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SUMMARY

The presence of natural gas hydrates in continental margin sediment
worldwide has been inferred from the frequent occurrence of an anomalous
seismic reflector which coincides with the predicted transition boundary at
the base of the gas hydrate zone. Direct evidence for oceanic gas hydrates
has been provided by visual observations of sediments from the Blake Outer
Ridge, the landward wall of the Middle America and Peru Trenches, and from the
Gulf of Mexico. The main objective of our work has been to determine the
primary geochemical and geological factors controlling gas hydrate formation
and occurrence and particularly in the factors responsible for the generation
and accumulation of methane in oceanic gas hydrates. In order to understand
the interrelation of geochemical/geological factors controlling gas hydrate
occurrence, we have undertaken a multicomponent program which has included (1)
comparison of available information at sites where gas hydrates have been
observed through drilling by the Deep Sea Drilling Project (DSDP) on the Blake
Outer Ridge and Middle America Trench; (2) regional synthesis of information
related to gas hydrate occurrences of the Middle America Trench; (3)
development of a model for the occurrence of a massive gas hydrate at DSDP
Site 570; (4) a global synthesis of gas hydrate occurrences; and (5)
development of a predictive model for gas hydrate occurrence in oceanic
sediment. The first three components of this program were treated as part of
a 1985 Department of Energy Peer Review. The present report considers the
last two components and presents information on the worldwide occurrence of
gas hydrates with particular emphasis on the Circum-Pacific and Arctic
basins. A model is developed to account for the occurrence of oceanic gas
hydrates in which the source of the methane is from microbial processes.

Natural gas hydrates are probably present within the uppermost 1,100 m
(3,600 ft.) of oceanic sediment in the following regions of outer continental
margins rimming the Pacific Basin: (1) the landward slope of the Middle
America Trench off Central America, (2) the continental slope off western
conterminous United States, (3) the landward slope of the western and eastern
Aleutian Trench, (4) the continental slope of the Beringian margin, (5) the
landward slope of the Nankai Trough off Japan, (6) the Timor Trough northwest
of Australia, (7) the continental slope east of the North Island of New
Zealand, (8) the basinal sediment of the Ross Sea and the continental margin
off Wilkes Land, Antarctica, and (9) the landward slope of the Peru-Chile
Trench. In some places these gas hydrates may contain and cap significant
quantities of methane. Gas hydrates also occur in onshore and offshore
sediment of the North American Arctic. Onshore, gas hydrates have been
identified through drilling and logging in the Canadian MacKenzie Delta, the
Sverdrup Basin and Arctic Platform, the Arctic Islands, and the North Slope of
Alaska. Offshore, gas hydrates have been identified on marine seismic records
from the Alaskan and Canadian Beaufort Sea. Also, evidence for gas hydrates
has been encountered in offshore wells on the Canadian Beaufort Shelf and the
Sverdrup Basin.

A model for the occurrence of oceanic gas hydrates assumes that for deep-
sea sediment, methane is formed by decomposition of organic matter within the
zone of gas hydrate stability, and that there is no significant contribution
from upward migrating methane. Under these circumstances, the possible



methane concentration is Timited by the original concentration of methane
precursors. The immediate methane precursor is dissolved carbon dioxide,
which is reduced to methane through anaerobic respiration by microbial
methanogenesis. The primary precursor is organic matter which ultimately
limits the amount of gas hydrate that can form. The conversion of organic
matter to carbon dioxide to methane (and methane hydrate) is proportional to
the initial organic matter content. The total amount of carbon sequestered in
the shallow g?gsphere as methane hydrates is estimated to be about 10,000 Gt
(gigaton = 10*° g), a value which is considered to be a lower limit.

INTRODUCTION

Outer continental margins that rim the Pacific Basin may contain vast
quantities of natural gas trapped in or beneath crystalline substances known
as gas hydrates. These substances, which occupy the open spaces of sediment,
are made up of rigid frameworks of water molecules in which natural gas is
trapped and effectively condensed. Gas hydrates form under specific pressure-
temperature conditions that are met in oceanic sediment at depths up to about
1,100 m below the sea floor and in water depths greater than about 300 m
(Kvenvolden and Barnard, 1983a). The exact location of gas hydrates in
oceanic sediment is further influenced by gas and water chemistries. The
upper 1imit of the gas hydrate zone in oceanic sediment is ordinarily the sea
floor; gas hydrates have been recovered within 6.5 m of the sea floor in
sediment of the Black Sea (Yefremova and Zhizhchenko, 1975) and the Gulf of
Mexico (Brooks and others, 1986).

The appropriate pressure-temperature conditions under which gas hydrates
can theoretically form in a pure-methane and pure-water system are shown in
figure 1; however, gas in continental-margin sediment is not pure methane, and
pore water usually contains some salt. Impurities in the methane include
small concentrations of ethane and hydrocarbon gases of higher molecular
weight, as well as CO, (McIver, 1974; Claypool and others, 1973). The
additional components in the gas mixture shift the phase boundary to the right
in figure 1, whereas impurities in the water such as salts shift the boundary
to the left. Thus, the resulting shifts in the equilibrium phase boundary
tend to cancel each other, and unless the gas composition and salinity are
known, a pure-methane and pure-water system provides the best first
approximation for establishing the pressure-temperature relation of naturally
occurring gas hydrates (Claypool and Kaplan, 1974). According to the phase
diagram (fig. 1) gas hydrates are possible where pressures are greater than
about 30 atmospheres with corresponding temperatures greater than 0°C. 1In
sediments, subsurface temperatures, which are dependent on geothermal
gradients, and lithostatic and hydrostatic pressures control the depth range
in which the gas hydrates can exist. The base of the gas hydrate zone
coincides with a pressure-temperature boundary that represents the maximum
depth at which the gas hydrate is stable.

An additional requirement for natural gas hydrate formation is that large
volumes of methane be present to stabilize the gas-hydrate structure. Up to
about 164 volumes of methane can be present for each equivalent volume of
water (Davidson and others, 1978). Only under special geological
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Phase diagram showing boundary between free methane gas (no
pattern) and methane hydrate (pattern) for a pure-water and pure-
methane system. Addition of NaCl to water shifts the hydrate-gas
phase boundary to the left. Adding C02, H,S, ethane, and propane
to methane shifts that boundary to the right, increasing the region
of the gas-hydrate stability field. For natural gas in marine
sediment, the shifts are of similar magnitude but in opposite
directions. The effects approximately cancel each other. Other
possible factors affecting the position of the boundary, such as
the effects of clays, are not considered. Thus, the boundary for a
pure-water and pure-methane system provides a reasonable estimate
of the pressure-temperature conditions under which natural gas
hydrates, composed mainly of methane, will be stable on continental
margins (Claypool and Kaplan, 1974). Depth scale assumes
lithostatic and hydrostatic pressure gradients of 0.1 atm/m.
Redrawn after Katz and others, (1959) and modified from Kvenvolden
and McMenamin (1980).



circumstances involving high rates of formation and entrapment can methane
approaching this large amount be found. The source of methane for gas-hydrate
formation may be either microbial or thermogenic. Microbial methane results
from the breakdown of organic matter by methanogens, usually in shallow
sediment; thermogenic methane comes from the thermal alteration of organic
matter in sedimentary rock at a much greater depth. In either case organic
matter must be present. Large amounts of organic matter can be expected to
accumulate in continental-margin settings but usually not within distal
sediment out in the ocean basins; therefore, gas hydrates are likely to be
confined to sediment deposited on continental slopes and rises at the margins
of ocean basins.

The identification of gas hydrates in oceanic sediment has been based
mainly on the appearance of an anomalous acoustic reflector on marine seismic
records (Shipley and others, 1979)., This reflector correlates with the base
of the gas hydrate zone and approximately parallels the sea floor. If the
geothermal gradient is known, the depths at which this reflector appears can
be predicted on the basis of the pressure-temperature stability field for gas
hydrates (fig. 1). This bottom-simulating reflector (BSR) probably results
from the velocity contrast between sediment containing gas hydrates (higher
velocity) and the underlying sediment (lower velocity). The lower velocity is
believed to result from the absence of gas hydrate and the possible presence
of free gas. BSRs attributed to gas hydrates have been observed on marine
seismic records from the Blake Outer Ridge offshore Florida (Stoll and others,
1971; Ewing and Hollister, 1972; Shipley and others, 1979; Dillon and others,
1980; Paull and Dillon, 1981, Markl and Bryan, 1983), offshore North Carolina
(Popenoe and others, 1982), and offshore New Jersey (Tucholke and others,
1977). Shipley and others (1979) also described BSRs attributable to gas
hydrates in sediments in the western Gulf of Mexico, off the northern coasts
of Colombia and Panama, and along the Pacific Coast of Central America from
Panama to Acapulco, Mexico. That gas hydrates are present in sediments at
some of these areas has been confirmed by drilling and sampling in the Blake
Outer Ridge (Kvenvolden and Barnard, 1983b), offshore Guatemala (Harrison and
Curiale, 1982; Kvenvolden and McDonald, 1985), and offshore Mexico (Shipley
and Didyk, 1982). BSRs have also been observed offshore Peru (Shepard, 1979;
von Huene and others, 1985), and drilling has confirmed the presence of gas
hydrates there.

Not all BSRs can be related to the presence of gas hydrates. In some
areas, these acoustic features may also result from temperature-controlled
diagenetic effects. During Deep Sea Drilling Project (DSDP) Leg 19, Scholl
and Creager (1973) noted seismic reflectors that tend to parallel the sea
floor in some Bering Sea sediments draped on the Umnak Plateau, and they first
used the acronym BSR for the bottom-simulating reflector. At two drill sites,
184 and 185, the reflector was penetrated. Although some methane was detected
in sediment at site 185, they saw no evidence for gas hydrates. Scholl and
Creager (1973) attrihute this reflector to a lithologic transition from
hemipelagic diatom ooze to indurated claystone. Hein and others (1978)
confirmmed that opal-A is transformed to opal-CT at the depth of the BSR in the
Bering Sea sediment. Thus, there are two types of BSRs, one indicating the
base of the gas hydrate zone and the other signaling a diagenetic boundary
(Marlow and others, 1981). For the remainder of this paper, BSR will refer,



unless otherwise indicated, to the anomalous acoustic reflector associated
with gas hydrate occurrence. This reflector approximately parallels the sea
floor at a depth that can be predicted from the physical-chemical properties
of gas hydrates. The reflector is generally characterized by a polarity
reversal and a large reflection coefficient (Shipley and others, 1979).

WORLDWIDE OCCURRENCES OF OCEANIC GAS HYDRATES

Kvenvolden and Barnard (1983a) described 23 offshore localities around
the world where gas hydrates are known or inferred to occur in oceanic
sediment. Additional offshore localities where gas hydrates are expected
include the Canadian Beaufort Sea (Neave and others, 1978), Beaufort Sea shelf
(Judge, 1984), Sverdrup Basin (Judge, 1982), off North Island, New Zealand
(Katz, 1981, 1982), off Norway (Bugge, 1987; Kvenvolden and others, in press),
and off Peru (Kvenvolden and Kastner, in preparation). Locations of these gas
hydrate occurrences are shown in figure 2 and identified on table 1. This
report focuses on the gas hydrates in outer continental margins of the Pacific
and Arctic Oceans.

Circum-Pacific Occurrences
Central America (Middle America Trench)

Shipley and others (1979) noted that marine seismic-reflection records
across the continental slopes of Panama, Costa Rica, Nicaragua, Guatemala, and
Mexico commonly, but not always, have BSRs, which they attributed to gas
hydrates. Figure 3 illustrates one well-developed BSR on a marine seismic-
reflection profile recorded over the landward slope of the Middle America
Trench offshore from Mexico. This BSR behaves as predicted for a reflector
from the base of gas hydrates in that it approximately parallels the sea
floor, and the subbottom depth of the reflector increases with increasing
water depth. Information on the seismically inferred gas hydrates of the
Circum-Pacific margin including occurrences offshore from Central America is
summarized in table 2 and figure 4. Where gas-hydrate-related BSRs have been
observed, estimates of geothermal gradients have been made (Shipley et al.,
1979; Yamano et al., 1982). Along the Middle America Trench, the average
%eotherm§1 gradients range from 22°C/km off Mexico to 66°C/km off Panama

table 2).

In 1979, coring on three DSDP legs recovered gas hydrates off Central
America. Leg 66 drilled the landward slope of the Middle America Trench in an
area near Mexico (fig. 5) where BSRs are common (Watkins and others, 1982).
Solid gas hydrates were recovered from three holes (Shipley and Didyk, 1982);
these occurred as icelike inclusions or, more commonly, as icelike substances
occupying pore space and cementing volcanic ash and fine sand (table 3). A
large amount of methane was released during decomposition of the icelike
material, demonstrating that these substances were indeed gas hydrates.

On Leg 67, further drilling was done into the landward slope of the
Middle America Trench near Guatemala (fig. 5) along a transect where no BSRs
were originally observed (Aubouin, von Huene, and others, 1982); later
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Table 1. Gas hydrates in oceanic sediment

Designation
on Figure 2 Location Evidence Reference
1, Pacific Ocean off Panama BSR Shipley and others (1979)
2. Middle America Trench off Costa Rica BSR Shipley and others (1979)
Samples Kvenvolden and McDonald (1985)
3. Middle America Trench off Nicaragua BSR Shipley and others (1979)
4, Middle America Trench off Guatemala BSR Shipley and others (1979)
Samples Harrison and Curiale (1982)
Samples Kvenvolden and McDonald (1985)
5. Middle America Trench off Mexico BSR Shipley and others (1979)
6. Eel River Basin off California BSR Field and Kvenvolden (1985)
7. Eastern Aleutian Trench off Alaska BSR Kvenvolden and von Huene (1985)
8. Beringian Margin off Alaska BSR Marlow and others (1981)
9. Middle Aleutian Trench off Alaska BSR McCarthy and others (1984)
10. Nankai Trough off Japan BSR Aoki and others (1983)
11, Timor Trough off Australia Gas McKirdy and Cook (1980)
12, Hikurangi Trough off New Zealand BSR Katz (1981)
13, Wilkes Land Margin off Antarctica BSR Kvenvolden and others (1987)
14, Western Ross Sea off Antarctica Gas McIver (1975)
15. Peru-Chile Trench of f Peru BSR Shepard (1979)
Samples Kvenvolden and Xastner (in prep.)
16, Barbados Ridge Complex off Barbados BSR Ladd and others (1982)
17. Colombia Basin off Panama and Colombia BSR Shipley and others (1979)
18. Western Gulf of Mexico of f Mexico BSR Shipley and others (1979);
Hedberg (1980)
19. Gulf of Mexico off southern USA Samples Brooks and others (1984)
20, Blake Outer Ridge off southeastern USA  BSR Markl and others (1970);
Shipley and others (1979)
Samples Kvenvolden and Barnard (1983b)
21, Continental Rise off eastern USA BSR Tucholke and others (1977)
22. Labrador Shelf off Newfoundland BSR Taylor and others (1979)
23. Beaufort Sea off Alaska BSR Grantz and others (1976)
24. Beaufort Sea off Canada Logs Weaver and Stewart (1982)
25, Sverdrup Basin off Canada Logs Judge (1982)
26, Continental Slope off western Norway BSR Bugge and others (1987)
27. Continental Slope of f southwest Africa Slides, Summerhays and others (1979)
Slumps
28. Makran Margin, Gulf of Oman BSR White (1979)
29. Black Sea, USSR Samples Yefremova and Zhizhchenko (1975)
30, Caspian Sea, USSR Samples Yefremova and Gritchina (1981)

10
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Table 2, Seismically inferred gas hydrates of the Circum-Pacific Margin

Geothermal
. Water Subbottom Gradient(°C/km)2
Location Depth(m) Depth of BSR(m) min max ave References
Central America
Panama 1,875-2,1003 380-475% 66 82 77 Shipley and others (1979)
3 . Yamano and others (1982)
Costa Rica 750-1,350 290-430 30 44 35 Shipley and others (1979)
s Yamano and others (1982)
Nicaragua 800-2,400 190-570 30 35 33 Shipley and others (1979)
3 s Yamano and others (1982)
Guatemala 1,875-2,250 570 27 32 30 von Huene and others (1982)
Mexico 1,950-3.9003 570-950% 2 31 28 Shipley and others (1979)
) Yamano and others (1982)
Western U.S. 725-2,800 135-315 55 66 55 Field and Kvenvolden (1985)
South Alaska 500-2,300 300-800 31 28 30 MacLeod (1982)
. Kvenvolden and von Huene {1985}
Aleutian Islands 4,500 1,000 23 21 22 McCarthy and others (1984)
Bering Sea Margin 500-3,000 200-500 Not determined Cooper and others (in press)
Japan 2,535-3,850 465-380 42 66 54 Yamano and others (1982)
New Zealand 1,000-2,500 380-760% 20 (by inference) Katz (1982)
Antarctica 1,000-2,300 650-400° 32 41 39 Kvenvolden and others (1987)
Peru 800-3,200 350-570% Not determined  Shepard (1979)

1 tocations refer to offshore areas adjacent to the named places.

2 Geothermal gradients were calculated by the referenced authors using water depths and subbottom
depths of BSKs.

3 Estimated using a water veolocity of 1,500 m/s.

4 Estimated using a sediment velocity of 1,900 m/s.
5 Estimated using a sediment velocity of 1,730 m/s,

12
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Figure 5. Map showing locations of DSDP sites of Legs 66, 67, and 84 on the

landward slope of the Middle America Tranch where gas hydrates were
recovered during drilling. Legs 67 and 84 were drilled in the same
region except for Site 565 which was drilled on Leg 84 offshore
from Costa Rica (Kvenvolden and Cooper, in press).
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Table 3. Description of gas hydrates recovered by DSDP off Central America

1 Water Subbottom
Leg® Site  Depth(m) Depth(m) Description
66 490 1761 140 Inclusion in mud
66 490 1761 146 Cementing ash
66 490 1761 167 Cementing ash
66 490 1761 365 Cementing ash
66 491 2883 89 Inclusion in mud
66 491 2883 163 Cementing sand
66 491 2883 168 Inclusion in mud
66 492 1935 141 Cementing ash
66 492 1935 170 Cementing ash
67 497 2350 368 Inclusion found in core catcher
67 498 5480 310 Cementing vitric sand
84 565 3396 285 Inclusions in mud
84 565 3430 310 ‘Inclusion and associated with sand
84 568 2434 404 Inclusion {s fractured mudstone
84 570 1910 192 Cementing laminated ash
84 570 1965 246 Inclusion in fractured mudstone
84 570‘ 1968 249 Massive gas hydrate 1.05 cm long
84 570 1982 264 Inclusion in fractured mudstone
84 570 1991 2713 Inclusion in fractured mudstone
84 570 2021 303 Cementing ash
84 570 2055 338 Cementing sand

1 .
Leg 66, Shipley and Didyk (1982); Leg 67, Harrison and Curiale (1982);
Leg 84, Kvenvolden and McDonald (198%). o (1982)
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reprocessing of the seismic records did, however, reveal a weak BSR there (von
Huene and others, 1982). On the other hand, a seismic line about 10 nautical
miles (18 km) west of the drill sites showed a well-defined BSR (Ladd and
others, 1982)., At Site 497 a piece of solid gas hydrate was recovered from a
core catcher near the bottom of the hole. Gas hydrates cementing vitric sands
were recovered near the bottom of a hole at Site 498 (table 2).

In 1982, DSDP Leg 84 again drilled into the landward slope of the Middle
America Trench (fig. 5) at five sites (566 through 570) near Guatemala and at
one site (565) off Costa Rica (von Huene, Aubouin, and others, 1985). A weak
BSR occurs on seismic records at Site 568 (von Huene and others, 1982). Gas
hydrates recovered at three sites (565, 568, and 570) appeared as solid pieces
of white, icelike material occupying fractures in mudstone, as rapidly
outgassing, coarse-grained sediment, and, at site 570, as a core of massive
gas hydrate (table 3).

Organic geochemical studies, particularly on samples recovered on Leg 84,
have concluded that the methane in the gas hydrates is microbial based on the
carbon isotopic relationships and molecular compositions of the natural gas
mixtures (Kvenvolden and others, 1984; Kvenvolden and McDonald, 1985; Claypool
and others, 1985)., Inorganic geochemical studies of pore waters in sediment
associated with gas hydrates on Leg 67 showed that the salinity and chloride
contents of these pore waters decrease with increasing depths (Hesse and
Harrison, 1981; Harrison and others, 1982); these observations were further
documented on Leg 84 (Kvenvolden and McDonald, 1985; Hesse and others,

1985). Gas hydrates decompose during drilling, thereby releasing freshwater
(and methane) into the surrounding sediment and thus decreasing the salinity
of the sediment pore water.

Western Conterminous United States

A well-defined BSR, inferred on the basis of its depth and pervasiveness
to be associated with gas hydrates, has been identified on marine seismic-
reflection profiles recorded from the continental margin of northern
California (fig. 6) by Field and others (1980), Biddle and Seely (1983), and
Field and Kvenvolden (1985)., The BSR (fig. 7) lies at subsurface depths of
135 to 315 m beneath the Klamath Plateau off northernmost California and
probably southernmost Oregon in water depths of about 725 to at least 2,800 m
(table 2). The BSR deepens with increasing water deptE (fig. 4), and the gas
hydrate apparently covers an area of at least 3,000 km“. The geothermal
gradient in the area, as calculated from BSRs, averages about 55°C/km (table
2). This acoustically inferred gas hydrate is the only reported occurrence in
the continental margin of the western conterminous United States. Recent
piston coring in this region has recovered gas hydrates from the near-surface
sediment (J.M. Brooks, oral communication, 1987).

South Alaska and the Aleutian Islands (Aleutian Trench)
In the Gulf of Alaska (fig. 8), BSRs have been observed on seismic-
reflection profiles across the upper continental slope bordering the Aleutian

Trench southeast of Kodiak Island (Kvenvolden and von Huene, 1985). In this
area, BSRs were observed at subbottom depths of 570 to 670 m in water depths
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Figure 6.

Map of the northern California continental margin showing
tracklines of seismic reflection profiles used to delineate the
area of gas hydrates based on the occurrence of BSRs. The area
boundary is dashed on the seaward side to indicate poor control.
The area probably extends north offshore from Oregon. The
contour interval is 400 m starting with the 200 m (shelf edge)
isobath. Redrawn from Field and Kvenvolden (1985).
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of 1,600 to 2,300 m (table 2). MaclLeod (1982) also identified BSRs in
sediments of the Gulf of Alaska, but he did not give specific locations; he
showed that subbottom depths of the BSRs ranged from about 300 to 800 m for
water depths of about 500 to 2,300 m. In this area the average geothermal
gradient is calculated to be about 30°C/km (table 1).

Evidence for gas hydrates has been noted in sediments of the Aleutian
terrace, which borders the Pacific side of the Aleutian Ridge (Scholl and
others, 1983; McCarthy and others, 1984), Seismic-reflection profiles
crossing the southern flank of the Atka basin, south of Amlia Island, commonly
show BSRs at subbottom depths of about 1,000 m in water about 4,500 m deep
(fig. 9); the geothermal gradient here is estimated to be about 22°C/km (table
2). DSDP drilling at Site 186 near the Atka basin encountered very high
concentrations of methane, but not gas hydrates (Creager, Scholl, and others,
1973). The high methane concentrations may result from the decomposition of
gas hydrates during drilling, and the BSRs may mark the base of the zone of
gas hydrate occurrence. On figure 8, we have extrapolated the area of
possible occurrence of gas hydrates along the south flank of the Aleutian
Ridge based on the similarity of geologic and tectonic framework between the
areas where the BSRs have been identified.

Beringian Margin

BSRs have been observed on marine seismic-reflection profiles recorded in
the Bering Sea on the continental slope and rise of the Beringian margin
(Marlow and others, 1981). In this area, BSRs have been related to two
sources--gas hydrates and diagenetic alteration of siliceous sediments.

Cooper and others (in press) have identified two BSRs which often occur
simultaneously; for example, in figure 10 the more shallow of the two BSRs
(BSR-GH) generally lies at 0.3 to 0.6 s subsurface and marks the base of the
zone of gas hydrates. The deeper BSR (BSR-DB) is usually found at 0.9 to 1.2
s subbottom and is thought to follow the silica-diagenetic boundary between
overlying and partially unconsolidated opal-A-rich sediment and underlying
more indurated mudstone rich in opal-CT. The characteristics of these BSRs as
documented by Cooper and others (in press) differ significantly (table 4).

The shallow BSR (BSR-GH) is of most importance to our discussion of gas
hydrates, but knowledge of both types of BSRs is necessary to prevent
misinterpretation of seismic records. The BSRs associated with gas hydrates
of the Beringian margin are usually weak reflectors that are most easily
observed beneath eroded knolls and areas of deformed strata underlying the
continental slope and rise at water depths of 500 to 3,000 m. On figure 8, we
have extrapolated the area of possible occurrence of seismically inferred gas
hydrates along part of the Beringian margin based on these marine seismic
data.

Japan (Nankai Trough)
On the western side of the Pacific Basin (fig. 2, location 10), gas
hydrates are believed to occur in sediments of the landward slope of the

Nankai Trough near the Japanese islands of Kyushu and Shikoku (Aoki and
others, 1983). Marine seismic-reflection records show a strong BSR, averaging
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Figure 10.
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Seismic-reflection profile L4 across the Beringian Margin

continental slope (fig. 8).

The profile shows two BSRs, one at

the base of an inferred gas hydrate (BSR-GH) and one at a
diagenetic boundary (BSR-DB) (Cooper and others, in press).
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Table 4, Characteristics of bottom simulating reflectors (BSRs) found for
sediments of the Bering Sea (Kvenvolden and Cooper, in press)

BSR-GH (Gas Hydrate)

1. General

A. Description:
Reflection that marks the base
of a gas hydrate zone - the
transition from gas hydrate to
free gas.

B. Areal Distribution:
Presumed regional in extent, in
water depths greater than 500 m.
Identifiable most easily in
areas with bathymetric relief
and undeformed sediment.

C. Controlling factors:
Sufficient gas concentrations
and suitable pressure-tempera-
ture conditions.

I1. Geophysical Signature

A. Geometry:
Reflector that mimics seafloor
bathymetry and comnonly cuts
across other layered sub-
seafloor reflectors.

B. Sub-seafloor depth:
Depth to BSR-GH INCREASES with
increasing water depth - usually
found at 200-500 m (0.3-0.6 s)
sub-seafloor.

C. Sub-seafloor velocity:
Higher than typical sediment
velocity ABOVE the BSR-GH.

D. Phase of BSR reflector:
INVERTED (negative) phase.

E. Amplitude of BSR reflector:
Highly variable, commonly faint
in multi-channel seismic data.
Hydrate zone above BSR-GH
often associated with diffuse
and faint reflectors.

BSR-DB (Diagenetic Boundary)

Reflector that marks a silica
diagenetic boundary between
overlying opal-rich (opal-A)
sediment to under1yin?, indurated,
cristobalite-bearing (opal-CT)
mudstone.

Regional extent in deep-water
(>200 m) areas where siliceous
diatomaceous sediments are found
or are presumed to be present.

Appropriate conditions {pressure,
temperature, geochemistry) for
diagenesis of biogenic to
crystalline silica.

Same description as BSR-GH but
found at greater sub-seafloor
depths.

Depth to BSR-DB DECREASES or is
the same with increasing water
depth - usually found 700-1000 m
{0.9-1.2 s) sub-seafloor.

Higher than typical sediment
velocity BELOW the BSR-DB.

NORMAL (positive) phase.

Usually large amplitude and
easily identifiable except
where BSR-DB is conformable
with other reflectors.

111. Significance for Hydrocarbon Distribution

A. General:
Gas hydrate zone may (1) contain
significant included gas and (2)
act as a seal that prevents
upward migration of hydrocarbons.

B. Traps:
Hydrocarbons (1iquid? and gas)
may be trapped and accumulate
beneath impermeable gas hydrate
zone.

C. Migration of hydrocarbons:
Possible lateral migration of
hydrocarbons along base of
gas hydrate zone.

D. Operational hazards:
Pockets of overpressured gas
trapped beneath gas
hydrate zone.

23

Diagenetic boundary (1) has a
major decrease in porosity and
permeability beneath the boundary
and (2) may influence migration
path and hydrocarbon trapping.

In areas of bathymetric relief,
laterally migrating hydrocarbons
may be trapped against diagenetic
boundary in porous interbedded
strata.

Possible migration beneath BSR-DB
via fractures in highly indurated
rocks or in unaltered strata
originally poor in biogenic silica.

BSR-DB may form a slip surface
above which sediment bodies may
slide.



about 0.5 s below the sea bottom, which is thought to correspond with the base
of the zone of gas hydrates (table 2). The BSRs show negative reflection
polarities, as would be expected for gas hydrates; however, the BSRs do not
increase in subbottom depth with increasing water depth as theoretically
required by pressure-temperature constraints on gas hydrate occurrence (fig.
4). Instead, the reflectors become more shallow in the deeper water, possibly
as a result of increasing heat flow and, consequently, increasing geothermal
gradients down slope toward the Nankai Trough (Yamano and others, 1982).

Australia (Timor Trough)

McKirdy and Cook (1980) suggested that gas hydrates may account for the
higher-than-average concentrations of methane in sediment at DSDP Site 262,
located on the axis of the Timor Trough northeast of Australia in water 2,315
m deep (fig. 2, location 11). They based their conclusions on consideration
of unusual relationships between alkalinity and salinity profiles and the high
amounts of methane they observed. Pore-water salinity at Site 262 increases
significantly with increasing depth, an effect attributed to an influx of
highly saline water from underlying or nearby evaporite deposits. This influx
of saline water would mask any pore water freshening due to the presence of
gas hydrates. Thus, the evidence for gas hydrate at this site is equivocal.

New Zealand (East Coast Fold Belt)

Southeast of North Island, New Zealand (fig. 2, location 12), BSRs occur
on a number of marine seismic-reflection profiles across the lower continental
slope where water depths range from 1,000 to 2,500 m (Katz, 1981; 1982). The
BSRs at subbottom depths between about 380 and 760 m cut across the bedding
planes of the offshore portion of the East Coast Fold Belt (table 2); seismic
reflections are stronger in the core of anticlines and weaker or nonexistent
in synclines. The BSRs suggest that gas hydrates occur within a belt 500 km
1099 and several tens of kilometers wide, covering an area of 10,000 to 20,000
km“. In contrast to the BSRs off Japan, the BSRs off New Zealand tend to
increase in subbottom depth with increasing water depth (fig. 4). This is the
expected behavior for a gas hydrate-related BSR in an area with a uniform
geothermal gradient, which is inferred by Katz (1982) to be about 20°C/km
(table 2).

Antarctica (Wilkes Land Margin and Ross Sea)

Gas hydrates have been inferred by Kvenvolden and others, (1987) to be
present in sediments offshore from Wilkes Land (fig. 2, location 13). A
multichannel seismic-reflection survey (Eittreim and others, 1984) revealed a
BSR (fig. 11) that had characteristics suggesting the base of a zone of gas
hydrate: (1) the reflector is at a depth consistent with the pressure-
temperature stability field of gas hydrate, and (2) the reflector shows a
reversal of polarity. A third criterion that the subbottom depth of the
reflector increases with increasing depth of water is not met (fig. 4),
possibly because of oceanward increasing geothermal gradients as in the case
of the inferred gas hydrate off Japan (Yamano and others, 1982).
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(A) SEGMENT OF MULTICHANNEL SEISMIC LINE 3
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Figure 11, (A) Segment of multichannel seismic Line 3 from the Wilkes Land
margin of Antarctica showing an anomalous acoustic reflector (BSR)
which may mark the base of a zone of gas hydrate, and (B) five
single-trace seismic-reflection records from Line 3 showing
reversal of reflection polarity at the BSR. Dark peaks are
negative polarity. The seafloor reflection and the BSR are of
opposite polarity (from Kvenvolden and others, 1987).
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Gas hydrates may exist beneath the Ross Sea continental shelf (fig. 2,
Tocation 14). 1In 1973, DSDP drilled four holes there, and hydrocarbon gases
were detected at Sites 271, 272, and 273 (Hayes and Frakes, 1975). Shipboard
observations of hydrocarbon gases were later augmented by the shore-based
studies of McIver (1975), who suggested that the high concentrati<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>