the gas within most hy-

drate accumulations had to be concentrated in the

hydrate stability zone by a potential combination of

processes; one ofwhich, gasmigration, would appear

to be a critical component within most gas-hydrate

petroleum systems.

Methane, along with other hydrate-forming gases,

migrates within a sedimentary section by one of three

processes: (1) diffusion, (2) in solution with gas dis-

solved withinmigratingwater, or (3) by buoyancy, as

a separate gas phase. Migration of gas by diffusion is a

very slow process and for the most part would not

likely result in the movement of enough gas to form

a concentrated gas-hydrate accumulation (Xu and

Ruppel, 1999). However, the migration of gas by ad-

vection as either a dissolved component in water or as

a separate gas phase can be a very efficient process.

Two basic models have been proposed to describe

the interrelationship between advective gas migration

and the formation of gas hydrate. In a model origi-

nally proposed by Hyndman and Davis (1992), water

(with a dissolved aqueous phase of methane andother

potentialhydrate-formers)hasbeen transportedupward
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into the hydrate stability zone, and the ascending

fluids encounterdecreasingmethane solubility, which

results in the exsolving of methane and the forma-

tion of gas hydrate. Numerous field and laboratory

studies have shown thatmethane hydrate forms only

where the concentration ofmethane in the porewaters

exceeds solubility. In most marine settings (outside

of areas of activemethane venting), no gas hydrate is

present within the sedimentary section near the sea

floor, because the concentration of dissolved meth-

ane is very low (Claypool and Kaplan, 1974). The oth-

er basic model for the formation of gas hydrate in

sediments involves the upward migration of meth-

ane as a bubble phase (separate gas phase) into the

hydrate stability zone and hydrate nucleation occur-

ring at the bubble and pore-water interface. Both

models require permeable pathways to allow for the

migration of water and/or a gas phase (i.e., a bubble),

but the gas-phase-migrationmodel requires relatively

enhanced fluid-flow pathways in comparison to the

aqueous-migrationmodel. Both pore-water flow and

bubble-phase gas migration in sediments are generally

concluded to be commonly focused along permeable

pathways, such as fault systems or porous permeable

sediment layers. Therefore, if effective migration path-

ways are not available, it is unlikely that a significant

volume of gas hydrate would accumulate.

The gas-hydrate-formation models presented here

will be further assessed in the description of a series of

hypothetical gas-hydrate petroleum systems at the

end of this section of the chapter.

Reservoir Rocks

The study of recovered gas-hydrate samples indi-

cates that the physical nature of in-situ gas hydrates

is highly variable (reviewed by Sloan and Koh, 2008).

Gas hydrates are observed occupying (1) pores of

coarse-grained rocks; (2) nodules disseminated with-

in fine-grained rocks; (3) solid, filling fractures; or

(4) a massive unit, composed mainly of solid gas hy-

drate with minor amounts of sediment. Most gas-

hydrate field expeditions, however, have shown that

the occurrence of concentrated gas hydrate ismostly

controlled by the presence of fractures and/or coarser

grained sediments in which gas hydrate occurs as a

fracture-fill material or are disseminated in the pores

of sand-rich reservoirs (Collett, 1993; Dallimore and

Collett, 2005; Riedel et al., 2006; Collett et al., 2008b, c;

Hutchinson et al., 2008b; Park et al., 2008; Yang et al.,

2008; Fujii et al., 2009; Tsuji et al., 2009). Torres et al.

(2008) recently concluded that hydrate grows prefer-

entially in coarse-grained sediments because lower

capillary pressures in these sediments permit the mi-

gration of gas and the nucleation of hydrate. The

growth of gas hydrate in clay-rich sediments, however,

is more poorly understood and appears to be limited

to mostly massive occurrences. Recently, Cook and

Goldberg (2008) proposed that as the concentration

of gas in water exceeds solubility within a clay-rich

sedimentary section, hydrate forms in pore-segregated

fracture planes that propagate in the direction of the

maximum principal stress, in most cases, near-vertical

fractures. This proposed model appears to account

for the occurrence of apparent fracture-filling gas-

hydrate occurrences that are not associated with

larger through-going fault systems.

In review articles by Boswell and Collett (2006)

and Boswell et al. (2007), four different gas-hydrate

play types were identified and compared within a

gas-hydrate resource pyramid (Figure 8). Resource

pyramids are commonly used to display the relative

size and producibility of different types of energy re-

sources. Within a resource pyramid, the most prom-

ising and accessible resources are depicted at the top

and the most technically challenging are shown at the

base. The pyramid shape results from the natural ten-

dency for the most abundant elements of a resource

group to alsobe themost difficult to extract. At present,

four different gas-hydrate play types or occurrences are

known (as depicted in Figure 8): (1) sand-dominated

reservoirs, (2) clay-dominated fractured reservoirs,

(3)massive gas-hydrate formations exposedon the sea

floor, and (4) low-concentration, disseminated depos-

its encased in mostly impermeable clays. Similar gas-

hydrate occurrences were described by Milkov and

Sassen (2002). The first two of these play types have

been described as worthy of further exploration be-

cause bothof themprovide the reservoir permeability

necessary for the formation of highly concentrated

hydrate accumulations (Boswell et al., 2007). These

two play types are also commonly closely related and

found in combination. These combination reservoirs

consist of horizontal to subhorizontal, coarse-grained,

permeable sediment beds (sands for the most part)

and apparent vertical to subvertical fractures thatmay

be conduits for gas migration (Collett et al., 2008c).

The apex of the gas-hydrate resource pyramid (those

resources that are closest to potential commercializa-

tion) is represented by highly gas-hydrate-saturated

accumulations in sand-dominated reservoirs in Arctic

regions. Collett (1995) assigned an in-place resource for

Arctic sand-dominated reservoirs on theNorth Slope of

Alaska at 16.7 trillion m3 (590 tcf). As discussed above,

the recent assessment of gas-hydrate resources on the
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North Slope of Alaska by Collett et al. (2008a) indi-

cates that about 2.42 trillion m3 (�85.4 tcf) of tech-

nically recoverable gas resources within concentrat-

ed, sand-dominated gas-hydrate accumulations in

northern Alaska are present. No similar assessments

exist for other Arctic permafrost settings.

The next most prospective gas-hydrate resources

are those of moderate to high concentrations that

occur within sandstone reservoirs in marine envi-

ronments. Because of the relatively distal nature of

the deep-marine geologic settings, the overall abun-

dance of sand within the shallow geologic section

is commonly low. These resources will also be chal-

lenged by the high costs of deep-water exploration

and development. The most favorable marine hydrate

accumulations, however, will likely be found in the

vicinity of existing production infrastructure such as

in the Gulf of Mexico. As discussed above, the MMS

(Frye, 2008) has estimated that the Gulf of Mexico

contains about 190 trillion m3 (�6,710 tcf) of gas in

highly concentrated hydrate accumulations within

sand reservoirs. Furthermore, the MMS assessment of

FIGURE 8. Gas-hydrate resource pyramid depicting the types of expected gas-hydrate occurrences and relative volume of
gas hydrate in each reservoir type. Images of various examples of gas-hydrate occurrences are also shown (modified
from Boswell and Collett, 2006).
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the Gulf of Mexico has shown that reservoir-quality

sands may be more common in the shallow sedi-

ments of the gas-hydrate stability zone than previ-

ously thought.

Production testing and modeling (as discussed in

the Gas-hydrate Production section) have shown that

concentrated gas-hydrate occurrences in sand reser-

voirs are conducive to existing well-based production

technologies. For both arctic and marine hydrate-

bearing sand reservoirs, no apparent technical road-

blocks to resource extraction are observed; the remain-

ing resource issues deal mostly with the economics

of hydrate extraction.

On the gas-hydrate resource pyramid, below the

resources associated with sand-dominated reservoirs,

some massive deposits of gas hydrate are generally

found encased in fine-grainedmuds and shales. Those

that occupy fracture systems are the most promising

among this groupof gas-hydrate occurrences.However,

unlike sand systems where grain-supported reservoirs

result in high matrix permeability, for which well-

basedproduction concepts areplausible, extractionof

methane from the shale-encased fractured accumula-

tionswill be veryproblematic. Technological advance-

ments beyond current production systems are gener-

ally perceived to be needed in the future to exploit

fracture-dominated gas-hydrate occurrences.

Recent field studies have shown that localized,

deeplyburied,highlyconcentrated, fracture-dominated

gas-hydrateoccurrences are likelymore common than

previously considered (Tréhu et al., 2004; Riedel et al.,

2006;Collett et al., 2008b, c;Hutchinson et al., 2008b;

Park et al., 2008). In addition, many of the fracture-

filled hydrate occurrences can be directly linked to

surficial, seep-related hydrate deposits.

Most marine gas-hydrate occurrences that have

been studied to date occur within fine-grained, clay-

dominated sediments, associated with surficial, seep-

related, massive gas-hydrate deposits (reviewed by

Milkov and Sassen, 2002). This type of hydrate oc-

currence is commonly found associated with mounds

that lie exposed on the sea floor and in many cases

appear to be connected to deep, fracture-filled gas-

hydrate systems that also act as conduits for gas mi-

gration from below the hydrate stability zone. These

features appear to be very dynamic and may be com-

mon;however, the amountof gas resource represented

by this type of hydrate occurrence is unknown. Com-

mercial recovery of gas from mound features is un-

likely because of economic and technology hurdles

and the probable destruction of sensitive sea-floor

ecosystems.

The finely disseminated accumulations are at

the very base of the gas hydrate resource pyramid

(Figure 8), typified by the Blake Ridge (as described

in the Gas-hydrate Occurrence section), in which

large volumes of gas hydrate occur at low satura-

tions (�10%or less) across relatively vast regions.Most

of the in-place global gas-hydrate resources may re-

side within this resource class. Unfortunately, the

prospects for economic recovery of natural gas from

this highly disseminated resource are very poor with

current technologies. A major paradigm shift will

be required to enable commercial extraction from

such deposits.

Because conventional production technologies

(as discussed in the Gas-hydrate Production section)

favor sand-dominated gas-hydrate reservoirs, sand res-

ervoirs are considered to be the most viable economic

target for gas-hydrateproduction andwill be theprime

focus of most future gas-hydrate exploration and de-

velopment projects.

Timing

In conventional petroleum systems, the timing of

the critical geologic events required for the formation

and preservation of a hydrocarbon accumulation (i.e.,

hydrocarbon generation, migration, and accumula-

tion) is commonly a very important controlling fac-

tor. Much like a conventional petroleum system, in a

gas-hydrate petroleum system, the evaluation of this

attribute is dependent on knowledge of the time of

trap formation and estimates of the time of natural-

gas generation and emplacement from either micro-

bial or thermogenic sources. Because gas-hydrate accu-

mulations are commonly closely associated with the

source of the gas within the hydrates and gas hydrates

can form their own trap, timing does not appear to

be an important factor controlling the occurrence of

most gas-hydrate accumulations.

Examples of Gas-hydrate Petroleum Systems

This section of the chapter deals with the descrip-

tion of a series of hypothetical gas-hydrate petroleum

systems.

In a gas-hydrate petroleum system,most of the gas

within the hydrate stability zone has migrated from

below by advective processes. In the first gas-hydrate-

formation model presented in the Gas Migration sec-

tion, water with dissolved methane, transported from

below into the hydrate stability zone, becomes rela-

tively enriched in methane, with the methane exsolv-

ing from the upward-migrating water and forming

hydratewithin available sedimentpores or, in the case
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of clay-rich sediments, possibly forming their own

void space. Threehypothetical gas-hydrate accumula-

tions that form by the upward advection of methane-

saturated waters in a uniform (fine-grained) marine

sedimentary section with no natural fractures are de-

picted in Figure 9A–C. In example 1 (Figure 9A), the

system is characterized by very low water-methane

flux rates, resulting in the formation of a limited, low-

saturation hydrate accumulation above the base of

themethane-hydrate stability zone. The hydrate sys-

temdepicted in example 2 (Figure 9B) is characterized

by relatively higher water-gas flux rates (in compar-

ison to example 1), which forms a thick hydrate oc-

currence immediately overlying the base of the hy-

drate stability field and is underlain by free gas. In

example 3 (Figure 9C), we see the continued evolu-

tion of the example 2 hydrate system. With contin-

ued water-gas migration and sedimentation, the base

of the hydrate stability zone moves upward, keeping

the same relative depth to the sea floor. The hydrates

emerging from the bottom of the upward-migrating

stability zone dissociate, and the evolved gas again

migrates up into the overlying hydrate stability zone

and reforms gas hydrate. In studies of the Blake Ridge

gas-hydrate occurrence, the recycling of gas along the

upward-advancinghydrate stabilityboundaryhasbeen

proposed to yield a relatively more concentrated gas-

hydrate accumulation in the sedimentary section just

above the base of the stability zone (Paull et al., 1994).

Note that the addition of an enhanced permeable path-

way, such as a fault,would likely significantly alter the

appearanceof the resultinggas-hydrate accumulations

FIGURE 9. A, B) Examples of
gas hydrate petroleum sys-
tems characterized by uniform
sedimentary sections in which
methane dissolved in water,
transported from below into
the hydrate stability zone,
encounters the methane solu-
bility curve (green line) and
where the concentration of
methane (red line) exceeds
methane solubility; methane
exsolves from the upward-
migrating water and forms
gas hydrate. The relative gas-
hydrate saturations in each
system are also shown (purple
line). C) With continued sedi-
mentation (example 3), the
dissociation of gas hydrate
along the upward-migrating
stability zone will result in the
recycling of methane and the
relative increase in gas-hydrate
saturations with depth toward
the base of the gas-hydrate
stability (BGHS) zone.
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depicted in Figure 9A–C. The hypothetical methane

solubility curves and methane concentration gradi-

ents depicted in Figure 9A–C were extrapolated from

the work of Bhatnagar et al. (2008) and Malinverno

et al. (2008).

In the second gas-hydrate-formation model pre-

sented in the Gas Migration section, methane also

migrates from below, but in this case as a separate

bubble phase. An additional set of hypothetical gas-

hydrate petroleum systems in which we assume that

the sedimentary section is dominated by clay-rich

sediments with low permeabilities to migration of

water or free gas is depicted in Figure 10A–C. All three

of the examples depicted in Figure 10A–C require

secondary permeable pathways to allow for the mi-

gration of a free-gas phase (i.e., bubble), such as a fault

FIGURE 10. Examples of gas-
hydrate petroleum systems
characterized by methane mi-
gration as a separate bubble
phase (or possibly as meth-
ane dissolved in water) along
enhanced migration path-
ways. A) Example 1 is a gas-
hydrate system in which a fault
is acting as a migration path-
way and a void space for the
growth of gas hydrate. B) In
example 2, a sand layer is act-
ing as a migration pathway,
and it provides the void space
needed for gas-hydrate growth.
C) Example 3 depicts a com-
bination fracture and sand-
stone gas-hydrate petroleum
system. The relative gas-hydrate
saturations in each system
are also shown (purple line).
BGHS = Base of the gas hy-
drate stability.
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system (Figure 10A) or a porous-permeable sediment

layer (Figure 10B). The migration pathway, which in

most cases are fracture systems or sand layers, also

serves as the porous-permeable reservoir inwhich high-

ly concentrated gas-hydrate accumulations can grow.

Figure 10C depicts a combination gas-hydrate occur-

rence, with hydrate occurring in a combined sand and

fracture reservoir. In this case, the fracture system has

again acted as a gas migration conduit. The exam-

ples depicted in Figure 10A–C assume only a free-

gas phase (i.e., bubble)migration.However, transporting

methane-rich water along the same enhanced migra-

tion conduits into the overlying hydrate stability zone,

where it could contribute to the formation of highly

concentrated gas-hydrate occurrences as themethane

comes out of solution, could also be possible.

Some of the best documented gas-hydrate occur-

rences in fractured clay systems have been discovered

in the Keathley Canyon area of the Gulf of Mexico,

in numerous sites in the Krishna-Godavari Basin in

the offshore of India, and in the Ulleung Basin off the

east coast of South Korea, and associated with several

sites along the Cascadia continental margin of North

America. Examples of gas hydrate formed within ma-

rine sand units that provide permeable pathways across

the base of the gas hydrate-stability zone (BGHSZ) have

been found in the Nankai Trough area of Japan and

the Alaminos Canyon region of the Gulf of Mexico.

Examples of gas hydrate occurrences within fracture

systems and sand layers will be further described in

the next section.

OCCURRENCE OF GAS HYDRATES

As shown, gas hydrates occur in two environ-

ments: deep-marine andonshore-arctic environments

(Figures 1, 3). The presence of gas hydrates in offshore

continental margins has been inferred mainly from

anomalous seismic reflectors that coincide with the

BGHSZ (reviewed by Kvenvolden, 1993; Collett, 2002).

This reflector is commonly called a bottom-simulating

reflector or BSR. The BSR is commonly interpreted to

mark the boundary between gas-hydrate-bearing sed-

iments above and free-gas-bearing sediments below,

which creates a strong acoustic impedance contrast on

recorded seismic lines, but BSRs have also been found

associated with non-hydrate-related features, most no-

tably opal-cristobalite/tridymite transitions (Collett,

1995). Because the BSR follows the BGHSZ, commonly

at a constant depth below the sea floor, the bright re-

flectorwith apolarityopposite the sea floor commonly

cuts across bedding planes and mimics the sea-floor

topography;hence thenamebottom-simulating reflec-

tor. In less deformed areas, however, the BSR can be

conformable to bedding and can be difficult to iden-

tify. BSRs have been mapped to depths as great as

1100 m below the sea floor (mbsf) (3609 ft below the

sea floor [fbsf]).

Gas hydrates have been recovered from shallow

sediment cores within the upper 10–30 m (33–99 ft)

of the sea floor in the Gulf of Mexico, the Cascadia

continental margin of North America, the Black Sea,

the Caspian Sea, the Sea of Okhotsk, the Sea of Japan,

and the North and South Atlantic Ocean. Gas hy-

drates have also been recovered at greater subbottom

depths along the southeastern coast of the United

States on the Blake Ridge; in the Gulf of Mexico; along

theCascadiamargin of theUnited States andCanada;

in the Middle America Trench; offshore Peru, India,

China, and South Korea; and on both the eastern and

western margins of Japan.

In recent years, a growing number of deep-sea dril-

ling expeditions have been dedicated to locating ma-

rine gas hydrates and understanding the geologic

controls on their occurrence. Themostnotableprojects

have been those of the Ocean Drilling Program (ODP)

and the Integrated Ocean Drilling Program (IODP), in-

cludingODPLegs164 (Paull et al., 1996) and204 (Tréhu

et al., 2004) and IODP Expedition 311 (Riedel et al.,

2006). Severalmore recent industry-focusedgas-hydrate

drilling projects such as the DOE-sponsored Joint In-

dustry Project (JIP) in theGulf ofMexico (Ruppel et al.,

2008) and the India National Gas Hydrate Program

(NGHP) Expedition 01 (Collett et al., 2008b, c, d) have

contributed to our understanding of marine gas hy-

drates. Recent drilling projects in the offshore ofChina

(Zhang et al., 2007a, b; Wu et al., 2008; Yang et al.,

2008) and South Korea (Park, 2008; Park et al., 2008)

have alsomade significant contributions toour under-

standing of gas hydrates in marine environments.

Gas hydrate in onshore arctic environments is typ-

ically closely associated with permafrost. Thermal

conditions conducive to the formation of permafrost

and gas hydrate are generally believed to have per-

sisted in the Arctic since the end of the Pliocene (about

1.88 Ma). Maps of present-day permafrost reveal that

about 20% of the land area of the Northern Hemi-

sphere is underlain by permafrost (Figure 11). Geo-

logic studies (Molochushkin, 1978) and thermalmod-

eling of subsea conditions (Osterkamp and Fei, 1993)

also indicate that permafrost and gas hydrate may ex-

ist within the continental shelf of the Arctic Ocean.

Subaerial emergence of parts of the Arctic continental
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shelf to current water depths of 120 m (Bard and

Fairbanks, 1990) during repeated Pleistocene glacia-

tions subjected the exposed shelf to temperature con-

ditions favorable to the formation of permafrost and

gas hydrate. Thus, it is speculated that relic perma-

frost and gas hydrate may exist on the continental

shelf of the Arctic Ocean to present water depths of

120 m (394 ft). In practical terms, onshore and near-

shore gas hydrate can only exist in close association

with permafrost; therefore, themap in Figure 11 that

depicts the distribution of onshore continuous per-

mafrost and the potential extent of relic subsea per-

mafrost also depicts the potential limit of onshore

and nearshore gas hydrate. Also, most permafrost-

associated gas-hydrate accumulations appear to have

been developed from preexisting free-gas fields that

were originally formed in conventional hydrocarbon

traps and were converted to gas hydrate on the onset

of glaciation and cold arctic conditions.

Gas hydrates have been found in Arctic regions of

permafrost and in deep lakes such as Lake Baikal in

Russia (reviewed by Kvenvolden, 1993; Collett, 2002).

Gas hydrates associated with permafrost have been

documented in Canada, Alaska, and in northern Rus-

sia. Onshore gas hydrates (Figures 1, 11) are known to

be present in the west Siberian basin and are believed

to occur in other permafrost areas of northern Rus-

sia. Permafrost-associated gas hydrates are also pres-

ent in the North American Arctic. Direct evidence

for gas hydrates on the North Slope of Alaska comes

FIGURE 11. Distribution of permafrost in the Northern Hemisphere. The areas of onshore continuous permafrost (dark
blue) and offshore possible relic permafrost (light blue) are shown, under which conditions maybe favorable for the
occurrence of gas hydrate (modified from Collett, 2002). NSIDC = National Snow and Ice Data Center.
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from studies of cores from two gas-hydrate research

wells, whereas indirect evidence comes from drilling

and industry open-hole well logs, which suggest the

presence of numerous gas-hydrate layers in the area of

the Prudhoe Bay, Kuparuk River, and Milne Point oil

fields.Well-log responses attributed to thepresence of

gas hydrates have been obtained in about one fifth of

thewells drilled in theMackenzie delta, andmore than

half of the wells in the Arctic Islands of Canada are

inferred to contain gas hydrates (Judge et al., 1994;

Osadetz andChen, 2005). The combined information

from Arctic gas-hydrate studies shows that, in per-

mafrost regions, gas hydrates may exist at subsurface

depths ranging from about 130 to 2000 m (�426 to

6562 ft).

Two of the most studied permafrost-associated gas

hydrate accumulations are those at the Mallik site in

the Mackenzie River delta of Canada and the Eileen

gas-hydrate accumulation on theNorth Slope of Alaska.

The Mallik gas-hydrate production research site has

been the focus of three geologic and engineering field

programs and has yielded the first fully integrated

production test of a gas-hydrate accumulation. The

science program in support of the DOE- and BP-

sponsored Mount Elbert gas-hydrate test well proj-

ect in northern Alaska generated one of the most

comprehensive data sets on an Arctic gas-hydrate

accumulation along with critical gas-hydrate reser-

voir engineering data. The results of the Mallik and

Mount Elbert gas-hydrate geologic and production

studies will be discussed later in this chapter.

The account of the occurrence of gas hydrate in na-

ture continues in this chapter by summarizing the

research findings of some of the more notable gas-

hydrate research projects, with a focus on the nation-

ally led gas-hydrate programs. These national efforts

are commonly led by a central government agency,

which is responsible for funding and managing these

efforts. As shown in Figure 1, gas hydrates have been

recovered at about 40 locations throughout theworld.

However, only a limited number of gas-hydrate accu-

mulations have been examined and delineated with

data collected by scientific deep drilling operations.

The descriptions of 11 of the best-known drilled ma-

rine andonshore permafrost-associated gas-hydrate ac-

cumulations in theworld are included in the following

discussion. The marine gas-hydrate occurrences ex-

amined here are located on the Blake Ridge, along the

southeastern continental margin of the United States

andonHydrate Ridge, along theCascadia continental

margin off the Pacific Coast of the United States. The

occurrence of gas hydrate in theGulf ofMexico is also

examined. Gas hydrate also along the northern Cas-

cadia continental margin offshore Vancouver Island,

Canada, has been examined, as well as gas-hydrate

occurrences near the Nankai Trough off the eastern

coast of Japan. Recentdrilling results yielding evidence

of significant gas-hydrate occurrences offshore India,

in the South China Sea off the coast of China, and off

the east coast of South Korea are described below. The

permafrost-associated gas-hydrate accumulations de-

scribed below include those on the North Slope of

Alaska, in theMackenzie River delta of northern Can-

ada, andthepotential gas-hydrateoccurrences innorth-

ern Russia. Discussions pertaining to the gas-hydrate

production studies in Russia, Canada, and Alaska are

included later in this chapter in the section dealing

with gas-hydrate production.

United States

In 1982, scientists onboard the Research Vessel

Glomar Challenger retrieved a meter (3.28-ft)-long

sample of a massive gas hydrate off the coast of Gua-

temala. This sample became the impetus for the first

United States national research and development

program dedicated to gas hydrates. Over the next

ten years, the DOE, the USGS, and several other orga-

nizations compiled data demonstrating that gas hy-

drates have the potential to occur in vast quantities

around the globe. By the mid-1990s, it was widely

accepted that gas hydrates represented a vast store-

house of gas.

Recognizing the importance of gas-hydrate research

and the need for a coordinated effort, Congress and

the President of the United States enacted Public Law

106-193, the Methane Hydrate Research and Develop-

ment Act of 2000 (Allison and Boswell, 2009). The act

called for the Secretary of Energy to begin a methane-

hydrate research and development program in con-

sultation with the National Science Foundation and

the U.S. Departments of Commerce, represented by

National Oceanic and Atmospheric Administration

(NOAA); Defense, represented by U.S. Naval Research

Laboratory; and Interior, represented by MMS and

USGS. InAugust 2005, the actwas reauthorized through

2010 as Sec. 968 of the Energy Policy Act of 2005 (Pub-

lic Law 109-58). This legislation added the Bureau of

Land Management (BLM) to the interagency effort.

Many of the current gas-hydrate projects in the

United States are focused on improved characteriza-

tion of hydrates in the natural environment to de-

velop the technology to allow the production of gas

fromhydrates, define the environmental impacts from

natural and induceddegassing, and improve the safety
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of conventional petroleum operations in areas con-

taining gas hydrates (Allison and Boswell, 2009). A

primary goal of the United States methane-hydrate

program is to investigate hydrate occurrence in the

field. However, given the costs of deep-water and

arctic field studies and the available budgets, this

effort has been limited to four primary projects: (1)

the DOE/Maurer/Anadarko Hot Ice project on the

Alaskan North Slope, (2) the DOE/Chevron Gulf of

Mexico JIP, (3) the DOE/BP (Alaska) North Slope

project, and (4) theMMS/NOAA/DOEGulf of Mexi-

co Sea Floor Monitoring Station (Geresi et al., 2009).

The DOE has also endeavored to support and collab-

orate, commonly with the assistance of the USGS,

on additional international field programs, including

(1) the Mallik 2002 research consortium, (2) ODP Leg

204 and IODP Expedition 311, (3) the Directorate

General for Hydrocarbon’s (India) summer 2006 dril-

ling and coring expedition in the Indian Ocean, and

(4) geophysical and geochemical surveys along the

Chilean margin.

Blake Ridge

One of the most extensively studied gas-hydrate

occurrence is on theBlakeRidge. Seismic profiles along

the Atlantic margin of the United States are com-

monly marked by large-amplitude BSRs (Dillon et al.,

1993), which in this region are believed to be caused

by large acoustic impedance contrasts at the BGHSZ

that juxtaposes sediments containing gas hydrates

with sediments containing free gas. TheBSRshavebeen

extensivelymapped at two locations off the EastCoast

of the United States, along the crest of the Blake Ridge

and beneath the upper continental rise of New Jersey

and Delaware (Dillon et al., 1993).

The occurrence of gas hydrates on the Blake Ridge

was confirmedduringDeep SeaDrilling Project (DSDP)

Leg 76 when a sample of gas hydrate was recovered

from a subbottom depth of 238 mbsf (781 fbsf) at

site 533 (Shipboard Scientific Party, 1980). The ODP

Leg 164 (Shipboard Scientific Party, 1996)was designed

to investigate the occurrence of gas hydrate in the sed-

imentary section beneath the Blake Ridge (Figure 12).

Drilled during ODP Leg 164, Sites 994, 995, and 997

comprise a transect of holes that penetrate below the

base of gas-hydrate stability within the same strati-

graphic interval across a relatively short distance

(Figure 13). The presence of gas hydrates at Sites 994

and 997 was documented by direct sampling; no gas

hydrateswere conclusively identified at Site 995 (Ship-

board Scientific Party, 1996). Based on an analysis of

pore-water chloride concentrations and downhole-

logging data, it was determined that disseminated gas

hydrates occur throughout the stratigraphic interval

FIGURE 12. Map of the south-
eastern continental margin of
North America. The locations
of Deep Sea Drilling Project
Site 533 and Ocean Drilling
Project Sites 994, 995, and 997
are indicated. The area (pink
shaded area)where gas-hydrate
occurrence has been mapped
on thebasis of bottom-simulating
reflectors is also shown. Con-
tours are depth of water in
meters; 1 m = 3.28 ft.
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from about 190 to 450 mbsf (620 to 1475 fbsf) in all

three holes (Figure 14). The depth to the lower bound-

ary of the log-inferred gas-hydrate-bearing interval

on the Blake Ridge is in rough accord with the pre-

dicted base of the methane-hydrate stability zone,

and the depth is near the lowest depth of the ob-

served interstitial-water chloride anomaly (Figure 14).

The observed chloride concentrations also enable the

amount of gas hydrate that occurs on the Blake Ridge

to be determined by calculating the amount of inter-

stitial water freshening that can be attributed to gas-

hydrate dissociation. The estimated gas-hydrate satura-

tions (percent of pore space occupied by gas hydrate)

in the recovered cores had a skewed distribution,

ranging fromamaximumof about 7 and 8.4%at Sites

994 and 995 to amaximumof about 13.6% at Site 997

(Shipboard Scientific Party, 1996).

Although a significant part of the Blake Ridge ap-

pears to be underlain by gas hydrates, the concentra-

tion of hydrates appears to be very low, and the host

sediments are mostly clay; this collectively raises a

concern about the production technology required to

produce gas from widely disseminated gas-hydrate

accumulations in clay-rich sediments. This issue will

be further discussed in the Gas-hydrate Production

section.

Hydrate Ridge

The ODP Leg 204 to Hydrate Ridge, located on the

Cascadia continentalmargin offshoreOregon,was the

first deep-sea drilling expedition dedicated to under-

standing gas-hydrate processes in accretionary com-

plexes (Tréhu et al., 2004). Gas-hydrate presence was

confirmed at most of the sites drilled during ODP Leg

204 (Figure 15). The amount of gas hydrate present,

when averaged across the entire gas-hydrate stability

zone (Figure 16), is generally estimated to be about

2% of the sediment pore space (Tréhu et al., 2004).

Gas-hydrate concentrations increase to about 10%

near methane vents at the southern summit of the

ridge, where massive gas hydrate forms in the upper

20–30mbsf (65–98 fbsf) and occupies 20–30% of the

total volume (i.e., bulk volume).

As discussed in the gas-hydrate petroleum system

reviewpresented previously in this chapter, duringODP

Leg 204, two distinct modes of gas-hydrate formation

were recognized. In the first, highly concentrated gas-

hydrate occurrences near vent sites form where gas

is transported from greater depths within the accre-

tionary prism along discrete conduits (Torres et al.,

2004). At southHydrate Ridge, gas appears tomigrate

from the deeper parts of the accretionary prism along

a coarse-grained stratigraphic conduit (Tréhu et al.,

2004), labeledA in Figure 16A. Thismechanism focuses

gas from a large region in the subsurface to sea-floor

vents. Geochemical data indicate that most of the gas

that forms the summit hydrate deposit has migrated

from a greater depth and has either a thermogenic or

altered biogenic character. In the other mode of gas-

hydrate formation, regionally pervasive gas hydrate,

at relatively low concentrations, forms from gas pro-

duced locally through microbial activity, exsolved

FIGURE 13. Seismic profile along
which Sites 994, 995, and 997
are located. Note that Site 994
is not associated with a distinct
bottom-simulating reflector (BSR),
although a very strong BSR oc-
curs at Sites 995 and 997. 1 m =
3.28 ft.

166 / Collett et al.



from pore waters in response to tectonic uplift and

upward migration, and transported through advec-

tive fluid flow.

Gulf of Mexico

The geology of the northwestern and northernmar-

gins of the Gulf of Mexico is dominated by salt diapir-

ism and the deposition of a thick Cenozoic sedimen-

tary section. Thegeologic features of the region include

massive slumps, intraslopeminibasins, graben struc-

tures over shallow salt diapirs, and large-scale growth

faults (Bouma, 1982). Bottom-simulating reflectors

have been identified at various locations through-

out the Gulf of Mexico (Shipley et al., 1979; Hedberg,

1980; Krason et al., 1985; Hutchinson et al., 2009).

Most of theBSRs describedby Shipley et al. (1979) and

Hedberg (1980) in theGulf ofMexico are restricted to

the cores of tightly folded anticlines at water depths

ranging from1200 to 2000m (3937 to 6562 ft). Krason

et al.’s (1985) detailed study of gas hydrates in thewest-

ern Gulf of Mexico revealed numerous BSRs covering

an area of approximately 5000 km2 (�1930 mi2). This

regionally extensive inferred gas-hydrate accumula-

tion is found in water depths of 1200–2700m (3937–

8858 ft), and theBSR subbottomdepths range from400

to 600 mbsf (1312 to 1968 fbsf).

The first direct evidence of gas hydrates in the Gulf

ofMexicowas obtained in1970onDSDPLeg10when

FIGURE 14. A) Chloride con-
centration profiles for inter-
stitial waters collected from
cores at Sites 994, 995, and
997. B) Downhole electrical
resistivity logs from Sites 994,
995, and 997. The chloride
concentration and electrical-
resistivity-inferred gas-hydrate
distribution are also shown
(modified from Shipboard
Scientific Party, 1996). 1 m =
3.28 ft; mbsf = meters below
sea floor.
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gas-rich sediment cores were recovered from the deep-

water Sigsbee Plain and the Gulf of Campeche (Ship-

board Scientific Party, 1973). The occurrence of gas hy-

drates in the Gulf of Mexico was confirmed during

DSDPLeg96whennumerousgas-hydrate sampleswere

recovered from subbottom depths ranging from 20 to

40 mbsf (66 to 131 fbsf) in the Orca Basin (Sites 618

and 618A), which is located about 300 km (�186 mi)

south of Louisiana beneath about 2000 m (�6562 ft)

ofwater (Shipboard Scientific Party, 1986). Near-surface

(0–5 m [0–16 ft]) marine sediment coring has also re-

covered numerous gas-hydrate samples on the Lou-

isiana continental slope (Brooks et al., 1986, 1994).

These seabed gas-hydrate discoveries occur as nod-

ules, interspersed layers, and solid masses in associ-

ation with apparent vent-related fracture systems at

FIGURE 15. A) Map of the
Cascadia continental margin of
North America. The locations
of ODP Leg 146 drill sites are
indicated (Sites 888–892). The
location of the IODP Expedi-
tion 311 transect and the ODP
Leg 204 study area is shown.
The area (pink shaded area)
where gas hydrate occurrence
has been mapped on the basis
of bottom-simulating reflec-
tors is also shown (modified
from Spence et al., 1995).
B) Insert map of the ODP Leg
204 drill sites along with the
location of the seismic profiles
depicted in Figure 16 (modi-
fied from Collett, 2002; Tréhu
et al., 2006).
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water depths ranging from 530 to 2400 m (1739 to

7874 ft).

The Chevron-led Gulf of Mexico Gas-hydrate JIP,

a consortium of industry participants and govern-

mentagencies inpartnershipwith theDOE,was formed

in 2001 to (1) study hazards associated with drilling

hydrate-bearing sediments, (2) develop and test geo-

logical and geophysical tools to predict and charac-

terize the occurrence of gas hydrate, and (3) sample

hydrate-bearing sediments to obtain physical data

needed to analyze marine gas-hydrate resource and

production issues. In 2005, scientific drilling, cor-

ing, and downhole logging were conducted to assess

hydrate-related hazards in fine-grained sediments

with low concentrations of gas hydrate (Claypool,

2006; Ruppel et al., 2008). This expedition targeted

two deep-water locations in the Atwater Valley

and Keathley Canyon areas of the Gulf of Mexico

(Figure 17).

The 2005 JIP drill sites are located in two very dif-

ferent geologic settings on the northern Gulf mid-

slope at a water depth of about 1300 m (�4265 ft).

The Keathley Canyon drill sites were located near the

junction of four minibasins in a region of significant

salt tectonics. Before drilling, gas hydrate was spec-

ulated to exist near the base of the hydrate stability

zone here, because a BSR is observed on the available

seismic profiles. Atwater Valley Block 13 and 14 drill

sites are on the floor of the Mississippi Canyon in an

area with several prominent sea-floor mounds that

appear to be related to the venting of brines and nat-

ural gas that may have created deposits of gas hydrate.

FIGURE 16. Seismic profiles extracted from the 3-D seismic data along the lines shown in Figure 15. Transparent overlays
indicate zones of different average gas-hydrate saturations. Vertical red bars show sites drilled during ODP Leg 204.
AC = top of the highly deformed sediments of the accretionary complex; B = seismic horizon B, which was found to be
coarse grained and gas-hydrate rich at site 1246; A = seismic horizon A, interpreted as a stratigraphically controlled
zone along which methane (in a free-gas phase) migrates from the accretionary complex to the summit of Hydrate Ridge
(modified from Tréhu et al., 2006). BSR = bottom-simulating reflector; mbsf = meters below sea floor; 1 m = 3.28 ft.

Natural Gas Hydrates: A Review / 169



Although gas hydrate was not physically recov-

ered from the Keathley Canyon core hole, other in-

dicators of gas hydrate, such as elevated downhole-

measured electrical resistivities, suggest the probable

occurrence of gas hydrate in the KC151-2 well with-

in the depth interval of 220–300 mbsf (722–984 fbsf)

(Figures 18, 19) (Collett, 2006). Using the downhole

measured resistivities and the Archie relation to quan-

tify the amount of gas hydrate, Lee andCollett (2008)

estimated that the anomalous high-resistivity inter-

val in the KC151-2 well contained significant gas hy-

drate, with hydrate saturations averaging about 10%

and in several thin intervalswith saturations surpassing

40%. Sinusoidal patterns in the downhole resistivity-

at-the-bit (RAB) images fromtheKC151-2hole further

indicate that this interval from 220 to 300 mbsf (722

to 984 fbsf) contains numerous, near-vertical structures

interpreted as fractures (Collett, 2006; Hutchinson

et al., 2008a). Hydrate-filled fracture voids are the

most likely explanation for the localized elevated con-

centrations of gashydrate.A slightdownhole-measured

resistivity anomaly was detected at the depth of the

FIGURE 17. Sea-floor map of the Gulf of Mexico depicting the location of JIP Leg 1 drill sites (KC151-2, KC151-3, AT13-1,
AT13-2, AT14-1, and AT14-2). The location of the proposed drill sites to be occupied during the next JIP drilling
expedition is also shown (AC818, WR313, and GC955). 1 m = 3.28 ft.

FIGURE 18. Seismic profile depicting
the location of the core and logging-
while-drilling holes (KC151-2 and
KC151-3) drilled in Keathley Canyon
during the Gulf of Mexico JIP Leg 1.
The position of a well-developed
bottom-simulating reflector (BSR) is
also shown. 1 m = 3.28 ft.
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expected BSR (392 mbsf [1286 fbsf]) in the KC151-2

well. Lee and Collett (2008) interpret a very small

reduction in the Archie-derived water saturations

at the projected depth of the BSR and therefore low

saturations of gas hydrate and free gas, which is con-

sistent with the BSR appearing as a very weak reflec-

tion in the Keathley Canyon area (Hutchinson et al.,

2008a).

The analysis of downhole well-log data from the

two JIP Atwater Valley wells shows little evidence of

significant gas-hydrate occurrences, other than sev-

eral thin, possibly stratigraphically controlled, gas-

hydrate-bearing intervals (Figure 20). The downhole

logs from these wells further suggest the presence of a

complex pore-water fluid regime, with variable well-

log-inferred pore-water salinities (Collett, 2006). Geo-

chemical analyses of pore fluids fromboth pressurized

and nonpressurized cores in the Atwater Valley wells

also indicate the presence of limited low concentra-

tions of gas hydrates (Ruppel et al., 2008). However,

pore-fluid salinity and chlorinity data indicate higher

gas-hydrate saturations up to 7–9% in a series of short

sediment cores (<50 mbsf [<164 fbsf]) taken from

the crest of one of the apparent vent-sitemounds in

Atwater Valley.

The next phase of the Gulf of Mexico JIP is being

extended to coarser grained sediments with much

higher expected gas-hydrate concentrations. In addi-

tion, the new JIP research focus provides an oppor-

tunity to validate remote sensingmethods developed

to estimate gas-hydrate concentrations as well as to

assess the resource potential of these hydrate-bearing

sediments. In the winter to early spring of 2009, the

Gulf ofMexico JIP expects to conduct exploratory dril-

ling and logging to better understand gas-hydrate-

bearing sands in the deep-water Gulf of Mexico. In

2008, the Gulf of Mexico JIP Site Selection Team

FIGURE 19. Downhole well-log data from the Keathley
Canyon 151-2 well. Data are shown in drillers depth as
measured from sea level. The well-log-inferred fracture-
filling gas-hydrate occurrence is in the interval 5059–
5322 ft (1541–1622 m) (subsea floor depth of �220–
300 mbsf [�722–984 fbsf]). TVDSS = true vertical depth
subsea; 1 ft = 0.3 m.

FIGURE 20. Seismic profile de-
picting the location of the
core and logging-while-drilling
holes (AT13-1, AT13-2, AT14-1,
and AT14-2) drilled in the
Atwater Valley area during the
Gulf of Mexico JIP Leg 1. The
location of the mound site
(mound F) shallow core holes
is also shown. BSR = bottom-
simulatingreflector. 1m=3.28 ft.
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identified three areas as candidates for drilling that

would provide tests of alternative geological mod-

els and geophysical interpretations supporting the

existence of concentrated gas hydrate in reservoir-

quality sands (Hutchinson et al., 2008b). The three

sites reviewed are near existing industry drill holes,

which provide geological data needed to characterize

the potential occurrence of gas hydrate in Alaminos

Canyon (AC) lease block 818, Green Canyon (GC)

lease block 955, and Walker Ridge (WR) lease block

313 (Figure 17).

At the AC818 site, gas hydrate is interpreted to oc-

cur within the Oligocene Frio volcaniclastic sand at

the crest of a fold that is shallow enough to be in the

hydrate stability zone (Smith et al., 2006). Examina-

tion of the well-log data obtained from the Frio sec-

tion of the Chevron Tiger Shark well drilled in AC818

indicates approximately 18m (�59 ft) of sand (3209–

3227-m [10,528–10,587-ft] drilling depth) with po-

rosity of about 30% and downhole-measured resistiv-

ity in the range 30 to 40 ohm m (Figure 21). Sidewall

cores revealed the formation intrinsic (i.e., no hydrate

present) permeability in the darcy range. Initial volu-

metrics derived from the data show variable shale vol-

ume (up to30%) andveryhigh gas-hydrate saturations

(up to 80% of available pore volume). Preliminary cal-

culations indicate that the BGHSZ is near the bottom

of the gas-hydrate-bearing zone observed in the well.

Drilling at GC955 is predicted to encounter a buried

Pleistocene channel-levee system in an area charac-

terized by sea-floor fluid-expulsion features, structur-

al closure associated with uplifted salt, and abundant

seismic evidence for upward migration of fluids and

gas into the sand-richparts of the sedimentary section.

FIGURE 21. Downhole well-log data from the AC818 Tiger Shark well. Data are shown in drillers depth as measured
from sea level. The well-log-inferred gas hydrate occurs in the interval 3209–3227 m (10,528–10,587 ft as shown)
as indicated by high resistivity (SFL) and rapid compressional-wave acoustic transit times (DTCO_1). The volume of shale
(gray shading), volumeof sandstone (yellow shading), volumeof gas hydrate (green shading), and volumeofwater (blue)
are depicted in the far right track. GR = gamma-ray log; Cal = caliper log; NPHI = neutron porosity log; RHOB = density
log; DTSM = shear-wave transit time log; PHIT_CORE_1 = core-derived sediment porosity; CMRP-3MS_1 = NMR-log-
derived porosity log; PHIE_1 = calculated best porosity log; SWIRR_1 = irreducible water saturation; SWT_1 = acoustic-
velocity-derived water saturation; SWE_2 = electrical-resistivity-derived water saturation; VOL_UWAT_2 = volume of
unbound water; VSH_1 = volume of shale.
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Drilling at WR313 targets extensive sheet sands and

associated channel-levee depositswithin aminibasin.

The potential for gas-hydrate occurrence at WR313 is

supported by a series of shingled seismic phase rever-

sals consistent with the transition from gas-charged

sand tooverlyinggas-hydrate-saturated sand. Together,

these sites provide the opportunity to test a variety of

potential geologicalmodels for gas-hydrate occurrence

and to further calibrate geophysical models (Hutch-

inson et al., 2008b). These sites will also provide the

much-needed data to further verify the MMS Gulf of

Mexico gas-hydrate volumetric assessment as discussed

previously in this chapter (Frye, 2008).

Alaska North Slope

The North Slope of Alaska encompasses all of the

land north of the Brooks Range drainage divide and

is generally subdivided into three physiographic prov-

inces, from south to north: the Brooks Range, the Foot-

hills, and the coastal plain. The three main structural

elements that compose the North Slope are the Brooks

Range orogen, the Colville trough, and the Barrow

arch, all of which correspond generally to respective

physiographic provinces. The geology and petroleum

geochemistry of the rocks on the North Slope of Alas-

ka are described in considerable detail in several pub-

lications (reviewed by Bird and Magoon, 1987; Bird,

1998).

On the North Slope, the subsurface temperature

data needed to assess the distribution of the gas-

hydrate stability zone come from high-resolution,

equilibrated wellbore surveys in 46 wells and from

well-log estimates of the base of ice-bearing perma-

frost in 102 other wells (Collett, 1993). Themethane-

hydrate stability zone in northernAlaska, asmapped

in Figure 22, covers most of the North Slope. The

offshore extent of the gas-hydrate stability zone is

notwell established;however, as previously discussed

above, relic permafrost is known to exist on the Beau-

fort Sea continental shelf to a present water depth of

90 m (295 ft).

Before the recently completed coring and down-

hole logging operations in the BP Exploration (Alaska)

Mount Elbert well in Milne Point, the only direct con-

firmation of gas hydrate on the North Slope was ob-

tained in 1972 with data from the ARCO/Exxon 2

Northwest Eileen State well located in the northwest

part of the Prudhoe Bay field. Studies of pressurized

core samples, downhole logs, and the results of forma-

tionproduction testinghave confirmed the occurrence

of three gas-hydrate-bearing stratigraphic units in

the Northwest Eileen State 2 well (Collett, 1993). Gas

hydrates are also inferred to occur in an additional 50

exploratory and production wells in northern Alaska,

based on downhole log responses calibrated to the

known gas-hydrate occurrences in the Northwest

Eileen State 2 well. Many of these wells have multiple

gas-hydrate-bearing units, with individual occurrences

ranging from 3 to 30 m (9 to 99 ft) thick. Most of the

well-log-inferred gas hydrates occur in six laterally

continuous sandstone and conglomerate units; all

are geographically restricted to the area overlying the

eastern part of the Kuparuk River field and the west-

ern part of the Prudhoe Bay field (Figures 23, 24). The

six gas-hydrate-bearing sedimentary units have each

beenassigneda reference letter, unitsA throughF,with

unit A being the stratigraphically deepest (Figure 23).

Three-dimensional seismic surveys anddownhole logs

fromwells in thewestern part of the Prudhoe Bay field

indicate the presence of several large free-gas accu-

mulations trapped stratigraphically downdip below

four of the log-inferred gas-hydrate units (Figures 23,

24, units A–D). The total mapped area of all six gas-

hydrate occurrences is about 1643 km2 (�634 mi2);

the areal extent of the individual units range from3 to

404 km2 (1 to 156 mi2). The volume of gas within

the gas hydrates of the Prudhoe Bay-Kuparuk River

area, which has come to be known as the Eileen gas-

hydrate accumulation, is estimated to be about 1.0–

1.2 trillion m3 (�35.3–42.4 tcf), or about twice the

volume of known conventional gas in the Prudhoe

Bay field (Collett, 1993).

Downhole log data from industry exploratory and

development wells located along the western margin

of the Kuparuk River oil field have revealed a large

gas-hydrate accumulation overlying the Tarn oil field

(Figure24). TheCirqueexploratorywells, locatedabout

4 mi (6 km) southwest of the Tarn oil field, appear

to have penetrated a relatively thick hydrate-bearing

sedimentary section at the base of permafrost section.

The gas-hydrate-bearing stratigraphic interval in the

Tarn area appears to be the updip equivalent of the

West Sak sands, which are estimated to contain more

than 20 billion bbl of in-place viscous oil and is the

focus of development activity (Werner, 1987). Prelim-

inary analyses of other recently completed wells along

the western margin of the Kuparuk River oil field sug-

gest that the Tarn area gas-hydrate accumulation may

be larger than the Eileen gas-hydrate accumulation.

The Tarn gas-hydrate accumulation was also the

target of the Hot Ice gas-hydrate research well, drilled

in 2003–2004 by the Anadarko Petroleum Corpora-

tion (Sigal et al., 2009a, b, c, d, e). However, gas hy-

drates were not encountered at the site of the Hot
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Ice well, which was drilled in a downdip stratigraphic

position to the east of the mapped Tarn gas-hydrate

accumulation (Figure 24). The well encountered water-

bearing sand reservoirs within the hydrate stability

zone, indicating the need to consider issues of gas

source and trap in gas-hydrate exploration.

FIGURE 22. Maps of the Alaska
North Slope gas-hydrate sta-
bility zone. A) Depth to the
top of the hydrate stability
zone, B) depth to base of the
hydrate stability zone, and
C) thickness of the hydrate
stability zone. ANWR = Arctic
National Wildlife Refuge;
NPRA = National Petroleum
Reserve in Alaska. hi-res = high
resolution.
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Geochemical analyses of drill cuttings and core

samples from wells in both the Eileen and Tarn gas-

hydrate accumulations indicate that methane is

the principal hydrocarbon gas in the delineated gas-

hydrate accumulations (Collett, 1993). Stablemethane-

carbon isotopic analyses suggest that the methane

within the inferred gas-hydrate occurrences is from

mixed microbial and thermogenic sources, with the

apparent thermogenicmethanemigrating fromdeep-

er sources, including the Prudhoe Bay field.

Under the Methane Hydrate Research and Devel-

opment Act of 2000 (renewed in 2005), the DOE has

funded laboratory (see Jaiswal et al., 2009) and field re-

search on both Arctic andmarine gas hydrates. Among

the current Arctic studies, BP Exploration (Alaska) Inc.

(BPXA) and the DOE have undertaken a project to

characterize, quantify, and determine the commercial

viability of gas-hydrate resources in the Prudhoe Bay,

Kuparuk River, and Milne Point field areas on the

Alaska North Slope.

The Alaska, Milne Point area, Mount Elbert Gas Hy-

drate Stratigraphic Test Well was completed in Feb-

ruary 2007 and yielded one of the most comprehen-

sive data sets yet compiled on naturally occurring gas

hydrates (Mount Elbert Scientific Team, 2007; Bos-

well et al., 2008). This project began in earnest in

2002, following BPXA’s response to a DOE request

for proposals to evaluate the gas-hydrate resources

on the North Slope. Over the following three years,

the project team conducted regional geological, engi-

neering, and production modeling studies through

collaborations with the University of Alaska (Fair-

banks), the University of Arizona, and Ryder-Scott

Company. In 2005, extensive analyses of BPXA’s

FIGURE 23. Well-log cross sec-
tion showing the lateral and
vertical extent of the Eileen gas-
hydrate and underlying free-
gas occurrences overlying the
Prudhoe Bay and Kuparuk
River oil fields. See Figure 24
for the location of the cross
section. The gas-hydrate-
bearing units are identified
with the reference letters A
through F. The solid lines are
log correlation markers used
to construct a regional strati-
graphic framework (modified
fromCollett,1993).GR=gamma-
ray log; RES = resistivity log;
1 m = 3.28 ft.
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proprietary 3-D seismic data and integration of that

data with existing well-log data (enabled by colla-

borations with the USGS, the BLM, and Interpreta-

tion Services, Inc.) (Inks et al., this volume; Lee et al.,

2009) resulted in the identification of more than a

dozen discrete and mapable gas-hydrate prospects

within the Milne Point area. Because the most fa-

vorable of those targets (Figure 25) was a previously

undrilled, fault-bounded accumulation, BPXA and

the DOE decided to drill a vertical stratigraphic test

well at that location (named the Mount Elbert pros-

pect) to acquire critical reservoir data needed to de-

velop a longer-term production testing program.

TheMount Elbert gas-hydrate stratigraphic test well

was designed as a 22-day program with the planned

acquisition of cores, well logs, and production-test

data. A surface hole was first drilled and cased to a

depth of 595 m (1952 ft). The well was then continu-

ously cored to a depth of 760 m (2493 ft) with chilled

oil-based drilling fluid using the ReedHycalog Corion

wireline-retrievable coring system. This core system

delivered 85% recovery through 154 m (505 ft) of

gas-hydrate-and water-bearing sandstone and shale.

The coring team processed these cores on site and

collected subsamples for analyses of pore-water geo-

chemistry, microbiology, gas chemistry, petrophysical

properties, and thermal and physical properties. Core

samples were also stored in liquid nitrogen or trans-

ferred to pressure vessels for future study of the pre-

served gas hydrates. After coring, the well was reamed

and deepened to a depth of 915 m (3002 ft), and the

well was surveyed with a research-level wireline log-

ging program, including nuclear magnetic resonance

and dipole acoustic logging, resistivity scanning, bore-

hole electrical imaging, and advanced geochemistry

logging. Following logging, Schlumberger modular

formation dynamic testing (MDTTM) was conducted at

four open-hole stations in two sandstone reservoirs.

Each test consisted of flow and shut-in periods of vary-

ing lengths, with one lasting for more than 13 hr. Gas

was produced from the gas hydrates in each of the tests.

Gas hydrates were expected and found in two strat-

igraphic sections (Figures 26, 27). An upper zone

(unitD) contained about 14m (�46 ft) of gas-hydrate–

bearing reservoir-quality sandstone. A lower zone

(unit C) contained about 16 m (�52 ft) of gas-hydrate-

bearing reservoir. Both zones displayed gas-hydrate

saturations that varied with reservoir quality as ex-

pected, with typical values between 60 and 75%. This

result conclusively demonstrated the soundness of

the gas-hydrate-prospecting methods developed pri-

marily at the USGS (Inks et al., 2009; Lee et al., 2009).

FIGURE 24. Map of the Eileen and Tarn gas-hydrate accumulations overlying parts of the Prudhoe Bay, Kuparuk River,
and Milne Point oil fields (modified from Collett, 1993). The location of the Mount Elbert and Hot Ice gas-hydrate
research wells is also shown. The location of the well-log cross section in Figure 23 is also shown.

176 / Collett et al.



Additional work anticipated within this effort in-

cludes a long-term program of production testing de-

signed to determine reservoir deliverability in a va-

riety of production and completion scenarios. This

effort also includes reservoir simulations of gas-hydrate-

production responses and evaluation of various pro-

duction testing options as part of an ongoing DOE-

sponsored, international gas-hydrate-production

computer-code-comparison study. The results of the

Mount Elbert MDT reservoir-testing efforts and the

DOE-sponsoredhydrate-production code-comparison

study will be further discussed in the Gas-hydrate Pro-

duction section.

As previously discussed in this chapter, the 1995

USGS National Oil and Gas Resource Assessment in-

cluded a systematic resource appraisal of the in-place

gas-hydrate resources of the United States onshore

andoffshore regions (Collett, 1995). The onshore part

of the assessment dealt withmost of northern Alaska,

in which it was estimated that there may be as much

as16.7 trillionm3 (590 tcf) of in-placegas trapped ingas

hydrates. More recently, the USGS in cooperationwith

the BLM has assessed the undiscovered, technically re-

coverable gas-hydrate resources on the North Slope

of Alaska. Using a geology-based assessment meth-

odology (as discussed above), the USGS has estimated

that about 2.42 trillion m3 (�85.4 tcf) of undis-

covered, technically recoverable gas resources within

gas hydrates in northern Alaska exist.

Canada

Despite having no official national gas-hydrate pro-

gram, Canada has made very significant contributions

to hydrate research. Canada is the home of the most

intensively studied marine and permafrost-associated

gas-hydrate occurrences:Cascadia (off thewest coast of

Canada) and Mallik.

Cascadia: Offshore Vancouver Island

The existence of gas hydrate on Canada’s west coast

was first suggested by the occurrence of widespread

BSRs as observed on reconnaissance multichannel

seismic reflection surveys (Hyndman and Spence,

1992). Research drilling and coring during ODP Leg

146 (Shipboard Scientific Party, 1994) and the recent

IODP Expedition 311 (Riedel et al., 2006) have yielded

the data needed to further characterize the occurrence

FIGURE 25. Milne Point Mount
Elbert gas-hydrate prospect.
Three-dimensional image of a
fault-bounded, high-amplitude
feature (in a pallet of colors
ranging from yellow to ma-
genta; the yellow-imaged part
of the structure contains the
thickest andmost concentrated
gas hydrate). The bounding
faults (in green) and gas-
hydrate occurrences in nearby
well penetrations are also
shown. The well penetrations
show downhole-measured geo-
physical data indicative of
gas-hydrate occurrence (in yel-
low) (modified from Inks et al.,
2009; see chapter 23 of this
volume). BP = BP (Alaska) Ex-
ploration; CO = Conoco;
MPU = Milne Point Unit.
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of gas hydrate along the Cascadia continental margin

(reviewed by Riedel et al., 2009).

TheODPLeg 146 (Shipboard Scientific Party, 1994)

was designed to examine fluid movement in the

Cascadia continental margin and to provide well-

constrained estimates of the volume of fluid associated

with accretionary sedimentary wedges (Figure 28). In

addition, the presence of distinct BSRs on the Casca-

dia margin also provided an opportunity to examine

the potential interrelation between the occurrence

of gas hydrates and BSRs. Gas hydrates were not con-

clusively identified at Site 889 (Shipboard Scientific

Party, 1994); however, their presence was inferred,

based on geochemical analyses of cores, downhole

geophysical surveys (vertical seismic profiles), and

downhole logging data, within the depth interval

fromabout 128–228mbsf. Similar to theobservations

from the Blake Ridge boreholes, the presence of gas

hydrates at Site 889 was inferred on the basis of gas-

rich cores, low interstitial-water chloride concentra-

tions, and low temperature measurements in the re-

covered cores (Shipboard Scientific Party, 1994). In

addition, sediment velocity data from downhole ver-

tical seismic profile and ocean bottom seismometer

surveys (Shipboard Scientific Party, 1994; Spence et al.,

1995) indicate that gashydrates occur in the50–80-m

(164–262-ft)-thick interval above the BSR (approxi-

mate depth of 230 mbsf [�755 fbsf]) at Site 889. Ob-

served chloride anomalies were used to estimate the

amount of gas hydrate that occurs at Site 889 by cal-

culating the amount of interstitial water freshening

that canbe attributed to gas-hydrate dissociation. The

estimated volume of sediment porosity occupied by

gas-hydrate in the recovered cores ranged fromamini-

mumof about 5% immediately below the sea floor to a

maximum of about 39% near the bottom of the well-

log-inferred gas-hydrateoccurrence at Site 889 (Spence

et al., 1995).

A transect of four research drill Sites (U1325, U1326,

U1327, and U1329) across the northern Cascadia mar-

gin was established during IODP Expedition 311

(Figures 29, 30). In addition to the transect sites, a fifth

site (U1328) was established at a cold vent with active

fluid and gas flow. The four drill sites along the transect

represent different stages in the evolution of gas hy-

drate across themargin from the earliest occurrence on

FIGURE 26. Open-hole well logs from the cored section of the Mount Elbert gas-hydrate stratigraphic test well (modified
from Boswell et al., 2008). KB = kelly bushing on the drilling rig; 1 m = 3.28 ft.
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the westernmost first accreted ridge (site U1326) to its

final stage at the eastward limit of gas-hydrate occur-

rence on the margin in shallower water (site U1329).

Site U1326 is the westernmost site of the transect,

located on the first uplifted ridge of the accretionary

wedge. The presence of gas hydrate was suggested

by the occurrence of a widespread BSR. Downhole-

measured resistivity and acoustic logs also indicate

the presence of gas hydrate by exhibiting high elec-

trical resistivities and acoustic velocities between 72

and240mbsf (236 and787 fbsf). The interstitialwater-

chlorinity profile from site U1326 shows abundant

low-chlorinity anomalies associated with gas hydrate

extending to 270 mbsf (886 fbsf). The shallow and es-

pecially highly concentrated occurrence of gas hydrate

at site U1326 combined with the lack of high gas-

hydrate concentrations near the BSR contradicts the

former model of gas-hydrate formation at an accre-

tionary margin (reviewed by Riedel et al., 2009). Com-

bined drilling and seismic observations suggest strong

lithologic control of the gas-hydrate occurrence with

gas-hydrate formation primarily in sandy turbidites.

Site U1325 is located within a major slope basin

that developed eastward of the deformation front be-

hind the first ridge of accreted sediments. Downhole

log data suggest that gas hydrate is concentrated in

thin sand layers within an interval between 173 and

240mbsf (568 and 787 fbsf) close to the base of the gas-

hydrate stability field. The logs also show that the gas-

hydrate occurrence is heterogeneous, composed of al-

ternating layers of gas-hydrate-saturated sands and

clay-rich layers with little to no gas hydrate. This is in

general agreementwith themarked freshening of the

interstitialwaters observed in the sampled sand layers.

SiteU1327 is located nearODPLeg 146 sites 889 and

890, approximately at themidslope of the accretionary

prism. Sediments at Site U1327 are characterized by an

about 90-m (�295-ft)-thick cover of non-gas-hydrate-

bearing slope-basin sediments underlain by a thick sec-

tion of accreted sediments. Precoring downhole logging-

while-drilling data showed a thick section with con-

sistently high resistivities from 120 to 138 mbsf (394 to

453 fbsf). The data suggest that gas hydrate is filling up

to 50% of the pore volume in this interval. However,

FIGURE 27. Well-log-derived gas-hydrate saturations, density porosities, and sediment permeabilities for the two
gas-hydrate–bearing intervals (Units C and D) cored in the Mount Elbert gas-hydrate stratigraphic test well (modified
from Boswell et al., 2008). The intervals tested with the modular formation dynamics tester (MDT tests C1, C2, D1,
and D2) are also shown. KB = kelly bushing on the drilling rig. 1 ft = 0.3 m.
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FIGURE 29. A) Map of the Cascadia continental margin offshore western Canada, showing the location of seismic
line 89-08. B) Seismic line 89-08 transect across the northern Cascadia continental margin showing four sites drilled
during Integrated Ocean Drilling Program Expedition 311. The cold vent Site U1328 is about 3 km (~1 mi) southeast
of the transect line (modified from Torres et al., 2008). BSR = bottom-simulating reflector.

FIGURE 28. Detailed multibeam bathymetry map along the Integrated Ocean Drilling Project Expedition 311 transect
across the accretionary prism offshore Vancouver Island (courtesy of D. Kelly and J. Delaney, University of Washington,
and C. Barnes and C. Katnick, North East Pacific Time-Series Undersea Networked Experiments (NEPTUNE) Canada,
University of Victoria). The inset shows the general location of the drilling transect near previousODPSites 889 and890. A
bottom-simulating reflector is present on approximately 50% of the midcontinental slope (shaded area) as inferred from
regional multichannel seismic data lines shown in Figure 29 and additional regional, vintage single-channel seismic data
(Riedel et al., 2009; see Chapter 15 of this volume). MCS = multi-channel seismic; contours are in meters; 1 m = 3.28 ft.
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the same interval was penetrated in the adjacent core

holes, hole U1327C and holeU1327D, atmuch greater

depths and with lower estimated gas-hydrate satura-

tions. This demonstrates a large intrasite variability in

gas-hydrate content, which is probably controlled by

lithostratigraphic changes or structural complexities.

The findings at site U1327 show a similar lithology-

controlled gas-hydrate setting like site U1326 with

massive shallowgas-hydrate occurrences and lowgas-

hydrate concentrations near the BSR.

Site U1329 represents the eastern limit of gas-

hydrate occurrence on the northern Cascadiamargin.

A faint BSR was identified in seismic data at an ap-

proximate depth of only 126 mbsf (913 fbsf). Neither

the downhole log nor core data show any evidence of

significant gas-hydrate concentrations at this site.

Site U1328 is locatedwithin a cold vent field consist-

ing of at least four vents. The most prominent vent,

referred to as the Bullseye vent, was the target for this

site and has been the subject of intensive geophysical

and geochemical studies since 1999 (as reviewed by

Riedel et al., 2006, 2009). Site U1328 is different from

all of theother sites visitedduring IODPExpedition311

in that it represents an area of focused fluid flow. The

most striking feature in the downhole logs from site

U1328 is theoccurrenceofhigh-resistivity (>25ohmm)

layers in the upper approximately 40mbsf (131 fbsf).

Borehole resistivity image logs from the near-surface,

high-resistivity interval reveal steeply dipping fractures

exhibiting high resistivity values, probably the result

of gas hydrate. These steeply dipping fractures may

act as gas-migration conduits that feed the surface

vent at this site andare the reservoir (void space) for the

observed fracture-dominated gas-hydrate occurrence.

Massive gas hydrate and gas-hydrate-bearing fractures

were also observed in the cores fromnear the sea floor.

Observations from site U1328 suggest that a complex,

high-variable network of fractures channels fluid and

gas to the sea floor, where it forms a massive, in-situ

hydrate cap in the uppermost �40 mbsf (�131 fbsf),

consistent with previous geophysical observations

at the Bullseye vent (as reviewed byRiedel et al., 2006,

2009).

The most significant findings of the coring and

logging programs during IODP Expedition 311 in-

cluded the observation that gas hydrate is formed

mainly within the sand-rich formations and is virtu-

ally absent in the fine-grained sediments. Thus, the

presence of gas hydrate is mainly controlled by li-

thology, whichwas reviewed in the gas-hydrate petro-

leumsystemdiscussionpresentedearlier in this chapter.

In general, the occurrence andphysical nature of BSRs

were alsodetermined tobeunrelated to the concentra-

tion of gas hydrate within the pressure-temperature

stability zone and provide only a first-order indicator

for thepotential presenceof gashydrate.All sites drilled

during IODP Expedition 311 showed a high degree of

heterogeneity in gas-hydrate occurrence.

FIGURE 30. The Integrated Ocean Drilling Project Expedition 311 pore-water-chlorinity profiles (Cl�) and logging-while-
drilling-obtained borehole resistivity images. Gas-hydrate saturations (Sh) derived from downhole-measured resistivity
logs. Lithostratigraphic units and locations of the bottom-simulating reflector (BSR) are also shown (Riedel et al., 2009;
see Chapter 15 of this volume). RAB = resistivity at the bit. PCS = pressure core sampler; mbsf = meters below sea floor;
1 m = 3.28 ft.
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In comparison, the results of IODP Expedition 311

are complemented by ODP Leg 204, which targeted a

segment of the Cascadia margin (Hydrate Ridge) that

is characterized by fine-grained sediments and low

gas-hydrate saturations, in contrast to the coarse-

grained sediments encountered during IODP Expe-

dition 311, which contained higher concentrations

of gas hydrates.

Mackenzie River Delta: Mallik

Assessment of gas-hydrate occurrences in theMac-

kenzie delta-Beaufort Sea area have beenmade mainly

on the basis of data obtained during the course of hy-

drocarbon exploration conducted over the past three

decades (Judge et al., 1994). In addition, three dedi-

cated scientific drilling programs (Dallimore and Col-

lett, 1995, 2005; Dallimore et al., 1999) have included

the collection of gas-hydrate-bearing core samples. A

database presented by Smith and Judge (1993) sum-

marizes a series of unpublished consultant studies that

investigated well-log data from 146 exploration wells

in the Mackenzie delta area. In total, 25 onshore wells

were identified as containing possible or probable gas

hydrate. The frequency of gas-hydrate occurrence in

offshore wells was greater, with possible or probable

gas hydrate identified in 36 wells.

Prior to the more recently completed Mallik gas-

hydrate research drilling programs, the most exten-

sively studied gas-hydrate occurrences in the Mac-

kenzie delta-Beaufort Sea region were those drilled in

the onshore Mallik L-38 and Ivik J-26 wells (Bily and

Dick, 1974) and those in the offshore Nerlerk M-98,

KoakoakO-22, UkalerkC-50, andKopanoarM-13wells

(Weaver and Stewart, 1982). On the basis of an open-

hole well-log evaluation, it is estimated that Mallik L-

38 encountered about 100 m (�328 ft) of gas-hydrate–

bearing sandstone and Ivik J-26 penetrated about 25 m

(�82 ft) of gas hydrate. Analyses of open-hole well logs

and mud-gas logs indicate that the offshore Nerlerk

M-98 well penetrated about 170 m (�558 ft) of gas-

hydrate-bearing sediments, whereas the Koakoak

O-22, Ukalerk C-50, and Kopanoar M-13 wells drilled

approximately 40, 100, and 250 m (�131, 328, and

820 ft) of gas hydrate, respectively. In all four cases, the

well-log-inferred gas hydrate occurs in fine-grained

sandstone units.

During a permafrost-coring program in the Taglu

area on Richards Island in the outer Mackenzie delta,

FIGURE 31. Map of part of the
Mackenzie delta region show-
ing the calculated depth to the
base of the methane-hydrate
stability zone (modified from
Dallimore et al., 1999). Explo-
ration wells with well-log-in-
ferred gas-hydrate occurrences
are shown. Contours are in me-
ters; contour interval is 200 m.
1 m = 3.28 ft.
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ice-bearing cores containing visible gas hydrate and

possible pore-space gas hydratewere recovered (Dalli-

more and Collett, 1995). The visible gas hydrate oc-

curred at a depth of about 330 to 335 m (�1083 to

1099 ft) and appeared as thin icelike layers that re-

leased methane on recovery.

Estimates of the amount of gas in the gas-hydrate

accumulations of the Mackenzie delta-Beaufort Sea

region range from9.3 to27 trillionm3 (�328 to953 tcf)

(Smith and Judge, 1995; Majorowicz and Osadetz,

1999;Majorowicz andOsadetz, 2001); however, these

estimates are generally poorly constrained. A more

detailed studybyOsadetz andChen (2005) resulted in

an estimate that is within the same bounds given by

Majorowiz andOsadetz (2001) and range between 1.0

and 10 trillion m3 (�35 to 350 tcf) of gas within the

permafrost-associated gas-hydrate accumulations of

the Beaufort Sea-Mackenzie delta region.

The Japan Petroleum Exploration Company Lim-

ited, Japan National Oil Corporation, Geological Sur-

vey of Canada (JAPEX/JNOC/GSC) Mallik 2L-38 gas-

hydrate researchwell, drilled in1998near the site of the

Mallik L-38well (Figure 31), included extensive scien-

tific studies designed to investigate the occurrence of

in-situ gas hydrate in the Mallik field area (Dallimore

et al., 1999). Approximately 37 m (�121 ft) of core

was recovered from the gas-hydrate interval (878–

944m [2880–3097 ft]) in theMallik 2L-38 well. Pore-

space gas hydrate and several forms of visible gas hy-

drate were observed in a variety of unconsolidated

sands and gravels interbedded with non-hydrate-

bearing silts. The cored and downhole logged gas-

hydrate occurrences in the Mallik 2L-38 well exhibit

both high electrical resistivities and rapid acoustic

velocities. In total, the gas-hydrate–bearing strata

were approximately 150 m (�492 ft) thick within the

depth interval from 889 to 1101 m (2917 to 3612 ft).

In a recent study, industry-acquired 3-D seismic re-

flection data have been used to characterize the occur-

rence and spatial extent on the Mallik gas-hydrate

accumulation (Bellefleur et al., 2006). The seismic in-

terpretation technique used in this effort was based

on inverting the seismic data to derive acoustic im-

pedances from which acoustic velocity and hydrate

saturations can be estimated. This inversion indicates

that the deepest gas-hydrate interval at Mallik covers

an area of only 900,000 m2 (9,687,519 ft2), and about

771,000,000 m3 (�27 bcf) of gas (at standard tem-

perature and pressure) exists within the Mallik gas-

hydrate accumulation.

Because of the success of the 1998Mallik 2L-38 gas-

hydrate research well program, the Mallik site was ele-

vated as an important gas-hydrate production-test site

with the execution of two additional gas-hydrate pro-

duction research programs: (1) the Mallik 2002 Gas

Hydrate Production ResearchWell Program and (2) the

2006–2008 Japan Oil Gas and Metals National Corpo-

ration (JOGMEC)/Natural ResourcesCanada (NRCan)

Mallik Gas Hydrate Production Research Program.

In June 2005, the partners in the Mallik 2002 Gas-

Hydrate Production Research Well Program publicly

released the results of the firstmodern, fully integrated

field study and production test of a gas-hydrate accu-

mulation (Dallimore and Collett, 2005). The 2002

Mallik International Consortium was composed of

JOGMEC, Geological Survey of Canada, USGS, DOE,

GeoForschungZentrum-Potsdam, the Indian Ministry

of Petroleum Geology and Natural Gas, Gas Authority

India Ltd., and the InternationalContinental Scientific

Drilling Program. From December 25, 2001 through

March 15, 2002, theMallik 2002GasHydrate Produc-

tionResearchWellProgramdrilledthreewells (Figure32):

the JAPEX/JNOC/GSC et al. Mallik 3L-38 and 4L-38

observation wells and the Mallik 5L-38 gas-hydrate

production-test well in the Mallik gas-hydrate field.

The Mallik 5L-38 well cored and recovered gas hy-

drates and associated sediments from an interval be-

tween 880- and 1150-m (2887- and 3773-ft) depth

(Figure 33). These cores were the subject of intensive

examination by members of the Mallik Partnership,

including scientists and engineers enabled by the In-

ternational Continental Drilling Program. Detailed

information on the geology, geochemistry, geotech-

nical, and microbiological properties of gas-hydrate-

bearing sedimentswas complementedby an extensive

research geophysics program, which included both

surface seismic surveys anddownhole logging studies.

This body of scientific data was designed to comple-

ment a novel production-testing program, providing

the world’s most detailed scientific and engineering

data set describing the occurrence andproduction char-

acteristics of gas hydrates.

More than 150m (492 ft) of high-quality gas-hydrate

cores were collected during the Mallik 2002 program

allowing for a wide variety of studies. New work in-

cluded investigations of the kinetics of gas-hydrate dis-

sociation from the solid to the gaseous form, studies of

the petrophysical properties, and investigations of the

molecular chemistry and geotechnical properties such

as compressive strengths and stress regime.Awide range

of geophysical studies were conducted to quantify gas-

hydrate distribution. A key aspect of this program was

to test new geophysical tools as methods to remotely

quantify gas hydrates. Fiber optics instrumentation
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FIGURE 32. Fence diagram showingwell-log-derived gas-hydrate concentrations and natural gamma-ray logs. Mallik L-38,
Mallik 2L-38, and Mallik 5L-38 wells. The well locations are shown on the insert location map (Dallimore and Collett,
2005). 1 m = 3.28 ft.
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FIGURE 33. Downhole log and core from the Mallik 5L-38 gas-hydrate production research well showingwell-log-derived
gas-hydrate saturation, water content, core lithology, and well-log- and core-derived porosities, permeabilities, and
sediment grain size for the intervals (A) 880–1000m (2887–3281 ft) and (B) 1000–1130m (3281–3707 ft) (modified from
Dallimore and Collett, 2005). MDT = modular formation dynamics tester; CMR = combinable magnetic resonance tool;
SDR = Schlumberger-Doll Research; 1 m = 3.28 ft.
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FIGURE 33. Continued.
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documented the geothermal regimewithmeter-scale

precision. Surface, downhole, and cross-hole seismic

studies were conducted aswere several advancedwell-

log studies. Downhole measurements allowed the di-

rect estimates of in-situ permeability, gas-hydrate con-

tent, and investigations of the occurrence of natural

fractures.

The results of gas-hydrate production testing and

reservoir-simulation modeling associated with the

Mallik 2002 Gas Hydrate Production Research Well

Program and the 2006–2008 JOGMEC/NRCan Mallik

Gas Hydrate Production Research Programwill be dis-

cussed in the Gas-hydrate Production section.

For completeness, the potential for occurrence of

gas hydrates in the Canadian Arctic Islands is sig-

nificant. A study of downhole logs from 138 onshore

exploratory wells in the Sverdrup Basin indicates that

about 71% of the surveyed wells may have encoun-

tered gas hydrate, whereas about 17 of 30 offshore

wells may have penetrated gas hydrate (Smith and

Judge, 1993). Most studies dealing with the occur-

rence of gas hydrate in the Sverdrup Basin have been

concerned with gas-hydrate-induced drilling hazards

(Franklin, 1980). The review of limited information

obtained from reports on drilling in the Sverdrup Basin

infers the possible occurrence of gas hydrate on or near

King Christian, Ellef Ringnes, and Mellville Islands.

Japan

In 1995, theGovernment of Japan, through theMin-

istry of Economy, Trade and Industry (METI), estab-

lished the first large-scale national gas-hydrate research

program. The METI continues to be a leader in world-

widegashydrate research (MH21ResearchConsortium,

2008). On behalf of METI, JOGMEC and the Agency of

Industrial Science and Technology (AIST) have devel-

oped a highly integrated gas-hydrate research and

development program of both basic research and

field studies with the goals of (1) understanding the

conditions and features of gas-hydrate occurrence

around Japan, (2) estimating the amount of gas stored

in hydrates, (3) assessing the economic viability of

gas-hydrate fields offshore Japan, (4) conducting gas-

hydrate production tests in selected fields, (5) devel-

oping technologies for commercial production, and

(6) exploiting gas-hydrate resources without adverse-

ly affecting the environment.

The first five years of the Japan National Gas Hy-

drate Program culminated in 1999 and 2000 with the

drilling of a series of closely spaced core and geophys-

ical logging holes in the Nankai Trough (Figure 34). In

2001,METI launched amore extensive project entitled

Japan’sMethaneHydrate ExploitationProgram,oper-

atedby theMethaneHydrate2001Consortium(MH21),

to evaluate the resource potential of deep-water gas

hydrates in the Nankai Trough area. This project is in-

tended to promote the technical development and re-

covery of gas hydrate and to provide a long-term stable

energy supply. Since the first research drilling efforts

in 1999/2000, a series of seismic surveys were con-

ducted in the Nankai Trough area in 2001 and 2002,

and a multiwell drilling program was successfully con-

ducted in early 2004. In the 2004 drilling program,

16 sites were drilled and significant gas-hydrate-bearing

sands were cored and analyzed with various down-

hole geophysical logging tools. Efforts to assess the

amount of gas hydrate stored in the Nankai Trough

continue, with plans for field production testing as

soon as 2010 and development of the technologies

needed for commercial production by 2016. The Japan

National Gas Hydrate Program is also notable for its

direct participation and leadership of all three phases

of theCanadianMallik gas-hydrate research program.

Nankai Trough

Thepresenceof extensiveBSRs in theNankaiTrough

was confirmedwith seismic surveys conducted as a part

of METI’s domestic geophysical survey program. The

1999 and 2000 Nankai Trough drilling and coring pro-

gram targeted anareaof aprominentBSR located about

50 km (�31 mi) from the mouth of the Tenryu River

in central Japan at a water depth of 945 m (3100 ft)

(Tsuji et al., 2009) (Figure 34). This drilling project,

consisting of a pilot well and three postsurvey wells,

confirmed the existence of gas hydrate in the inter-

granular pores of turbiditic sands based on the anal-

ysis of downhole logging data and observations from

both conventional and pressure cores (reviewed by

Tsuji et al., 2009) (Figure 35). At the site of the 1999

and2000drillingprogram, fourhydrate-bearing, sand-

rich intervals (interpretedas turbidite fandeposits)were

recognized. Gas hydrate was determined to fill the pore

spaces in these deposits, reaching saturations up to

80% in some layers. Individual hydrate-bearing sand

layers were less than 1 m (3 ft) thick, with the cumu-

lative thickness of the hydrate-bearing sands totaling

about 12–14 m (�39–46 ft).

A multiwell drilling program titledMETI Tokai-oki

to Kumano-nada was successfully conducted in early

2004 (Fujii et al., 2009; Tsuji et al., 2009). A total of 16

sites were drilled at water depths ranging from 720 to

2030 m (2362 to 6660 ft) (Figure 34). The primary

objective of the 2004 drilling program was to test the
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FIGURE 34. Map of the Nankai Trough region along the southeast coast of Japan. The locations of the 1999–2000 Ministry of Economy, Trade, and Industry (METI)
wells and the 2004 Tokai-oki to Kumano-nada wells are shown. The location of the 2-D and 3-D seismic data used to select the location of the sites drilled
during both field efforts is also shown (modified from Fujii et al., 2009; see Chapter 12 of this volume). LWD = logging while drilling; 1 m = 3.28 ft.
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relationship between BSRs and gas-hydrate occur-

rence and to obtain data needed to calibrate seismic

responses to the occurrence of gas hydrate. TheMETI

Tokai-oki to Kumano-nada program included conven-

tional wireline and pressure coring along with down-

hole logging-while-drilling and wireline logging op-

erations. Two experimental wells were also drilled to

test gas-hydrate drilling and well completion proce-

dures (Takahashi and Tsuji, 2005; Fukuhara et al.,

2009). Tsuji et al. (2009) report no clear correlation

between the volume and occurrence of gas hydrate

and the nature of the underlying BSR, and that down-

hole logging-while-drilling provided the most useful

data for evaluating theoccurrence of gashydrate. Based

on the analysis of both the available downhole log

data and core observations, three different types of

gas-hydrate occurrences were identified: (1) sand with

pore-filling hydrate, (2) silt with pore-filling hydrate,

and (3) nodular or fracture-filling massive hydrate in

fine-grain sediments. The massive gas-hydrate occur-

rences were recovered from sites 1 and 2, with the pore-

filling hydrates occurring at sites 4 and 13 (Figure 36).

The recovered hydrate-bearing sand layers were de-

scribed as very fine- to fine-grained turbidite sand lay-

ers measuring from several centimeters up to a meter

thick (Fujii et al., 2009). However, the gross thickness

FIGURE 35. Downhole well-log and core data display showing core-derived lithology, recovered core temperatures,
pore-water chloride (Cl�) concentrations, and gas-hydrate saturations derived from observed pore-water chloride
freshening in the Ministry of Economy, Trade and Industry Nankai Trough well with additional well-log data from the
Post Survey 1well (PSW-1) (modified fromUchida et al., 2009; see Chapter 13 of this volume). GR = gamma ray;mbsf =meters
below sea floor; 1 m = 3.28 ft.
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FIGURE 36. Downhole well-log and core data display from Site 4, established during the 2004 Tokai-oki to Kumano-nada drilling program (modified from
Fujii et al., 2009; see Chapter 12 of this volume). LWD = logging while drilling; Res ring = ring resistivity; ODP = Ocean Drilling Program; PTCS = Pressure
Temperature Coring System; 1 m = 3.28 ft; mbsf = meters below sea floor.
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of the hydrate-bearing sand layers at Site 4 is up to

50 m (164 ft) (282–332 mbsf [925–1089 fbsf]). In ad-

dition, the zone dominated by elevated spiky resis-

tivities at Site 4 (Figure 36), within the depth interval

from about 110 to 265 mbsf (361 to 869 fbsf), is inter-

preted to also contain gas hydrate. The gross thickness

of the hydrate-bearing sand layers at Site 13 is up to

about 100m(�328 ft) (95–197mbsf [312–646 fbsf]).

Facies analysis indicated that the hydrate-bearing

sandswere deposited in distributary channels to distal

lobes within a submarine fan system. The analysis of

pressure cores and downhole log data indicates that

average gas-hydrate saturations in the cored sand lay-

ers ranged from 55 to 68%,with the average sediment

porosities ranging from 39 to 41% (Fujii et al., 2009).

The geochemical analysis of samples collected dur-

ing both Nankai Trough coring programs indicates

that the gas within the recovered gas hydrates was de-

rived from amicrobial source withmethane carbon iso-

topic values ranging from�95.5 to�63.9% (PDB13C)

and the C1/(C2+C3) ratios ranging from 4392 to 5365

(Waseda and Uchida, 2004).

Recently, Fujii et al. (2008) have reported on a re-

source assessment of gas hydrates in which they es-

timate that the volume of gas within the hydrates of

the eastern Nankai Trough totals about 1.1 trillion m3

(�40 tcf), with about half of this volume occurring in

concentrated form in sand reservoirs.

India

Studies of geologic and geophysical data from the

offshore of India have revealed two geologically dis-

tinct areas with inferred gas-hydrate occurrences: the

passive continental margins of the Indian Peninsula

and along the Andaman convergent margin. One of

the primary goals of the Indian NGHP is to conduct

scientific ocean drilling and coring, logging, and ana-

lytical activities to assess the geologic occurrence, re-

gional context, and characteristics of gas-hydrate de-

posits along the continental margins of India tomeet

the long-term goal of exploiting gas hydrates as a po-

tential energy resource in a cost-effective and safe

manner. The NGHP is coordinated by the Directorate

General of Hydrocarbons (DGH) and monitored by a

steering committee chaired by the Ministry of Petro-

leum&NaturalGas,Government of India (MOP&NG).

NGHP Expedition 01

TheNGHP Expedition 01was designed to study the

occurrence of gas hydrate off the Indian Peninsula and

along the Andaman convergent margin with special

emphasis on understanding the geologic and geo-

chemical controls on the occurrence of gas hydrate in

these two diverse settings. The NGHP Expedition 01

was planned and managed through a collaboration

between the DGH under MOP&NG, the USGS, and

the Consortium for Scientific Methane Hydrate In-

vestigations (CSMHI) led by Overseas Drilling Lim-

ited and FUGRO McClelland Marine Geosciences

(FUGRO).

During its 113.5-day voyage (April 28–August 19,

2006), the research drill ship JOIDES Resolution (JR)

cored or drilled 39 holes at 21 sites (1 site in Kerala-

Konkan, 15 sites in Krishna-Godavari, 4 sites in Ma-

hanadi, and 1 site in Andaman deep offshore areas),

penetrated more than 9250 m (30,348 ft) of sedi-

mentary section, and recoverednearly2850m(9350 ft)

of core (Figures 37, 38). Twelve holes were logged with

logging-while-drilling tools and an additional 13 holes

were wireline logged. The NGHP Expedition 01 was

amongthemost complexandcomprehensivemethane-

hydrates field ventures yet conducted. All of the pri-

mary data collected during NGHP Expedition 01 are

included in either the NGHP Expedition 01 initial

reports (Collett et al., 2008c) or theNGHPExpedition

01 downhole log data report (Collett et al., 2008d),

which were prepared by the USGS and published by

the DGH on behalf the MOP&NG. The results of the

NGHP Expedition 01 have also been recently sum-

marized by Collett et al. (2008b).

The NGHP Expedition 01 established the presence

of gas hydrates in Krishna-Godavari, Mahanadi, and

Andamanbasins. The expeditiondiscoveredoneof the

richest gas-hydrate accumulations yet documented

(Figure 37, Site 10 in the Krishna-Godavari Basin),

documented the thickest and deepest gas-hydrate

stability zone yet known (Site 17 in Andaman Sea),

and established the existence of a fully developed gas-

hydrate system in the Mahanadi Basin (Site 19). For

themost part, the interpretationof downhole logging

data and linked imaging of recovered cores, analyses

of interstitial water from cores, and pressure core im-

aging from the sites drilled during the NGHP Expedi-

tion 01 indicate that the occurrence of gas hydrate is

mostly controlled by the presence of fractures and/or

coarser grained (mostly sand-rich) sediments (Collett

et al., 2008c).

The occurrence of concentrated gas-hydrate accu-

mulations at nine of the sites occupied during NGHP

Expedition 01 (Figure 37, Sites NGHP-01-3, -5, -7, -14,

-15, -16, -17, -19, and -20) is partially controlled by the

presence of suitable host (reservoir) sands. In the case

of Sites NGHP-01-10, -12, -13, and -21, however, the
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recovered gas hydrate occurs as a fracture-filling ma-

terial.Mostmarine gas-hydrate systems that have been

studied to date are fine grained and clay dominated,

and are associatedwith surficial gas seeps. The discov-

ery of the 130-m (426-ft)-thick fracture-controlled

gas-hydrate accumulation at Site NGHP-01-10 (Figure

39) appears tooccurwithin a fractured clay-dominated

system in which gas hydrate is concentrated in verti-

cal and subvertical gas conduits that at one timewere

connected to a sea-floor seep. Further analysis of the

downhole-acquired borehole resistivity images from

other sites (Figure 37, Sites NGHP-01-2, -4, -5, -6, -7,

-8, -9, and -11) indicates that many of the individ-

ual, apparent stratigraphically controlled, disseminated

gas-hydrate occurrences actually occur in combina-

tion reservoirs consisting of horizontal or subhori-

zontal coarse-grained, permeable sediment beds

(sands for the most part) and apparent vertical to

subvertical fractures that provide the conduits for gas

migration.

FIGURE 37. A) India National Gas Hydrate Program (NGHP) Expedition 01 site map, depicting the locations of the
21 research drill sites established during the expedition. B) Insert map of the NGHP Expedition 01 drill sites in the
Krishna-Godawari Basin (Collett et al., 2008c).
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The NGHP effort is perceived to likely include fu-

ture drilling, coring, and field production-testing.

Site 10 has been concluded to represent a world-class,

shale-dominated fractured gas-hydrate reservoir,wor-

thy of further investigation. TheNGHPExpedition 01

also discovered significant sand- and silt-dominated

gas-hydrate reservoirs. It has been proposed that, in

2009 or possibly 2010, NGHP Expedition 02 may be

constituted to drill and log several of the more prom-

ising sand-dominated gas-hydrate prospects.

FIGURE 38. The NGHP Expedition 01 site map depicting the location of the research drill sites established in the Krishna-
Godawari Basin (Collett et al., 2008c). KGGH = Krishna-Godawari Gas Hydrate Site; GDGH = Godawari Gas Hydrate Site;
1 m = 3.28 ft.
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China

InChina, laboratorygashydrateswere firstdeveloped

in Lanzhou in 1990, whereas scientists at the China

University of Petroleum,Beijing, initiated fundamen-

tal studiesongashydrates in theearly1990s.Now,nearly

20 research groups in China actively participate in a

widevarietyofgas-hydrate research. In2004, theGuang-

zhou Center for Gas Hydrate Research was established

to expand gas-hydrate laboratory studies and conduct

offshore field research to evaluate the energy resource

potential of gas hydrate in the offshore of China.

Drilling Expedition GMGS-1

In June 2007, a deep-water gas hydrate drilling and

coring program was successfully completed by the

Guangzhou Marine Geological Survey (GMGS), China

Geological Survey, and the Ministry of Land and

Resources of P.R. China (Zhang et al., 2007a, b; Wu

et al., 2008; Yang et al., 2008). Drilling expedition

GMGS-1was conducted fromApril to June2007 in the

Shenhu area on the north slope of the South China

Sea (Figure 40) from thedrill ship SRVBavenit. FUGRO

and Geotek provided specialized technical services,

FIGURE 39. Downhole logging-while-drilling data from Hole NGHP-01-10A, drilled in the Krishna-Godawari Basin in
the offshore of India (Collett et al., 2008c). The Archie-derived gas-hydrate saturations (Sh) as derived from the
downhole-measured resistivity-log data are included. RAB = resistivity at the bit. PEF = photoelectric effect; mbsf =
meters below sea floor; 1 m = 3.28 ft.
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including drilling, wireline logging, in-situ temper-

ature measurement, pore-water sampling, and pres-

surized and nonpressurized coring. During Expedition

GMGS-1, eight siteswere drilled inwater depths of up to

1500 m (4921 ft). Each site was wireline logged to

depths of up to 300 mbsf (984 fbsf) with a set of high-

resolution slim wireline tools. Five of the eight sites

occupied during the expedition were cored.

Gas hydrate was detected at three of the five core

sites. The sediments were predominantly clay, with a

variable amount of silt-size particles, including fora-

minifera. The sediment layers rich in gas hydratewere

about 10 to 25 m (�33 to 82 ft) thick and were found

just above the BGHSZ at all three sites. Methane was

the predominant gas within core voids as well as in gas

hydrate.Ananalysis ofpressurecores confirmed that the

gas hydrate occurredwithin fine-grained, foraminifera-

rich clay sediments, with gas-hydrate saturations rang-

ing from 20 to 40% (Figure 41). Yang et al. (2008) sug-

gested that the relatively high foraminifera content

of the sediments and other silt-size grains may pro-

vide the void space and enough free water for hydrate

to grow in these fine-grained clay sediments. It is also

interesting that the occurrence of a homogenous layer

FIGURE 40. Map of the drill sites established during Expedition GMGS-1 in the offshore of China in the Shenhu area on the
north slope of the South China Sea (modified from Zhang et al., 2007b). GMGS = Guangzhou Marine Geological Survey.

FIGURE 41. Methane-hydrate saturations as derived from
both pressure-core and pore-water-freshening analysis
from cores obtained during the GMGS-1 expedition in the
offshore of China (modified from Zhang et al., 2007b).
mbsf = meters below sea floor; 1 m = 3.28 ft.
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of gas hydrate, limited to the strata immediately above

the base of gas-hydrate stability, is the type of occur-

rence predicted from themore simple models of gas-

hydrate formation (e.g., Hyndman and Davis, 1992;

Xu and Ruppel, 1999).

Zhang et al. (2007a) reported that potential future

expeditions to both the Shenhu area and other regions

of the northern South China Sea are being considered.

South Korea

South Korea has a strong national gas-hydrate pro-

gramorganized under the KoreanGasHydrate Research

and Development Organization (GHDO-K) and sup-

ported by the Ministry of Commerce, Industry and

Energy. The program includes several government re-

search organizations, as well as industry partners (e.g.,

the Korean Gas Corporation [KOGAS] and the Korean

NationalOilCompany [KNOC]). TheGHDO-Khas four

basic missions (as reviewed by Park, 2008): (1) con-

firm andmap gas-hydrate distribution in the East Sea

(Ulleung Basin), (2) acquire a clean energy source to

replace conventional petroleum sources, (3) develop

technology for gas-hydrate reserve appraisal and devel-

opment, and (4) commercially produce gas hydrates

by 2015. Additional research components include gas-

hydrate climate change implications, as well as CO2

capture and sequestration.

Research under the GHDO-K started in 2000 with

the acquisition of marine seismic data in the East Sea

combinedwith selected shallow coring and heat-flow

analyses to characterize the Ulleung Basin and its po-

tential for gas hydrate.

UBGH1

In November 2007, South Korea completed its first

large-scale gas-hydrate exploration and drilling expe-

dition in the East Sea, the Ulleung Basin Gas Hydrate

Expedition 1 (UBGH1). The KNOC and KOGAS con-

tracted FUGRO to supply drilling, wireline logging,

coring, and associated services for Expedition UBGH1,

whereas Schlumberger and Geotek provided logging-

while-drilling and core analysis services, respectively.

The technical leads of the project were the GHDO-K

and the Korea Institute of Geoscience and Mineral Re-

sources (Park et al., 2008).

Leg 1ofUBGH1 included the drilling of five logging-

while-drilling holes in the Ulleung Basin (Figure 42);

these were selected as representative sites for the

range of geologic conditions expected in the basin.

The Leg-1-acquired logging-while-drilling data were

used to select a subset of three sites that were more

likely to contain gas hydrate for Leg 2 drilling and cor-

ing operations. Coring during Leg 2, at water depths

between 1800 and 2100 m (5905 and 6890 ft), con-

firmed the presence of gas-hydrate-bearing reser-

voirs up to 150mbsf (492 fbsf) (Park et al., 2008). Gas

hydrate was recovered at all three core sites, occur-

ring as veins and layers in clay-rich sediments, and

as pore-filling material within the silty and sandy

layers (Figure 43). At one site, a 130-m (426-ft)-thick

hydrate-bearing sedimentary section of interbedded

sands and clays was penetrated. At another site, a sim-

ilar 100-m (328-ft)-thick hydrate-bearing section was

discovered. An analysis of pore-water freshening re-

vealed average gas-hydrate saturations of about 30%

FIGURE 42. Three-dimensional
view of the sea floor and drill
sites established during Legs 1
and 2 of Ulleung Basin Gas
Hydrate Expedition 1 (UBGH1)
in the Ulleung Basin off the
southeast coast of South Korea
(modified fromPark et al., 2008).
1 m = 3.28 ft.
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for the hydrate-bearing sand layers. Methane was the

predominant gas within core voids as well as in gas

hydrate at all three core sites.

A thick, fracture-dominated gas-hydrate accumula-

tion discovered at oneof the sites in theUlleungBasin

is similar to the Site 10 fracture-dominated gas-hydrate

occurrence in the Krishna-Godavari Basin in the off-

shore of India (as described previously in this chapter),

with many grain-displacing gas-hydrate veins in clay-

rich sediments. However, similarities to the occurrence

of gas hydrate in sands found in the interbedded

sands and clays drilled on IODP Expedition 311 off

the west coast of Canada are also observed (as de-

scribed previously in this chapter).

Postexpedition studies are reported as ongoing,

with plans for a possible second expedition in 2010

along with possible production testing in 2012–2014

(Park, 2008).

Russia

An extensive review of Russian gas-hydrate research

efforts was published by Makogon (1997), who was

one of the first researchers to recognize the potential

of hydrates as an energy resource in Arctic permafrost

regions and is responsible for the initial reports on gas-

hydrate production from the Messoyakha field, in the

west Siberian basin (Makogon, 1981) as discussed later

in the Gas-hydrate Production section.

The Laboratory for Gas Hydrate Geology at VNIIO-

keangeologiya (the marine geology research institute

of the Federal Agency for Management of Mineral

Resources) in Saint Petersburg has led themarine gas-

hydrate research community in Russia, with field stud-

ies published on gas hydrates in the North Atlantic, in

both the Black and Caspian seas, and in the Okhotsk

Sea off Sahkalin Island (Ginsburg and Soloviev, 1995).

VNIIOkeangeologiya has also been responsible for

publishingworldwide gas-hydrate estimates consistent

with other widely cited estimates (Table 1). In recent

years, All-Russia Research Institute of Natural Gases

and Gas (VNIIGAS) joined the Department of Perma-

frost (Cryogeology) atMoscowStateUniversity to form

theMoscowGasHydrateGroup. For themost part, gas-

hydrate research in Russia is funded by grants from the

Russian Foundation for Basic Research, grants from the

Ministry of Science and Technology, and through proj-

ects with foreign oil and gas companies.

Cherskiy et al. (1985)published the first comprehen-

sive review of the geologic controls on the potential

occurrence of gashydrates in the northernpermafrost

regions of Russia. They identified four physiographic

provinces with conditions favorable for the occur-

rence of gashydrates: (1)west Siberian basin, (2) Lena-

Tunguska province, (3) Timan-Pechora basin, and

(4) several sedimentary basins in northeastern Siberia

and the Kamchatka area. Cherskiy et al. (1985) have

calculated thedepth to the topandbaseof themethane-

hydrate stability zone at 230 locations in the west

Siberian basin. They determined that the depth to the

base of themethane-hydrate stability zone in thewest

Siberian basin ranges from zero along the Oba River

to the south to a maximum depth of about 1000 m

(�3281 ft) along the northeastern margin of the ba-

sin (Figure 44A). The Messoyakha field is located in

the northeastern corner of the west Siberian basin as

shown on the map in Figure 44A.

The geologic setting of the northern oil and gas

provinces of Russia indicates that the Vilyuy basin, in

FIGURE 43. Downhole-measured logging-while-drilling
resistivity log data (acquired during UBGH1 Leg 1) from
the three drill sites cored during UBGH1 Leg 2 (modified
from Park et al., 2008). The intervals exhibiting relatively
high resistivities (greater than 1 ohm m) have been
interpreted to be gas-hydrate bearing. The designation
of the wells shown was not provided. mbsf = meters below
sea floor; 1 m = 3.28 ft.
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the Lena-Tunguska province, is the most promising

region for the occurrence of gas hydrate (as reviewed

by Collett, 2000) (Figure 44B). The Vilyuy basin cov-

ers an area of about 250,000 km2 (�96,525 mi2), and

it is superimposed on the margin of the early Paleo-

zoic Siberian platform. The Vilyuy basin opens to the

east into thepre-Verkhoianskmarginal trough,which

together with the Vilyuy basin forms the Lena-Vilyuy

basin. Most of the Lena-Tunguska province is under-

lainbycontinuouspermafrost,with thicknesses greater

than1400m (>4593 ft) in thenorth-central part of the

province (Cherskiy et al., 1985). Assuming low pore-

pressure gradients, methane gas chemistry, and no dis-

solved pore-water salts, Cherskiy et al. (1985) determined

FIGURE 44. Maps showing the depth (in meters) to the base of the methane-hydrate stability zone in three regions
of Russia: A) west Siberian basin, B) Lena-Tunguska province, C) Timan-Pechora basin, and D) a map showing the
location of sedimentary basins in the northeastern Siberia and Kamchatka region that may contain conditions favorable
for the occurrence of gas hydrate in Russia (modified from Cherskiy et al., 1985). 1 m = 3.28 ft.
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that the base of methane-hydrate stability is about

2000 m (�6562 ft) deep within the west-central part of

the Lena-Tunguska province, and about 800–1000 m

(�2625–3281 ft) deep in theVilyuybasin (Figure44B).

About 40% of the Timan-Pechora basin is underlain

by permafrost, with thicknesses greater than 600 m

(1968 ft) along the northeastern margin of the basin.

The map in Figure 44C, of the methane-hydrate stabil-

ity zone in the Timan-Pechora basin, reveals two areas

in which methane hydrate may occur. In the area east

of thePechoraRiver, themethane-hydrate stability zone

reaches amaximumdepth of about 800m (�2625 ft),

whereas to the northwest of the Pechora River, a max-

imum depth of 600 m (1968 ft) was calculated.

In the region of northeastern Russia shown in

Figure 44D, extending from the Lena and Aldan riv-

ers on the west to the Pacific Ocean on the east, more

than 70 small to large intermountain basins have been

mapped. Most of these basins appear to be filled with

thick (5–10 km [16,000–32,000 ft]) sections of upper

Mesozoic and Cenozoic clastic sediments. Cherskiy

et al. (1985) reported that the temperature and pres-

sure conditions conducive to gas-hydrate formation

are present in only the northwestern part of the study

area as depicted in Figure 44D; elsewhere, subsurface

temperatures appear to be too high.

GAS-HYDRATE PRODUCTION

Gas hydrate as an energy commodity is commonly

grouped with other unconventional hydrocarbon re-

sources that are either expensive to extract or require

specialized technology for extraction. Most uncon-

ventional gas resources other than gas hydrates are

being commercially produced somewhere in theworld.

For example, gashydrates are commonly compared to

coalbed methane resources, which were also consid-

ered to be an uneconomic resource in the not-too-

distant past. However, once the resource was geologi-

cally understood, the reservoir properties defined, and

the production challenges addressed, coalbed meth-

ane became an important component of the world’s

energy mix.

Although gas hydrates are known to occur in nu-

merous marine and Arctic settings, until recently, lit-

tle was known about the technology necessary to

produce gas from them. Proposed methods of gas re-

covery from hydrates (reviewed by Collett, 2002)

(Figure 45) commonly deal with dissociating or melt-

ing in-situ gas hydrates (1) by heating the reservoir

beyond hydrate-formation temperatures, (2) by inject-

ing an inhibitor such as methanol or glycol into the

reservoir to decrease hydrate stability, or (3) by de-

creasing the reservoir pressure below hydrate equilib-

rium. Recently, several studies have shown that it may

be possible to produce methane from hydrates by dis-

placing the methane molecule in the hydrate struc-

ture with carbon dioxide, thus releasingmethane and

sequestering the carbon dioxide (Graue et al., 2006).

In the 1980s, first-generation thermal stimulation

computer models (incorporating heat and mass bal-

ances)weredeveloped to evaluatehotwater and steam-

flood gas-hydrate production concepts. These models

indicated that gas can be produced from hydrate at

sufficient rates (Holder and Angert, 1982). However,

the cost associated with these enhanced gas recovery

techniques was shown to be prohibitive. Similarly, the

use of gas-hydrate inhibitors in the production of gas

FIGURE 45. Schematic of proposed gas-hydrate production methods (Collett, 2002).
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from hydrates was shown to be technically feasible

(Makogon, 1981), but the use of large volumes of chem-

icals would also come with a high economic cost.

Among the possible techniques for production of

natural gas from in-situ gas hydrates, depressurization

is considered to be the most economically promising

(reviewed by Collett, 2002). However, extraction of gas

from a gas-hydrate accumulation by depressurization

may be hampered by the formation of ice and/or the

reformation of gas hydrate because of the endother-

mic cooling nature of gas-hydrate dissociation.

The Messoyakha field (Figure 46), a gas field lo-

cated in the northern part of the west Siberian basin,

is commonly used as an example of a hydrocarbon

accumulation from which gas has been produced

fromhydrates by reservoir depressurization (Makogon,

1981). Production data (Figures 46, 47) and other geo-

logic information have been used to document the

presence of gas hydrates within the upper part of the

Messoyakha field (reviewed by Collett and Ginsburg,

1998). Long-term production from the gas hydrate

part of theMessoyakha field is presumed to have been

achieved by simple depressurization. As production

began from the lower free-gas part of theMessoyakha

field in 1969, the measured reservoir pressures fol-

lowed predicted decline relations; however, by 1971,

the reservoir pressures began todeviate fromexpected

values. This deviation has been attributed to the liber-

ation of gas from dissociating gas hydrates. Through-

out the production history of the Messoyakha field,

it is estimated that about 36% (about 5 billion m3

[�176 bcf]) of the gas withdrawn from the field has

come from gas hydrate (Makogon et al., 1972). Glenn

and Allen (1991) presented evidence that a similar

phenomenonmay be occurring within gas fields in

the vicinity of the city of Barrow in northern Alaska.

Several later studies, however, suggest that gas hydrate

may not be significantly contributing to gas produc-

tion in the Messoyakha field (reviewed by Collett and

Ginsburg, 1998).

Over the past ten years, there have been significant

advancements in gas-hydrate production simulators.

Field studies suchas theMallik 2002, theMallik 2006–

2008, and theMount Elbert projectshave also contrib-

uted greatly to our understanding of the technologies

required to produce gas hydrates. In the remaining

part of this chapter, we now turn our attention to the

results of the gas-hydrate testingprograms innorthern

Canada and Alaska. We also review the contributions

FIGURE 46. A) Map of the depth (in meters) to the base
of the methane-hydrate stability zone in continental
areas of Russia (modified from Makogon et al., 1972). The
location of the Messoyakha gas field is also shown. The
dashed line is the southern boundary of the former U.S.S.R.
B) Generalized cross section illustrating the distribution
of gas hydrate and free-gas parts of the Messoyakha field
(modified from Makogon, 1997). 1 m = 3.28 ft.

FIGURE 47. Plot of reservoir pressures and production
history as a function of time for the Messoyakha field
(modified from Makogon, 1997). Roman numerals
across the top of the figure denote general stages of
production. 1 m3 = 35.3 ft3; 1 MPa = 145 psi.
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of the rapidly evolving field of gas-hydrate produc-

tion simulation.

Mallik Gas-hydrate Production Studies

One of the major goals of the Mallik 2002 Gas Hy-

drate Production Research Well Program (Dallimore

and Collett, 2005) was to advance research pertain-

ing to gas-hydrate production by undertaking a suite

of well-constrained, short-term production experi-

ments. The scientific objectives of the Mallik 2002

production testing effort were to confirm the feasibil-

ity of gas production by depressurization and thermal

stimulation techniques. Note that the Mallik 2002

testing program was not designed as a conventional

industry-style production test to evaluate commer-

cial recovery. Instead, it was designed as a series of

controlled experiments (1) to test the response of in-

situ gas hydrate to changes in pressure and/or temper-

ature conditions and (2) to provide critical engineering

data needed to develop, constrain, and calibrate gas-

hydrate production simulators capable of predicting

a long-term reservoir response. With these goals in

mind, the Mallik 2002 production tests produced gas

from gas hydrate with a series of well-constrained and

controlled production experiments, each designed to

investigate the response of in-situ gas-hydrate depos-

its to changes in pressure or temperature. The Mallik

2002 production test results, combined with other

project data, were also used to calibrate gas-hydrate

production simulators, which were then used to proj-

ect the expected long-term response of the gas hydrate

beyond theduration and conditions of the actual tests.

During the Mallik 2002 testing program, the re-

sponse of gas hydrates to heating and depressuriza-

tion was evaluated with careful attention to accu-

ratelymeasuring both input conditions and reservoir

responses. Pressure-drawdown experiments were de-

signed to study the response of gas hydrate to a re-

duction in formation pressure conditions. TheMallik

2002 pressure-drawdown tests were conducted using

Schlumberger’s MDTwireline tool. TheMDT tool was

used to conduct small-scale pressure-drawdown tests

within five perforated intervals in the Mallik 5L-38

well. The rationale for most of the MDT tests was to

reduce reservoir pressure below gas-hydrate stabil-

ity conditions and then shut in the tool to observe

the pressure build-up attributed to flowing forma-

tion fluids and gas-hydrate dissociation. The results

of three short-duration gas-hydrate tests demonstrate

that gas can be produced from gas hydrates with dif-

ferent concentrations and characteristics, exclusively

through pressure stimulation (Figure 48). Hancock

et al. (2005) showed that the response of the hydrate-

bearing sand reservoirs was similar to a conventional

porous-media response. Thus, conventional pressure-

transient analytical techniques were used to evaluate

the Mallik 2002 MDT test data. Horizontal permeabili-

ties were found to range from less than 0.001md to as

high as 0.1mdwithin hydrate-bearing porous media.

In contrast, the expected intrinsic permeability (i.e.,

without gas hydrate) of the same sands with only wa-

ter filling the pores would be on the order of 100 to

1000md.The existenceofmeasurable permeability in

a reservoir with high gas-hydrate saturations (up to

FIGURE 48. Downhole pressure
data from modular dynamic
test (MDT) 2 at 1089 m (3573 ft)
in Mallik 5L-38 gas-hydrate pro-
duction research well. The pres-
sure plot shows three initial
pressure-drawdown recovery
sequences (0.6–1.2, 1.8–3.0,
and 3.0–6.6 hr), followed by
two minifracture tests with
pressure-increase and recovery
sequences (7.6 and 8.4 hr) and
a final pressure-drawdown re-
covery sequence (6.9–8.0 and
8.0 hr to end of test) (modified
from Dallimore and Collett,
2005). mKB = measured from
the kelly bushing on the drilling
rig in. 1 MPa = 145 psi.
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FIGURE 49. A) Schematic diagram showing the thermal-production-test interval, 907–920 m (2976–3018 ft), in the
Mallik 5L-38 gas-hydrate production research well. The downhole log montage shows well-log- and core-derived
permeability and porosity data, lithology, and summary of cased-hole log interpretation. The downhole configuration of
the perforated interval, circulation tubing, and packer is also shown. B) Results from the thermal-production tests,
showing average hourly production rate and cumulative gas production (modified from Dallimore and Collett, 2005).
CMR = Combinable Magnetic Resonance Tool; SDR = Schlumberger-Doll Research; MDT = Modular Formation Dynamics
Tester; 1 m = 3.28 ft; 1 m3 = 35.3 ft3.
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85%) was unexpected. Downhole-measured nuclear

magnetic resonance (NMR) log data from the Mallik

5L-38 well also indicated the presence of a movable

free-water phase within the hydrate-bearing sandstone

reservoirs, which likely represents the compressive

porous-media fluid phase along which flow was es-

tablished andmeasured during theMDT gas-hydrate

tests. Downhole acoustic log data from Mallik also

show that gas hydrate occurs as a matrix-supporting

pore-filling material instead of a grain-coating sub-

stance. The presence of an interconnected fluid phase

at measurable permeabilities suggests that gas-hydrate

reservoir-depressurization production techniquesmay

be more effective than previously thought.

Thermal stimulation experiments were designed to

destabilize gas hydrates using circulated hot water to

increase the in-situ temperature. A 5-day experiment

was undertaken within a 13-m (43-ft)-thick section

of highly concentrated gas-hydrate–bearing strata.

The test was conducted by circulating hot fluids (508C
[1228F]) down the hole at a constant pressure slightly

above hydrostatic conditions. Gas fromdissociated hy-

drate was flowed to the surface, separated from the cir-

culating fluid, measured, sampled, and flared. Gas was

continuously produced throughout the test at varying

rates with the maximum flow rate reaching 360 m3

(12,713 ft3) per day (Dallimore and Collett, 2005)

(Figure 49). The total volume of gas flowed was small,

reflecting that the test was a controlled production

experiment instead of a long-duration well test. The

total volume also demonstrated the difficulty of heat-

ing a relatively large rock mass by conductive heat

flow alone.

Both Kurihara et al. (2005b) and Moridis et al.

(2005a) modeled the results of the Mallik 5L-38

thermal-production test. Kurihara et al. (2005b) found

that they could not account for the volume of gas pro-

duced by considering heat conduction alone; how-

ever, when they adjusted theirmodel to consider the

episodic invasion of hot circulating fluids into the

production zone, they were able to obtain agreement

with the measured field data. Kurihara et al. (2005a)

also conducted a detailed numerical simulation of

one of the MDT tests conducted in the Mallik 5L-38

well. Kurihara et al. (2005a) concluded that the general

range of permeability values determined by Hancock

et al. (2005) was similar to those predicted by more

rigorous numerical simulations.

TheMallik 2002 production researchwell program

proved for the first time that gas production from gas

hydrates is technically feasible. TheMallik 2002 ther-

mal and depressurization production data have al-

lowed the calibration of several reservoirmodels used

to simulate the thermal and depressurization tests.

Part of the calibration process has been the recogni-

tion that gas-hydrate deposits are much more per-

meable than previously thought, that they contain

natural fractures, and that they may be fractured ar-

tificially. Calibrated models must therefore include

full appraisal of the unique attributes of the specific

gas-hydrate field. The Mallik data allowed for the ra-

tional assessment of the production response of a

gas-hydrate accumulation if the various tests were

extended far into the future. These studies show that

among the possible techniques for production of nat-

ural gas from in-situ gas hydrates, depressurization

would producemore gas than just heating the forma-

tion. However, the combination of heating and de-

pressurizing the gas hydrate at the same time would

produce the greatest amount of gas.

The Mallik 2002 project is recognized to have con-

tributed a great deal to our understanding of gas hy-

drates; however, it fell short of delivering all of the

data needed to fully calibrate existing reservoir simu-

lators. It was also determined that longer-duration

production tests would be required to assess the tech-

nical viability of long-term production from gas hy-

drates; the 2006–2008 JOGMEC/NRCan Mallik Gas

Hydrate ProductionResearch Programwas conducted

to address these needs.

As described by Dallimore et al. (2008a, b) and

Yamamoto and Dallimore (2008), the 2006–2008

JOGMEC/NRCan Mallik Gas Hydrate Production Re-

search Program was conducted by JOGMEC, NRCan,

and the Aurora College/Aurora Research Institute to

build on the results of the Mallik 2002 project, with

the main goal of monitoring the long-term produc-

tion behavior of gas hydrates. The primary objective

of the winter 2006–2007 field activities was to install

equipment and instruments to allow for long-term

gas-hydrate production testing during the winter of

2007–2008. The Mallik 2L-38 and Mallik 3L-38 wells

(Figure 32) were re-entered, and each well was logged

to establish formation properties prior to testing. Af-

ter completing drilling operations during the 2006–

2007 phase of the project, a short pressure-drawdown

test was conducted to evaluate equipment perfor-

mance and assess the short-term producibility of the

gas-hydrate-bearing reservoir. A 12-m (39-ft)-thick gas-

hydrate interval (1093–1105 m [3586–3625 ft]), near

the BGHSZ, was tested for 60 hr by reducing the bot-

tomhole pressure down to about 7.3 MPa (1060 psi)

(equal to a drawdown pressure of�3.7MPa [530 psi]).

Irregular pumping operations, related to excessive sand
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production, resulted in unstable fluid flow, which

greatly complicated the analysis of the test. However,

during the most successful 12.5 hr of the test, at least

830 m3 (�29,300 ft3) of gas was produced. The test

results verified the effectiveness of the depressuriza-

tion method even for such a short duration.

The following winter (2007–2008), the team re-

turned to the site to undertake a longer term produc-

tion test with the implementation of countermea-

sures to overcome the problems encountered in the

previous year’s program. The 2007–2008 field opera-

tions consisted of a 6-day pressure-drawdown test,

during which stable gas flow was measured at the sur-

face. The 2007–2008 testing program at Mallik estab-

lished a continuous gas flow ranging from 2000 to

4000 m3/day (�70,000 to 140,000 ft3/day), which

was maintained throughout the course of the 6-day

(139-hr) test (Dallimore et al., 2008b; Yamamoto and

Dallimore, 2008). The cumulative gas production vol-

umewas approximately 13,000m3 (�460,000 ft3). The

total water production during the test was less than

100m3 (3531 ft3) (�629 bbl) (Dallimore et al., 2008b).

The 2006–2008 Mallik production tests have shown

that sustainedproduction fromhydratescanbeachieved

by depressurization alone.

As concluded by Yamamoto and Dallimore (2008),

all of the Mallik gas-hydrate research programs have

contributed greatly to our understanding of the energy

resource potential of gas hydrates. However,more work

is needed to understand the longer term production

response of gas hydrates, and additional production

data sets are required todevelop apractical understand-

ing of the energy resource potential of gas hydrates.

Mount Elbert Gas-hydrate Reservoir Analysis

As previously discussed, the Alaska Mount Elbert

gas-hydrate stratigraphic-test-well project included the

acquisition of pressure transient data from four short-

duration pressure-drawdown tests using Schlumber-

ger’s wireline MDT (Anderson et al., 2008; Boswell

et al., 2008). These tests were conducted in the open

hole and were designed to build on the knowledge

gained from cased-hole MDT tests conducted during

the Mallik 2002 testing program. A unique aspect of

theMount Elbert programwas that these experiments

were conducted in the open hole, removing many

complexities related to the nature and effect of casing

perforations. In comparison to the Mallik 2002 MDT

tests, the individual Mount Elbert tests were of much

longer duration, with the test lengths ranging from

6 to nearly 12 hr.

Four 1-m (3-ft)-thick zoneswere tested in theMount

Elbertwell: two in unit C (tests C1 andC2) and two in

unitD (testsD1andD2). Each test consistedofmultiple

stages of varying duration, with each stage consisting

of a period of fluid withdrawal (thereby reducing for-

mationpressure) followedbyaperiodwhere thepump

is shut off and the subsequent pressure build-up is

monitored (Figure 50). Gas and water samples were

collected during selected flow periods, and a fluid ana-

lyzer on the MDT tool enabled the identification (but

not volumetric measurement) of gas and water as it

entered the tool. Also, a small programmable sensor

was attached to the outside of the tool tomonitor tem-

perature changes during each test.

TheMount ElbertMDTprogram included two types

of tests. To investigate the petrophysical properties

FIGURE 50. Downhole pres-
sure data from modular for-
mation dynamic test C2
at about 656 m (~2151 ft) in
the Mount Elbert gas-hydrate
stratigraphic test well. The
pressure plot shows three
pressure-drawdown recovery
sequences (modified from
Anderson et al., 2008). 100 psi =
0.7 MPa.
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of the hydrate-bearing reservoirs, each of the four

tests beganwith a preflow test, inwhich pressurewas

reduced enough tomobilizeunbound formationwater,

but not enough to induce gas-hydrate dissociation.

To provide an insight into gas-hydrate response to

small-scale pressure transits, the preflow tests were

followed by numerous test stages in which the pres-

sure reductionwas great enough to induce gas-hydrate

dissociation. Much like the MDT results and down-

hole-measured NMR logs from the Mallik 5L-38 well

(as discussed above), theMDT andNMR log data from

the Mount Elbert well also confirmed the presence of

a mobile pore-water phase even in the most highly

gas-hydrate-saturated intervals. In the Mount Elbert

unit D sand, the mobile water phase was determined

to be about 8 to 10% of total pore volume. In the

unit C sand, it appears to range upward to about 15%

(Anderson et al., 2008). The presence of a mobile wa-

ter phase appears to be a required prerequisite for the

initiation of depressurization for a gas-hydrate reser-

voir not in contact with underlying free-gas or water

reservoirs. TheMDT test data from the early preflow

stage that targeted fluid withdrawal without gas-

hydrate dissociation produced pressure responses that

are typical of low-permeability porous media much

like the Mallik 2002 MDT tests. An analysis of these

preflow tests in a variety of advanced reservoir simu-

lators (Anderson et al., 2008) has yielded reservoir

permeabilities, in the presence of a gas-hydrate phase,

of 0.12 to 0.17 md. Gas-hydrate dissociation and

productionwere confirmed in the latter stages of each

test inwhich the pressure was drawndown below gas-

hydrate equilibrium conditions. All of the pressure-

transient data from each of the shut-in periods after

gas hydrate was dissociated exhibited the same but

unexpected behavior: (1) in comparison to the pre-

flow shut-in pressures (in which gas hydrate was not

dissociated), themeasured formationpressures exhib-

ited a dampened response with the pressures build-

ing relatively slowly, and (2) the slope of the pres-

sure build-up curves steepened slightly (or kinked

upward) as the measured pressures increased. Both

phenomena were repeated in every MDT tests that

produced gas hydrate. These are clearly manifesta-

tions of some as yet poorly understood process. His-

tory matching with selected gas-hydrate computer

simulations (Anderson et al., 2008) suggests that the

most likely scenario for the observed dampened pres-

sure responses is tied to low gas production volumes

and the effects of fluid storage and segregation, aswell

as compression of gas in the annular space around the

MDT tool.

In the next section of the chapter, we have reviewed

how the Mallik and Mount Elbert production test

results are being used to calibrate existing gas-hydrate

production simulators andhow thesemodels are being

used to design future long-term production tests and

predict expected gas production rates from various

gas-hydrate accumulations.

Gas-hydrate Production Simulation

Gas-hydrate laboratory investigations designed to

determine the basic physical and chemical properties

of hydrates have shifted their focus since the mid-

1990s. Although previouswork focused on the collec-

tion of thermodynamic and kinetic data of hydrate

formation and dissociation, data collection now is

focusing on hydrate-sedimentmixtures, in particular

transient phenomena such as reservoir permeability

and capillary pressure developmentwith dissociation.

These studies have focused primarily on determining

data needed to support the development of numerical

simulators ofhydrate behavior.Over thepast five years,

there have been significant advancements in gas-

hydrate production simulators. The most commonly

used simulators are the following: (1) The TOUGH+-

HYDRATE code (Moridis, 2003; Moridis et al., 2005b),

(2) the MH-21HYDRES code developed by the Japan

Oil EngineeringCompanyand theUniversityof Tokyo

(Kurihara, 2005a, b), (3) the STOMP-HYD code devel-

oped by the Pacific Northwest National Laboratory

(Phale et al., 2006), (4) a hydrate-specific variant of

the commercial simulator CMG-STARS (STARS Com-

puter Modeling Group, 2008), (5) HydrateResSim

(an open source code based on an earlier version of

TOUGH), and (6) Hydrsim simulator (based in part

on the CMG-STARS) developed by the University of

Calgary (Hong and Pooladi-Darvish, 2005). Both the

TOUGH+HYDRATE and MH-21HYDRES were cali-

brated with data from the Mallik 2002 thermal test,

but both codes were substantially enhanced since the

early Mallik test. All of the codes listed above are par-

ticipating in a code comparison study, which is de-

signed to exchange information and insight that will

lead to the improvement in simulation capability of

experimental and naturally-occurring gas-hydrate ac-

cumulations. The code comparison study is being led

by the U.S. DOE and has been further described in

several recent reports (Anderson et al., 2008; Wilder

et al., 2008). Of note, all of the groupswithin the code

comparison study have attempted to model the re-

sults of theMount ElbertMDT testing effort, which in

turnprovidedoneof themuchneededcodecalibration
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data sets. With only two field test data sets available

(i.e., Mallik and Mount Elbert), claiming that any of

the gas-hydrate production codeshavebeenvalidated

is impossible. However, it is mostly accepted that the

available codes generally account for the behavior of

gas hydrates in nature and can be used to assess gas-

hydrate production responses.

Field studies of gas-hydrate occurrences and hy-

drate reservoir simulation studies have resulted in the

recognition of three basic types or classes of gas-

hydrate accumulations (Moridis andCollett, 2004).

Class 1 accumulations are composed of two layers,

with a hydrate-bearing layer underlain by a zone con-

taining free gas. Class 2 deposits are also composed

of two layers, with an overlying hydrate-bearing layer

and an underlying zone containing mobile water.

Class 3 accumulations are composed of a single layer

of hydrate, with no underlying zone of mobile fluids.

More recently, Moridis et al. (2008) has further subdi-

vided the above listed classes of gas-hydrate accumu-

lations and added a class 4 (dispersed, low-saturation,

marine hydrate deposits) to better represent the range

of complex hydrate reservoir conditions that exits in

nature.

Drawing some general conclusions about the na-

ture of expected gas-hydrate production from each of

the three primary gas-hydrate classes basedmostly on

published production simulations is possible (reviewed

by Moridis et al., 2008). For class 1 hydrate accumula-

tions (hydrate underlain by free gas), depressurization-

based production strategies appear to be well suited.

In this system, the underlying free-gas accumulation

would likely be the initial target of production, which

in time would lower the pressure in the free-gas reser-

voir and in turn reduce the effective pressure acting

on the overlying gas hydrate, resulting in hydrate dis-

sociation and gas production from the hydrate part of

the reservoir. Simulation studies (reviewed by Moridis

et al., 2008) of class 1 hydrate accumulations in perma-

frost regions have predicted long-term (10 to 30 years)

sustained production rates as high as 70,000 standard

cubicmeter (sm3)/day (�2,500,000 standard cubic feet

[sft3]/day). However, because of the strong endother-

mic nature of hydrate dissociation at high production

rates, caremust be taken to limit the formation of solid

phases (i.e., secondary hydrate and ice) in the vicinity

of the producingwell, whichmayhave adverse effects

on the fluid permeability regime and, consequently,

gas production.

For class 2 hydrate accumulations (hydrate under-

lain bymobilewater), depressurization-based produc-

tion strategies again appear to be best suited. In this

system, the well would likely be completed in the mo-

bile water part of the reservoir. Production from the

underlying water zonewould lower the effective pres-

sure acting on the overlying gas hydrate, resulting

in hydrate dissociation and gas production. In this

case, the effectiveness of depressurization is further

enhanced by the near incompressibility of the water

phase and by the large heat capacity of water. The lat-

ter is a significant factor in providing the heat needed

to combat the endothermic reaction associated with

hydrate dissociation. An analysis of gas production po-

tential from class 2 hydrate accumulations (as re-

viewed by Moridis et al., 2008) in idealized marine

and permafrost settings shows similar characteris-

tics with expected gas production rates as high as

60,000 sm3/day (�2,000,000 sft3/day). In this

scheme, however, the coproduced water could be-

come a significant handling and disposal problem.

Also, in a reservoir with a strong water-drive, it may

not be possible to produce water at a rate needed to

effectively depressurize the reservoir, thus, limiting

gas production.

For a class 3 gas-hydrate accumulation (single con-

fined layer of hydrate), depressurization-induced dis-

sociation again appears to be the best approach. In a

class 3 system, the attractiveness of depressurization

is challenged by the limited permeability of hydrate-

bearing reservoirs as demonstrated during both the

Mallik 2002 (Dallimore and Collett, 2005) and Mount

Elbert (Boswell et al., 2008) field studies. The lower ef-

fective permeability of a hydrate-bearing reservoir in-

hibits the communication of a pressure gradient into

the formation, leading to lower rates of dissociation

and gas production in comparison to most class 1 or

class 2 hydrate accumulations. However, the predicted

lower rates of gas production do not automatically

preclude thepotential for commercial production from

class 3 hydrates. Under specific conditions of high hy-

drate saturations and high reservoir temperatures (i.e.,

reservoirs near the BGHSZ), modeling has predicted

potential gas production rates from class 3 hydrates as

high as 60,000 sm3/day (�2,000,000 sft3/day).

In the past, production from class 3 gas-hydrate ac-

cumulations was assumed to require thermal stimula-

tion. However, pure thermal stimulation does not ap-

pear to be a promising dissociation method because

of the very large energy needs (dictated by the high

thermal inertia of subsurfacemedia) required to heat

the reservoir, as demonstrated during the thermal test

in the Mallik 2002 project. Modeling has shown that

heat transfer by conduction to be very ineffective.Heat

transfer by advection (e.g., warm water injection) may
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adversely affect reservoir permeabilities. However, lo-

calized near-borehole thermal simulation (to prevent

secondary hydrate and ice formation) in conjunction

with depressurization could prove to be a valuable ad-

dition to an integrated production design.

As part of the DOE-sponsored code comparison

study, all of the modeling teams recently completed

the modeling of a class 3 (single confined layer of hy-

drate) gas-hydrate accumulation on the North Slope

of Alaska (Anderson et al., 2008). Three different prob-

lemswere considered: problem7a examined theMount

Elbert site. Problem 7b is based on a slightly warmer

and thicker accumulation such as those that exist at

the Prudhoe Bay unit (PBU) L-Pad site. Problem 7c is a

downdip and warmer version of the L-Pad case. In all

three problems, a standard set of parameters was used

(Table3)basedonthehistorymatchto theMountElbert

MDT data. The completion and production scenario

in all three simulations assumed a vertical well with

simple depressurization to 2.7 MPa (390 psi).

Problem 7a (Mount Elbert drill site) used reservoir

data from theMount Elbert unit C sand (Table 3), with a

very low reservoir temperature of only 2.58C (36.58F).
The model domain (Figure 51) was a two-dimensional

(2-D) radial system, which was 450 m (1476 ft) in the

radial direction and 152.5 m (500.3 ft) in the vertical

direction. In the vertical direction, a 12.5-m (41-ft)-thick

hydrate-bearing sand layer was set between upper

and lower bounding impermeable shale layers. Given

the low initial reservoir temperature, themodeled gas

production rates over the 50-year life of the well were

uniformly low (Figure 52). This system has very lim-

ited in-situ heat to provide for the endothermic hy-

drate dissociation reaction. One notable result was

the existence of a lag time before any meaningful gas

production rates were achieved, which can be seen

in the TOUGH+Hydrate simulation of problem 7a

depicted in Figure 52. The predicted gas production

rates for all the participating simulators continued

to increase over the life of the well, with a maxi-

mumproduction rate of about 10,000 sm3/day (about

350,000 sft3/day).

In problem 7b (PBU L-Pad), the reservoir was mod-

eled with two shale-bounded gas-hydrate layers with

a constant hydrate saturation of 75%. For the most

part, problem 7b assumed the same reservoir prop-

erties (Table 3) and radial dimensions as problem 7a.

As shown in Figure 53, however, the reservoir in prob-

lem 7b is about 38C (5.48F) warmer than the reservoir

in the Mount Elbert case. Given the relatively warmer

reservoir temperatures in problem7b, the predicted gas

production rates over the 50-year life of the well are

greater than problem 7a (Figure 54). Expected gas pro-

duction occurs from the beginning of depressurization

and increases to amaximum rate of about 25,000 sm3/

day (�825,000 sft3/day) around 25 years into the well

simulation.

The system modeled in problem 7c (PBU L-Pad

downdip site) is identical with the reservoir mod-

eled in problem 7b (Table 3), except that the reser-

voir is located at the base of the hydrate stability zone

(but with no contact with free gas or water) at about

823 m (�2700 ft) and is considerably warmer at 128C
(53.68F) (Figure 55). The PBU L-Pad downdip site pro-

vided the most favorable gas production rates of

the three simulations. The average maximum gas

Table 3. Assumed reservoir conditions for the
North Slope of Alaska.*

Problem 7a: Mount Elbert Drill Site (Unit D)

Reservoir model: 12.5-m (41-ft)-thick sand reservoir,
bounded by shales

Gas-hydrate saturation: 65%

Reservoir porosity: 35%

Permeability (intrinsic): 1000 md

Formation temperature: 2.6 to 3.18C (36.7 to 37.68F)
Formation pressure: 6.7 MPa (972 psi) (hydrostatic gradient)

Pore-water salinity: 5%

Problem 7b: Prudhoe Bay Unit L-Pad

Reservoir model: two 18-m (59-ft)-thick sands,
bounded by shales

Gas-hydrate saturation: 75%

Reservoir porosity: 40%

Permeability (intrinsic): 1000 md

Formation temperature: 5.0 to 6.48C (41.0 to 43.58F)
Formation pressure: 7.3–7.7 MPa (1060–1117 psi)
(hydrostatic gradient)

Pore-water salinity: 5%

Problem 7c: Prudhoe Bay Unit L-Pad Downdip Site

Reservoir model: two 18-m (59-ft)-thick sands,
bounded by shales

Gas-hydrate saturation: 75%

Reservoir porosity: 40%

Permeability (intrinsic): 1000 md

Formation temperature: 10.7 to 12.08C (51.3 to 53.68F)
Formation pressure: 8.0–9.0 MPa (1160–1305 psi)
(hydrostatic gradient)

Pore-water salinity: 5%

*Problem 7a (Mount Elbert drill site), 7b (Prudhoe Bay Unit L-Pad),
and 7c (Prudhoe Bay Unit L-Pad downdip site) gas-hydrate production
simulations were conducted under the DOE-sponsored code comparison
study (modified from Anderson et al., 2008).
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rate among the simulators was 122,000 sm3/day

(4,300,000 sft3/day). Figure 56 includes an example

plot of gas rate and cumulative production simu-

lated for problem 7c.

As reviewed by Anderson et al. (2008), all of the

North Slope Eileen gas-hydrate simulators showed

a remarkable agreement. The predicted gas rates,

the cumulative produced gas, and the reservoir lag

FIGURE 51. Model domain for
the problem 7a (Mount Elbert
drill site) gas-hydrate produc-
tion simulations conducted
under the DOE-sponsored code
comparison study (modified
fromAnderson et al., 2008).Jj =
porosity; SH = gas-hydrate
saturation; SWir = irreducible
water saturation; r = radial; z =
vertical; 1 m = 3.28 ft; 2.68C =
36.78F; 3.18C = 37.68F.

FIGURE 52. TOUGH+HYDRATE simula-
tion results for problem 7a (Mount
Elbert drill site). The rate of gas release
from hydrates and the rate of gas pro-
duced at the surface are shown (mod-
ified from Anderson et al., 2008). 1 sm3 =
35.3 ft3.
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times were all in good agreement. As expected, the

warmer and deeper modeled hydrate reservoir sys-

temsyieldedhighergasproduction rates andproduced

more cumulative gas. Anderson et al. (2008) also note

that modeling runs that capture the vertical hetero-

geneity of the system produce even more optimistic

production forecasts, with substantially higher peak

production rates and dramatically reduced produc-

tion lag times.

Although detailed information on the production

characteristics of gas hydrate is limited, enough infor-

mation exists to begin to identify particular features

of the more promising hydrate production targets

(as reviewed by Moridis et al., 2008). These include

FIGURE 53. Model domain for
the problem 7b (Prudhoe Bay
unit L-Pad) gas hydrate produc-
tion simulations conducted
under the DOE-sponsored code
comparison study (modified
fromAnderson et al., 2008).Jj =
porosity; SH = gas-hydrate
saturation; SWir = irreducible
water saturation; r = radial; z =
vertical; 1 m = 3.28 ft; 5.08C =
41.08F; 6.48C = 43.58F.

FIGURE 54. TOUGH+HYDRATE simula-
tion results for problem 7b (Prudhoe
Bay unit L-Pad). The rate of gas release
from hydrates for two different simu-
lations is shown (cases). Each case as-
sumesdifferent simulatorgrid-block sizes,
Case A, 0.02 m (0.06 ft), and Case B,
0.05 m (0.1 ft). The simulations that as-
sumed a larger grid block were con-
cluded toyieldmoreaccuratepredictions
(blue line) over the extended life of a
well (modified from Anderson
et al., 2008).
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(1) high-quality (high porosities and intrinsic perme-

abilities) reservoir sandswithhigh gas-hydrate satura-

tions, (2) high reservoir temperatures and proximity

to the BGHSZ, and (3) hydrate-bearing reservoirs in

contact with an underlying free-gas-saturated unit at

the BGHSZ (class 1).

FIGURE 55. Model domain
for the problem 7c (Prudhoe
Bay unit L-Pad downdip site)
gas hydrate production simula-
tions conducted under the
DOE-sponsored code compar-
ison study (modified from
Anderson et al., 2008). Jj =
porosity; SH = gas-hydrate
saturation; SWir = irreducible
water saturation; r = radial;
z = vertical; 1 m = 3.28 ft;
10.78C = 51.38F; 12.08C =
53.68F.

FIGURE 56. TOUGH+HYDRATE simula-
tion results for problem 7c (Prudhoe
Bay unit L-Pad downdip site). The rate
of gas release from hydrates for two
different simulations is shown (cases).
Each case assumes different simulator
grid-block sizes, Case A and B, (0.02 and
0.05m [0.06 and 0.1 ft]); the simulations
that assumed a larger grid block were
concluded to yield more accurate pre-
dictions (blue line) over the extended life
of a well (modified from Anderson
et al., 2008). 1 sm3 = 35.3 ft3.
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Additional Factors Leading to
Gas-hydrate Production

Although vast parts of the world’s continental

shelves appear to be underlain by gas hydrate, the con-

centration of hydrate within most marine accumu-

lations appears to be low (reviewed by Collett, 2002).

In recent years,with a growingnumber of gas-hydrate

expeditions, the number of confirmed, highly con-

centrated, marine gas-hydrate deposits associated

with large seeps, fracture systems, and sand-dominated

reservoirs has significantly increased (as discussed pre-

viously). However, most of the gas hydrate in the

world probably occurs at low concentrations in clay-

rich sediments, making it unlikely that well-based

extraction could be performed economically, given

the highly disseminated nature of these types of gas-

hydrate accumulations. In addition, in many in-

stances, the low-permeability nature of the host sed-

iments may also represent a significant technical

challenge to potential gas-hydrate production. As

reviewed by Moridis et al. (2008), most existing gas-

hydrate productionmodels require the establishment

of reliable flowpathswithin the formation to allow the

propagation of a pressure gradient into the hydrate-

bearing sediments and the movement of produced

gas to the wellbore. However, most fine-grained ma-

rine sediments are unlikely to possess the mechan-

ical strength to allow the generation of significant

flow paths.

Also note that our current assessment of proposed

methods for gas-hydrate production does not con-

sider some of the more recently developed advanced

oil and gas production schemes. Knowledge of the

effectiveness and appropriateness of a given extrac-

tion technique for a given hydrate accumulation is

still at an early stage. For example, the usefulness of

downhole heating methods, such as in-situ combus-

tion, electromagnetic heating, or downhole electrical

heating, has not been evaluated. In addition, advanced

drilling techniques and complex downhole comple-

tions, including horizontal wells and multiple later-

als, have not been considered in any comprehensive

gas-hydrate production scheme. Gas hydrate closely

associated with existing conventional oil and gas pro-

duction may also provide opportunities to test more

advanced gas-hydrate production methods.

As previously discussed in this chapter, significant

technical issues need to be resolved before gas hydrate

can be considered a viable option for future supplies

of natural gas. Inmost cases, the viability of an energy

resource is based almost solely on economics. Note,

however, that in some cases, the viability of a particu-

lar hydrocarbon resource can be controlled by unique

local economic and nontechnical factors. For exam-

ple, countries with little domestic energy production

commonly pay considerably more for their energy

needs because they relymore on imported hydrocar-

bons, which commonly come with additional tariffs

and transportation expenses. Energy security is com-

monly a concern to resource-poor countries, which,

in comparison to energy-rich countries, will common-

ly invest moremoney in relatively expensive uncon-

ventional domestic energy resources. In some cases,

theuniqueness of aparticular location, suchasdistance

to a conventional energy resource, may lead to the de-

velopment of an otherwise noneconomic unconven-

tional energy resource.

Because of uncertainties about the geologic set-

tings and feasible production technologies, few eco-

nomic studies have been published on gas hydrates.

Walsh et al. (2008) reviewed the results of two recent

unpublishedeconomic studiesoncomputer-simulated

onshore gas-hydrate reservoirs in theNorthAmerican

Arctic. Walsh et al. (2008) reported that production

from known onshore North American Arctic class 1

(gas hydrate underlain by gas) and class 2 (gas hydrate

underlain by water) hydrate deposits will be econom-

ically acceptable at gas prices more than CDN $10/

thousand standard cubic ft3 and CDN $17/thousand

standard cubic ft3 (2005), respectively.Class 1 hydrate

deposits may be economically viable at a lower cost

mostly because of the existence of underlying free

gas. Walsh et al. (2008) has also shown that based on

the rate of return, it is approximately CDN $3/

thousand standard cubic ft3 (2008) more expensive

to produce gas from a class 3 (single confined layer of

hydrate) marine hydrate accumulation than a con-

ventional marine gas reservoir under the same con-

ditions. These prices are assumed to represent the best

available estimate; however, the economic evaluation

of a specific project is highly dependent on numerous

site-specific factors, including the producibility of the

target reservoir, the amount of gas hydrate in place,

the associated reservoir conditions, existing pipeline

infrastructure, and local tariffs and taxes.

The MH21 research consortium also recently pub-

lished an economic analysis on gas-hydrate produc-

tion in the eastern part of theNankai Trough (Kurihara

et al., 2008). This analysis was based on a series of res-

ervoir simulations,which considered various combina-

tions of both depressurization and thermal hydrate

productionmethods. For themost part, however,most

of themodels presented by Kurihara et al. (2008) failed

to yield economically viable gas production. Only
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the depressurization method provided feasible pro-

duction rates that would yield positive returns on

expected investments.

Japan, India, and SouthKorea, likemanyother coun-

tries with little indigenous energy resources, pay a very

high price for imported liquefied natural gas (LNG)

and oil. The high cost of imported hydrocarbon re-

sources is one reasonwhy in the last ten years govern-

ment agencies in these countries have begun to de-

velop hydrate research programs to recover gas from

oceanic hydrates. As discussed previously in this chap-

ter, one of the most notable gas-hydrate projects is

underway in Japan, where they have announced that

they will begin testing hydrates in the offshore of

Japan by 2011 and that as much as 1.1 trillion m3

(�40 tcf) of gas may be stored within the gas hydrates

of the Nankai Trough (reviewed by Fujii et al., 2008).

The world will consume increasing volumes of

natural gas far into the future if reliable, low-cost

supplies can be discovered and exploited. In the near

term, natural gas is expected to become more impor-

tant in power generation and transportation because

of increasing pressure for cleaner fuels and reduced

carbon dioxide emissions. The drive to increased reli-

ance on natural gas may only be based in part on eco-

nomics. Government regulatory and taxation policy

may also dictate the energy viability of gas hydrates.

In the past, government subsidies for unconventional

gas resources, such as coalbed methane, contributed

to their economic development. Similar forms of gov-

ernment support may be needed to make gas hydrate

a viable energy resource.

Another noneconomic factor that may affect the

resource potential of gas hydrates is concern with

national security and dependence on foreign energy

resources. The governments ofmany countries, includ-

ing the United States, commonly express concern

about heavy reliance on imported energy resources.

The national gas-hydrate research programs of Japan

and India have been established in part to address

such concerns.

The first gas-hydrate accumulations to be produced

may have unique characteristics, such as location,

whichmaymake them technically and economically

viable. For example, gas associatedwith conventional

oil fields on theNorth SlopeofAlaska is currentlyused

to generate electricity in support of local field opera-

tions, for miscible gas floods, for gas lift operations in

producing oil wells, and for reinjection to maintain

oil reservoir pressures in producing fields. In the fu-

ture, gas may be used to generate steam that may be

needed toproduce theknownvast quantities of heavy

oil on theNorth Slope. Someday, gas-hydrate produc-

tion on the North Slope could be used to support these

growing local field operations.

The timing for expected commercial production

of gas hydrate is uncertain. The goal of the U.S. Na-

tional Program is to provide sufficient information

and technology to enable commercial production from

Arctic reservoirs by 2015 (Boswell et al., 2006). This

prediction is closely aligned with the stated goals for

manyothernational research anddevelopment (R&D)

programs. The ultimate scale of production from hy-

drates is evenmore difficult to assess: the U.S. Nation-

al Petroleum Council reported in 2003 that signifi-

cant production from gas hydrates is unlikely before

2025. Estimates vary onwhen gas-hydrate production

will be a significant factor in the total world energy

mix. However, it is certainly possible that hydrates

will be able to provide a major supply of gas for the

world’s future energy needs.

SUMMARY

A growing body of evidence suggests that a large

volume of gas is stored in gas hydrates, and the pro-

duction of natural gas fromgas hydrates appears to be

technically feasible. However, gas hydrates represent

both a scientific and technological challenge, and

much remains to be learned about the geologic, en-

gineering, and economic factors controlling their ulti-

mate energy resource potential. The immense volume

of gas hydrates worldwide may be a potential resource

of extraordinary richness.

The historical review of more than 200 years of

gas hydrate research documents an early history of

curiosity-driven research. However, by the early 1900s,

the requirements of a modern technical society de-

veloped into a growing need to understand gas hy-

drates beyond the laboratory. The relatively recent

realization that gas hydrates may represent an impor-

tant future energy resource has resulted in an explo-

sion of interest around the world.

The reviewof international interest in gas hydrates

provides us with a clear understanding of the mo-

tivations and incentives behind some of the more

successful gas-hydrate research and development pro-

grams. However, the motivations for these efforts and

the research directions vary significantly. Numerous

research projects are underway to investigate the geo-

logical origin of gas hydrate, their natural occurrence,

the factors that affect their stability, and the possibil-

ity of using this vast resource in theworld energymix.
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We have seen highly successful cooperative research

projects, such as various phases of the Mallik effort,

that have for the first time tested the technology

needed to produce gas hydrates. We have also seen

other highly successful cooperative gas-hydrate re-

search studies in India, northern Alaska, and theGulf

of Mexico. In most cases, the cooperative nature of

these efforts directly contributed to their success. Un-

surprisingly, themost aggressive andwell-funded gas-

hydrate research programs are in countries highly de-

pendent on imported energy resources, such as Japan

and India.

Despite the apparent obstacles to the development

of gas-hydrate resources, remember that extraordinary

technological developments in the petroleum indus-

try (3-D seismic techniques, secondary recovery meth-

ods, and horizontal drilling, for example) have allowed

the extraction of resources once thought to be inacces-

sible. Onshore Canadian and Alaskan efforts and off-

shore Gulf of Mexico, Japan, India, China, and South

Korea explorationprogramshave yielded proven explo-

ration targets for gas hydrates. Industry-government

partnerships have drilled and closely examined gas

hydrates in northern Canada and Alaska and in the

offshore of the United States, Japan, India, China, and

South Korea. In northern Canada and Alaska, gas-

hydrate production responses have also been tested.

All of these projects have contributed greatly to our

understanding of the energy resource potential of

gas hydrates throughout the world.

As the cleanest-burning fossil fuel, natural gas de-

mand is expected to grow in the first decades of this

century as production from conventional sources

declines. Vast deposits of marine and arctic gas hy-

drate are seen as a possible source of gas, but before

widespread production of natural gas from gas hy-

drate can be possible, many challenges need to be

overcome. Also, considerable uncertainty regarding

the most suitable production methods and the envi-

ronmental implications of gas-hydrate production

must be considered. The evaluation of gas hydrate as

an energy source is clearly a long-term endeavor that

will require significant financial investment.
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