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ABSTRACT

Geological methane, generated by microbial decay and the thermogenic breakdown of organic matter, migrates

towards the surface (seabed) to be trapped in reservoirs, sequestered by gas hydrates or escape through natural

gas seeps or mud volcanoes (via ebullition). The total annual geological contribution to the atmosphere is estimated

as 16–40 Terragrammes (Tg) methane; much of this natural flux is ‘fossil’ in origin. Emissions are affected by surface

conditions (particularly the extent of ice sheets and permafrost), eustatic sea-level and ocean bottom-water tempera-

tures. However, the different reservoirs and pathways are affected in different ways. Consequently, geological

sources provide both positive and negative feedback to global warming and global cooling. Gas hydrates are not

the only geological contributors to feedback. It is suggested that, together, these geological sources and reservoirs

influence the direction and speed of global climate change, and constrain the extremes of climate.
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INTRODUCTION

Since the discovery of pockmarks off the coast of Nova Scotia

(King & MacLean 1970) and the documentation of active

natural gas seeps in the North Sea in 1983 (Hovland & Judd

1988), it has become increasingly clear that the migration of

‘geofluids’ (most significantly methane) is an important and

ongoing geological process. In the last three decades, a

wealth of evidence has shown that various features demon-

strate fluid migration on continental margins. Furthermore,

it is evident that features such as shallow gas accumulations,

pockmarks, seeps, mud volcanoes and gas hydrates, often

associated with cold seep communities and methane-derived

authigenic carbonate, are present in a wide variety of geogra-

phical, oceanographic and geological environments: near-

shore, continental shelf to deep ocean.

Hitherto, attempts to quantify the gas budget have focused

on individual sites (Hornafius et al. 1999, etc.) or restricted

areas (UK continental shelf — Judd et al. 1997, etc.). Some

authors have attempted global extrapolations (Cranston

1994; Hovland et al. 1993), and some have presented global

estimates based on available published data (Judd 2000).

Collectively, these efforts have clearly demonstrated that

fluxes of methane at the seabed and into the atmosphere

are significant. Significant, that is, in terms of the global car-

bon budget. This is particularly interesting as the interna-

tional authorities responsible for advising policy makers

have failed to recognize the significance of geological pro-

cesses in global climate change (see Fig. 1). Furthermore,

most published drawings representing the global carbon

cycle assume that there is no flux of carbon from geological

sources, other than CO2 from volcanoes and fossil fuels

extracted by humans.

It is now time to challenge this paradigm by examining the

role of natural geological processes which form part of the

global carbon budget. The purpose of this paper is to con-

sider the gas budget of the continental margins and its influ-

ence on the global climate.

SOURCES AND PATHWAYS OF
GEOLOGICAL METHANE

The generation, migration and fate of gas are summarized in

Fig. 2.
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Geological sources of methane

Geological sources provide various gases to the atmosphere:

SO2, H2O (water vapour), HCl and CO2 from volcanoes;

H2, NO2, CO2 and CO from hydrothermal vents; He and

Rn from magmatic sources, etc. However, methane is the

most common geological gas. Methane is generated in sedi-

ments and sedimentary rocks by the natural destruction of

pre-existing organic matter buried when the sediments were

deposited.

Microbial (biogenic) methane is produced by methano-

genic archaea as an end product of the decomposition of

organic matter involving a consortium of diverse microor-

ganisms. This process commences shortly after the organic

matter is deposited and occurs mainly at relatively shallow

depths within sediments in which sulphate levels have been

depleted by the activities of sulphate-reducing bacteria.

Where concentrations of reactive organic carbon permit,

methane concentrations can rise to exceed methane solubi-

lity, permitting the formation of gas bubbles. As production

rates may be seasonal (Martens et al. 1998), and the solubility

of methane is temperature and pressure dependent, ebullition

may be seasonal (controlled by bottom-water temperatures

— Wever et al. 1998), triggered by tidal falls and atmospheric

pressure variations (McQuaid & Mercer 1990) or triggered

by earthquake events (e.g. Hasiotis et al. 1996). The advec-

tion of groundwater may also promote methanogenesis and

the flux of methane to the seabed in coastal sediments (Buss-

mann & Suess 1998).

Residual organic carbon and the insoluble by-products of

microbial decomposition remain within, and are buried with,

the sediments. The generation of thermogenic methane (and

other petroleum compounds) occurs when complex, long-

chain organic molecules are broken down in the high-tem-

perature, high-pressure conditions at depths typically in

excess of 1 km (Floodgate & Judd 1992; Schoell 1988; Whi-

ticar 1990).

Once generated, methane migrates towards the surface

(land or seabed), although some becomes trapped to form

natural gas accumulations, and some is sequestered by the

formation of gas hydrates.

Reservoirs

Reservoirs of natural gas take the form of accumulations of

free (bubble phase) gas within the sediments and gas

hydrates.

Fig. 1. Sources of atmospheric methane. Data

from the Inter-Governmental Panel for Climate

Change (IPCC) (Houghton et al. 1996).

Fig. 2. Sources and pathways of geological methane. Organic matter,

composed of molecules containing hydrogen and carbon, is formed during

photosynthesis and enters the marine food chain. On death, this material is

decomposed to simpler hydrocarbon compounds — near the seabed (by

microbial decay) or at depth (by thermocatalytic breakdown). The smallest and

lightest hydrocarbon is methane (CH4). Unless trapped in reservoirs

(petroleum or shallow gas reservoirs, or gas hydrates), these hydrocarbons

migrate towards the seabed. Microbial utilization returns some of the

hydrocarbon to the food chain, but some of the carbon is included in

methane-derived authigenic carbonates. Escaping methane bubbles may be

oxidized in the water column, but some escape to the atmosphere. In either

case, methane will break down and its components may become available for

‘recycling’ during photosynthesis.
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Gas reservoirs

Gas bubbles accumulate within the pore spaces of coarse-

grained sediments when migration is inhibited by the pre-

sence of narrow pore throats within overlying finer grained

sediments. In fine-grained sediments, gas may occur within

gas voids which are larger than the pore spaces (Judd &

Sim 1998).

Commercially exploitable gas reservoirs tend to occur deep

within the sedimentary sequence. However, accumulations

may occur at any depth. Those found within the topmost

kilometre or so of seabed sediments are termed ‘shallow

gas’ reservoirs. Shallow gas has been reported from a range

of geological environments (see Table 1). No attempt has

been made recently to determine the global distribution of

shallow gas, but it is clear that such accumulations are quite

common.

Blow-outs caused by the accidental penetration of shallow

gas pockets have demonstrated that considerable volumes of

gas can accumulate; a single accumulation at a depth of less

than 230 m beneath the seabed at the Gullfaks Field in the

Norwegian North Sea contained an estimated 2.5�106 m3

of gas (Hovland & Judd 1988), approximately 1.8�10�3

Terragrammes (Tg) methane.

Gas hydrates

Gas hydrates are ice-like mixtures of water and gas; gas (most

commonly methane) molecules are trapped within a cage-like

framework of hydrogen-bonded water molecules. These

structures are formed under very specific temperature and

pressure conditions where sediments contain both water

and an adequate supply of gas. These conditions are found

on land in polar regions, where surface temperatures are very

cold (<08C), and within seabed sediments where the water

depth exceeds 300–500 m and the temperature of the sea

bottom water is less than about 58C (Ginsburg & Soloviev

1998; Kvenvolden 1998, 1999).

Gas hydrates may represent the greatest reservoir of

methane carbon on the planet. Estimates vary. Kvenvolden

(1999) suggested that the global amount of methane hydrate

lies towards the lower or intermediate part of the range

1015�1017 m3 (approximately 7.14�105�7.14�107 Tg).

However, the vast majority of this gas is safely ‘locked’ within

the hydrates, and will remain there unless there is a change in

the temperature/pressure conditions critical to hydrate stabi-

lity.

The distribution of gas hydrates is difficult to ascertain.

Bottom simulating reflections (BSRs) on seismic reflection

profiles indicate their presence beneath the seabed, but in

some places drilling through BSRs has failed to find gas

hydrates, and in other cases gas hydrates have been found

where there is no BSR. The most reliable estimations of their

distribution are based on actual observations rather than

‘remote sensing’ indications. Present understanding (Gins-

burg & Soloviev 1998) indicates that submarine gas hydrates

occur in the range of geological environments shown in

Table 2. Figure 3 provides an indication of gas hydrate distri-

bution, but the current interest in them is such that this map

is likely to become out of date very quickly. The largest area in

which the presence of gas hydrates has been ‘proved’ is on the

Blake Ridge, off the Atlantic coast of the USA. This area of

Table 1 Marine geological environments in

which gas seeps and shallow gas accumulations

occur: representative examples.

Geological environment Examples

Coastal environments of deposition� Rı́as Bajas, Spain (Garcı́a-Garcı́a et al. 1999)

(bays, estuaries, rias, etc.) Penobscott Bay, eastern USA (Scanlon & Knebel 1989)

Aegean and Ionian Seas (Papatheodorou et al. 1993)

Major deltas�y Yangtze, China (Milliman & Butenko 1985)

Amazon (Manley & Flood 1988)

Fraser, British Columbia, Canada (Hart & Hamilton 1993)

Hydrocarbon-bearing sedimentary Persian (Arabian) Gulf (Uchupi et al. 1996)

basins on the continental shelfy North Sea (Brekke et al. 1997)

Vietnam (Traynar & Sladen 1997)

Hydrocarbon-bearing sedimentary basins Gulf of Mexico (Kaluza & Doyle 1996)

on the continental slope and risey Offshore SW Spain (Baraza et al. 1999)

Hydrocarbon-bearing sedimentary Alabama, USA (Clayton et al. 1993)

basins on landy California, USA (USGS 2000)

Great Britain (Selley 1992)

Accretionary prismsy Costa Rica (Silver 1996)

Makran (Pakistan) (von Rad & Tahir 1996)

Trapped beneath gas hydrates�y Cape Fear Slide, eastern USA (Schmuck & Paull 1993)

Niger Delta (Hovland et al. 1997)

�Microbial sources.

yThermogenic sources.

Methane budget at continental margins 111

# 2002 Blackwell Science Ltd, Geofluids, 2, 109–126



approximately 20 200 km2 is thought to contain about

7.8�1013 m3 (approximately 56 500 Tg) of methane gas

(Max & Dillon 1998).

Utilization

Methane reaching the seabed sediments is subjected to oxida-

tion. Current understanding of the processes involved points

to the prevalence of anaerobic oxidation via sulphate reduc-

tion; dissolved methane is efficiently removed by syntrophic

consortia of methanogenic archaea (operating in reverse) and

sulphate-reducing bacteria. Although there are, as yet, no

well-constrained data available, it seems that anaerobic oxida-

tion removes a significant part of the dissolved methane (Boe-

tius et al. 2000; Elvert et al. 2000; Hinrichs et al. 2000;

Pancost et al. 2001).

Bicarbonate produced by the anaerobic oxidation of

methane via sulphate reduction can lead to the precipitation

of calcium carbonate to form rock-like ‘methane-derived

authigenic carbonates’ (Dando & Hovland 1992; Hovland

& Judd 1988; Thiel et al. 2001; Wallmann et al. 1997,

etc.). Macrofaunal ‘cold seep communities’ capitalize on this

microbial activity. Individual species derive their energy via

thiotrophic or methanotrophic symbionts (Dando & Hov-

land 1992; Sibuet & Olu 1998; Suess et al. 1998, etc.).

Escape pathways

Methane bubbles rising through the seabed sediments too

quickly to be consumed by oxidation escape through the

seabed (Albert et al. 1998; Boone 2000; Martens et al.

1998). Observations and experimental research have shown

that migration tends to be focused through discrete migra-

tion pathways. These pathways may be geological faults or,

in fine-grained sediments, pathways formed specifically by

the rising gas (Harrington & Horseman 1999; Horseman

et al. 1999; Judd & Sim 1998) which feed seabed seeps.

Mud volcanoes provide other pathways.

Natural gas seeps

The seepage of natural gas is known to be widespread in both

land and marine environments (Clarke & Cleverly 1991;

Hovland & Judd 1988; Kvenvolden & Harbaugh 1983;

Landes 1973; Link 1952; Wilson et al. 1974). Gas seeps

are known to be associated with leakage from gas reservoirs

and shallow gas accumulations and from gas hydrates; conse-

quently, they occur in all the environments identified in

Tables 1 and 2.

Extensive surveys capable of detecting gas seeps have been

undertaken; however, the majority have been undertaken by

the petroleum industry, either during prospecting operations

(Thrasher et al. 1996), or because of the need to survey dril-

ling sites for potentially hazardous accumulations of ‘shallow

gas’ (Prince 1990; Walker 1990). The details of such surveys

are, largely, not in the public domain. Judd et al. (1997)

demonstrated that published distributions of gas seeps are

underestimates.

Mud volcanoes

Mud volcanoes are landforms that bear a morphological

resemblance to true (igneous) volcanoes (see Fig. 4), but they

Table 2 Geological environments in which natural gas hydrates occur (details from Ginsburg & Soloviev 1998).

Geological environment Examples

Deep-water basins of Mediterranean and marginal seas Caspian, Black and Okhotsk Seas, the Gulf of Mexico

Continental slopes of convergent margins Peru and Middle America Trenches, Nankai Trough

and northern California and Cascadia margins

Submarine tectonic regions Okushiri Ridge, Sea of Japan

Continental slopes of passive margins Blake Outer Ridge, offshore eastern USA

Polar shelves Arctic and Antarctic

Spreading basins Guaymas Basin, Gulf of California

Fig. 3. Distribution of gas hydrates (data from Ginsburg & Soloviev 1998,

Kvenvolden 2000, and others). Sampled (filled symbol) ‘inferred’ (open

symbol) those for which evidence, such as bottom simulating reflections

(BSRs), have been recorded on seismic profiles. Circles, in sediments of the

outer continental margin; squares, in polar (permafrost) regions.

112 A. G. JUDD et al .

# 2002 Blackwell Science Ltd, Geofluids, 2, 109–126



are formed by the expulsion of water, gas and mud from sedi-

mentary sequences. There has been a long history of the

investigation of mud volcanoes which have been known for

centuries; for example, they were described by Pliny in his

‘Naturalis Historia’ (AD 77). Relatively recently it has

become known that they also occur on the seabed.

Mud volcanoes have been described from many parts of the

world: the southern Caspian Basin (Guliyiev & Feizullayev

1996; Sokolov et al. 1969), the Black Sea (Ivanov et al.

1996), Taiwan (Shih 1967), Indonesia (Barber et al.

1986), the West Indies (Brown & Westbrook 1988; Higgins

& Saunders 1967), Alaska (Reitsema 1979) and the Mediter-

ranean Ridge (Ivanov et al. 1996; Limonov et al. 1996), etc.

Generally, they occur in zones of tectonic compression, the

accretionary prisms formed by the collision of two tectonic

plates. However, they also occur in tectonically inactive areas

where sediment deposition rates are (or have been) high (e.g.

the Amazon and Niger Deltas, the Dgungar Plain of China

and the Norwegian and Black Seas, etc.). The distribution

of mud volcanoes is shown in Fig. 5. It is estimated that there

are more than 1700 such features (>1000 on land, >700 on

the seabed; Dimitrov 2002).

Hedberg (1980), Brown (1990) and Milkov (2000) pro-

vided detailed discussions of the mechanism of mud volcano

formation. Briefly, formation results from the rise of gas- and

water-bearing muddy sediments from depth (in some cases

several kilometres). The principal driving mechanism is an

abnormally high pore fluid pressure caused by a combination

of rapid sedimentation of fine-grained material, in situ gas

generation and (in most, but not all, cases) tectonic compres-

sion. If pore fluids are unable to escape, the sediments

become progressively less dense than the overlying, compact-

ing sediments. At some stage, the density contrast is sufficient

for buoyancy forces to initiate upward movement which,

once started, is perpetuated as gases expand. As a result,

either a body of gassy, semiliquid sediment rises through

the overlying sediments en masse, or the fluids migrate,

entraining some sediment material as they rise.

Kalinko (1964) classified mud volcanoes into three types.

(1) Lokbatan type: characterized by infrequent explosive

activity, and the ignition of the emitted gases. The emitted

sediments are very viscous so that steep, conical mud volca-

noes are often formed. Usually, long passive periods are ter-

minated by short periods of explosive activity when blocked

feeder channels are cleared by excessive pore fluid pressure.

The most recent eruption of Lokbatan itself was in October

2001.

(2) Chikishlyar type: characterized by calm, relatively weak

and continuous activity during which gas is emitted at a more

or less uniform rate. Mud volcanoes of this type tend to occur

where there are water-bearing sediments at relatively shallow

depths. They form low, flat domes or shallow, water-filled

depressions.

(3) Schugin type: these are transitional between the above

types and are characterized by weak activity interrupted by

intermittent eruptive periods.

Dissolution in the water column

As bubbles rise from the seabed, a proportion of methane is

lost to the hydrosphere by solution and microbial oxidation.

In deep waters, plumes of methane-rich water have been

identified rising from seep sites (e.g. Aleutian subduction

zone — Suess et al. 1998; Hydrate Ridge on the Cascadia

Margin — Suess et al. 1999), but it is generally considered

that this methane does not reach the surface waters. How-

ever, surface waters with methane concentrations in excess

of equilibrium with the atmosphere have been reported in

Fig. 4. Sizes and shapes of various terrestrial and submarine volcanoes. Mud

volcanoes occur in an enormous range of sizes — both offshore and onshore.

The smallest are less than a metre wide, the largest are >500 m tall and 3–4 km

across the base. In some areas, the combined mud flows of groups of mud

volcanoes cover >100 km2. (A) Mangaehu Stream, New Zealand; (B)

Volcanito, Cartegena region, Colombia; (C) Moruga Bouff, Trinidad.

Fig. 5. Distribution of mud volcanoes. Mud volcanoes are found predomi-

nantly in areas with high rates of sedimentation and/or tectonic compression.

For further details, see Dimitrov (2002).
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shallower locations, for example over methane-rich sedi-

ments in the North Sea (Rehder et al. 1998) and Eckernförde

Bay, Germany (Bussmann & Suess 1998). In such cases, the

waters will be a source of atmospheric methane.

The ability of methane bubbles to survive passage through

the water column is dependent upon the bubble size and rise

velocity, and the presence of surfactants on the bubble surface

(Judd et al. 1997; Leifer & Patro submitted). Surfacing bub-

ble plumes are most likely to be found in shallow water, for

example in Santa Barbara Channel, California (Hornafius

et al. 1999; Leifer et al. 2000). However, Cranston et al.

(1994) reported that bubbles were seen at the surface above

a gas seep in 700 m of water in the Sea of Okhotsk.

At sites where gas hydrates are stable at the seabed, the pos-

sibility that methane may rise to the surface may be increased.

Chunks of hydrate detached from the seabed rise rapidly.

Although they dissociate as they rise, the methane bubbles

produced are more likely to reach the surface than bubbles

rising from the seabed (Rehder et al. 2001).

Exceptionally, major releases of gas from the seabed, from

erupting mud volcanoes or sub-seabed reservoirs (including

gas hydrates), may produce large volumes of gas which burst

through the water into the atmosphere. Gas emitted during

eruptions of Lokbatan-type seabed mud volcanoes may spon-

taneously combust on reaching the sea surface, sometimes

producing flames tens or even hundreds of metres high.

THE METHANE BUDGET

Natural gas seeps

Global estimates of the contributions of atmospheric

methane by seabed seeps have been undertaken by various

authors. Ehhalt & Schmidt (1978) used the Wilson et al.

(1974) study of the world-wide distribution of oil seepages

for their calculation of the oceanic flux of methane. Trotsyuk

& Avilov (1988) measured the disseminated flux of methane

in the Black Sea and extrapolated world-wide. Lacroix (1993)

calculated hydrocarbon reservoir depletion and migration

rates and, by estimating the rate of removal by oxidation,

etc., derived an estimate of the rate of emission to the atmo-

sphere. Hovland et al. (1993) used published estimates of

seabed flux rates and seepage distributions to arrive at a glo-

bal estimate for the flux at the seabed. Cranston (1994) con-

sidered methane release by coastal sediments, marine

sediments and gas hydrates. Hornafius et al. (1999) quanti-

fied the emissions from the prolific Coal Oil Point seeps,

California, and used the resultant data to revise the global

estimates of Hovland et al. (1993). They concluded that

the natural gas seeps of the continental shelves account for

between 3% and 9% of total global methane emissions.

Judd et al. (1997) and Dimitrov (submitted) estimated the

numbers of seeps on the continental shelves of the UK and

Bulgaria, respectively, and used published seabed flux rates

and models of loss to solution in the water column to derive

estimated fluxes to the atmosphere. Garcı́a-Gil et al. (sub-

mitted) applied a similar approach to Rı́a de Vigo, north-west

Spain. These estimates are summarized in Table 3. Judd

(2000) suggested that a total of 0.4–12.2 Tg year�1 is

emitted to the atmosphere from natural seabed seeps

world-wide.

Seeps which emit methane direct to the atmosphere also

occur onshore, for example, in hydrocarbon (coal and petro-

leum)-bearing sedimentary basins (Clarke & Cleverly 1991;

Clayton et al. 1993; Selley 1992; Simoneit et al. 1979; USGS

2000). Stadnik et al. (1986) showed that the measured atmo-

spheric methane levels in 11 regions of the former USSR

were consistently higher in petroliferous areas (1.97–

6.6 p.p.m.; mean, 3.47 p.p.m) compared to the regional

background (1.15–2.9 p.p.m.; mean, 1.85 p.p.m). However,

no estimates of the atmospheric contributions made by

onshore gas seeps are available, other than an estimate of

0.2–0.9 Tg CH4 year�1 from the permafrost regions of the

former USSR (Andronova & Karol 1993). The global contri-

bution of these onshore areas is not considered in this paper,

although the contribution they make is no doubt significant

(Hornafius et al. 1999).

Gas hydrates

Gas seeps are also found in association with gas hydrates. Gas

bubbles rising from gas hydrates exposed on the seabed have

been described, for example from the Sea of Okhotsk (Cran-

ston et al. 1994), the Gulf of Mexico (MacDonald et al.

1994) and Hydrate Ridge (Suess et al. 1999). However,

because of the great water depths involved, the amount of

methane contributed to the atmosphere by submarine gas

hydrates is probably not great (about 3 Tg CH4 year�1,

according to Kvenvolden 1988). The majority of methane

escaping from deep-water hydrates is likely to dissolve in

the water column rather than enter the atmosphere.

Mud volcanoes

The composition of the gases emitted by most mud volca-

noes is dominated by methane, although some produce

CO2 and/or nitrogen. The volumes emitted are generally

small, but during their short periods of catastrophic activity,

Lokbatan-type mud volcanoes produce gas with sufficient

force to eject enormous volumes of rock over a considerable

area. The volumes of gases emitted during such eruptions are

also considerable, although natural ignition reduces the effec-

tive flux to the atmosphere.

Several estimates have been made of the gas emissions from

Azerbaijan and the southern Caspian mud volcano province.

For example Hovland et al. (1998) estimated an annual

emission of at least 800 m3 (5.6�10�8 Tg) of gas, mainly
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methane, from a single mud volcano, but few estimates have

been made from elsewhere. These include estimates of con-

tinuous emissions by Chikishlyar-type mud volcanoes, and

more problematic estimates of Lokbatan types (which involve

estimating volumes per eruptive phase and the periodicity of

eruptions). These estimates are summarized in Table 4. As a

first approximation, it is estimated that the global emission of

methane from mud volcanoes is between 7.8 and

10.1 Tg year�1.

Total geological methane emissions

The methane generation sources and pathways described

above, plus other geological sources, probably contribute

between 13.5 and 37.5 Tg CH4 year�1 to the atmosphere

(see Table 5). This is thought to be a conservative esti-

mate. In the absence of a reliable estimate of the propor-

tion of the seabed (particularly on the continental shelves)

associated with seepage, care has been taken to avoid over-

estimation; also, contributions from onshore seeps are

largely unaccounted for. Seabed emissions also supply a

considerable (but unquantified) amount of methane to the

hydrosphere.

The significance of the continental margins

In the context of the total atmospheric methane budget

(535 Tg year�1 — Houghton et al. 1996, table 3, p. 18),

geological sources (shown in Table 5) represent about 2.4–

6.7% of the total methane source, of which approximately

1.2–3.6% comes from the continental margins. This is a sig-

nificant proportion and is more than is generally acknowl-

edged by atmospheric scientists; note that the Inter-

Governmental Panel for Climate Change (IPCC) budget

(Houghton et al. 1996; Fig. 1) does not include a category

called ‘geological sources’. This contribution is particularly

important in that it is largely ‘fossil’ methane (the exception

being microbial methane currently being generated in seabed

sediments). A total of 70–120 Tg year�1 (best estimate,

110 Tg year�1) arises from fossil sources (Houghton et al.

1996, table 3, p. 18), of which 30–50 Tg is ‘unaccounted

for’ (Crutzen 1991). It is normally assumed that the fossil

Table 3 Estimates of methane emissions from natural seabed seepages.

Location

Estimate

(Tg CH4 year�1)

At seabed or

to atmosphere Source Notes

(a) Regional estimates

United Kingdom

continental shelf

0.12–3.5 Atmosphere Judd et al. (1997)

Coal Oil Point,

California

0.029� 0.005 Atmosphere Hornafius et al. (1999)

Bulgarian Black Sea

continental shelf

0.03–0.15 Atmosphere Dimitrov (submitted)

Rı́a de Vigo,

north-west Spain

0.0001–0.004 Atmosphere Garcı́a-Gil et al. (submitted) Similar fluxes probably occur

in other rias in north-west Spain:

Pontevedra, Arosa and Muros

Black Sea

continental shelf

0.36–1.6 Atmosphere Dimitrov (submitted) Extrapolated from the

Bulgarian continental shelf

(b) Global estimates

World’s oceans 1.3–16.6 Atmosphere Ehhalt & Schmidt (1978) Estimate based on the seep

distribution of Wilson et al. (1974)

Continental shelves 1.9 Seabed Trotsyuk & Avilov (1988) The disseminated flux of methane

in the Black Sea extrapolated world-wide

Continental shelves 8–65 Seabed Hovland et al. (1993) At seabed (no account made

of losses to the water column)

Global 17�14 Atmosphere Lacroix (1993) Based on estimates of hydrocarbon

reservoir depletion and migration rates

and the rate of removal by oxidation, etc.

World’s oceans and

marine sediments

1–10 Atmosphere Cranston (1994) Coastal sediments, marine sediments

and gas hydrates

Continental shelves 18–48 Atmosphere Hornafius et al. (1999) Method of Hovland et al. (1993)

applied to new data

Global seabed seeps 0.4–12.2 Atmosphere Judd (2000) Calculated using the method of

Hovland et al. (1993), applied to data

derived by Judd et al. (1997)
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fuel industries are solely responsible for fossil methane emis-

sions. However, it is clear that they are not responsible for the

natural emissions discussed in this paper; consequently, the

contribution required of these industries to account for the

‘missing’ fossil methane can be reduced. A revised budget

is presented in Fig. 6. Also, these geological sources predate

the Industrial Revolution.

GEOLOGICAL METHANE AND
CLIMATE CHANGE

Atmospheric methane concentrations have varied in sympa-

thy with the rises and falls in temperature throughout the last

40 000 years in Greenland (Chapellaz et al. 1993) and for

more than 150 000 years in Antarctica (Jouzel et al. 1993;

Table 4 Estimates of methane emissions from mud volcanoes (adapted from Dimitrov 2002).

Estimate (Tg CH4 year�1)

Location Calm period Eruptive phase Total Source Notes

Baku region,

Azerbaijan

0.0008–0.00026 0.15–0.36 0.061 Sokolov et al. (1969) Estimated average for the

Quaternary period

Azerbaijan 0.014 0.18 0.2 Jakubov et al. (1971)

Azerbaijan 0.36 0.25 Zorkin et al. (1982)

0.36–0.72 Kudryavtzev 1984�

up to 28.7

Southern Caspian

mud volcano province

0.15 0.07–0.36 0.02–0.16 Geodekyan 1984� Estimated average for the

Quaternary period

Eastern Azerbaijan 0.14 0.015–0.36 Dadashev 1984�

Kerch Peninsula,

Ukraine

0.05 Plotnikov 1984�

Azerbaijan 0.014 0.22 Guliyiev & Feizullayev (1996)

Azerbaijan 0.125 Valyayev (1998) Average over the past

1 million years

Kerch-Taman Peninsulas,

Black Sea

0.00011–0.00052 Glebov & Shelting (1998)

Seabed mud volcanoes 0.00032 [0.003y] Foucher & Henry (1996)

near Barbados 0.33–2.64 7.5 7.8–10.1 Dimitrov (2002) Global — estimated by

multiplying the average of the

estimates by the estimated

number of mud volcanoes

�Quoted in Ali-Zade et al. (1984).

yFrom dissociation of gas hydrates.

Natural release pathways

Source

Offshore

(Tg CH4 year�1)

Onshore

(Tg CH4 year�1)

Natural seabed gas seeps 0.4–12.2 – Judd (2000)

Mud volcanoes 3.2–4.3 4.6–5.8 Dimitrov (2002)

Gas hydrates 3 – Kvenvolden (1988)

Onshore emissions

(permafrost regions of

the former USSR only)

– 0.2–0.9 Andronova & Karol (1993)

Hydrothermal/geothermal

activity

– 0.9–3.2 Lacroix (1993)

(land events only)

Volcanic activity – 0.8–6.2 Lacroix (1993)

(land events only)

Natural coal seam fires – <1 Lacroix (1993)

Total 6.6–19.5 6.5–16.1 13.1–35.6

Table 5 Contributions to atmospheric methane

from natural geological sources.
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Raynaud et al. 1993) (see Fig. 7). Lowe & Walker (1997)

recognized the apparent relationships between atmospheric

gas concentrations (especially CO2 and methane) and cli-

matic change, and identified variations in the concentrations

of these gases as one of the factors which may play a role in

modulating or amplifying the Quaternary climatic shifts

brought about, primarily, by orbital forcing. Woodwell

et al. (1998) concluded that the oceans must have been a

major source of atmospheric carbon during the period of

warming since the last glacial maximum, enabling atmo-

spheric concentrations to rise despite the net flow of carbon

into the plants and soil of the land areas uncovered by the

retreating ice.

A link between the release of methane from gas hydrates

into the atmosphere and changes in global temperature was

suggested by Severinghaus et al. (1998), who considered that

methane concentration rose as a consequence of the tempera-

ture rise. However, Nisbet (1992), Kennett et al. (1996,

2000) and Thorpe et al. (1996), amongst others (see Haq

1998, for a summary), postulated that sudden, catastrophic

releases of methane from gas hydrates to the atmosphere

may have acted as the trigger for the rises in global tempera-

ture at the beginning of each Dansgaard-Oeschger rapid glo-

bal warming event during the last glacial; Kennett et al.

(1996) referred to this as the ‘clathrate-gun hypothesis’.

Thorpe et al. (1996) used modelling to assess the impact

on the global climate of a single methane release of this type.

An implication which may be drawn from their work is that

multiple catastrophic methane releases (multiple firings of the

clathrate gun) may have been necessary to have made a signif-

icant contribution to the rapid temperature rise that brought

about the end of glacial periods. Chapellaz et al. (1993)

reported a lack of evidence of the ‘spike’ of methane concen-

tration that would be expected to appear as a result of such

events. Whereas Thorpe et al. (1996) considered this to be

inconsequential (because of the poor resolution of the

records), Raynaud et al. (1998) considered that the ice-core

records would be capable of detecting such massive pulses of

methane, but found none. However, Blunier et al. (1995)

considered that the lack of evidence for methane ‘spikes’ in

the ice-core record did not rule out continuous hydrate

decomposition from melting permafrost as a methane source.

Fig. 6. Sources of atmospheric methane — a

revised estimate (based on Fig. 1, plus natural

geological sources identified in Table 5).

Fig. 7. Correlation between eustatic sea-level, temperature and atmospheric

methane concentrations. Eustatic sea-level (in metres relative to present sea-

level) taken as sea-level of the Huon Peninsula, New Guinea, corrected for

local tectonic effects (redrawn from Chappell & Shackleton 1986). Tempera-

ture (in8C relative to present temperature) and atmospheric methane

concentrations (in p.p.m. per volume) are from the Vostok Ice Core,

Antarctica (redrawn from Houghton 1997, fig. 4.4, p. 54).
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Previous discussions about geological methane and global

climate change (Haq 1998; Nisbet 1990, 1992; Paull et al.

1991; Raynaud et al. 1998; Thorpe et al. 1996, 1998) have

focused on the role of gas hydrates. However, it is clear from

the previous sections that these are not the only geological

sources of methane.

In common with Norris & Röhl (1999) and Katz et al.

(1999), who considered the climate change event that

marked the Palaeocene/Eocene boundary 55 Myr ago, we

believe that geological methane releases may play a role in

global climate change. However, we do not believe that gas

hydrates are necessarily the sole geological agents. Rather,

thermogenic gas seeps, microbial gas seeps, mud volcanoes

and gas hydrates all play a role.

The rate of emission into the hydrosphere and the atmo-

sphere of geological methane may have been affected by

changing rates of generation and the effects of surface condi-

tions on reservoirs and leakage pathways. Key differences

between the surface environments of interglacial and glacial

periods are, firstly, the geographical extent of permafrost,

sea ice and ice sheets, and, secondly, changes in eustatic

sea-level and the location of coastlines. At the last glacial max-

imum, approximately 23 000–18 000 BP, much of the land

and continental shelf areas of northern North America, Eur-

ope and Asia were ice covered, or were affected by permafrost

(Fig. 8). At this time, eustatic sea-level was approximately

120 m lower than it is today (see Fig. 7), exposing large areas

of the present continental shelf.

Generation

The changes in surface conditions between glacial and inter-

glacial periods may have affected the distribution and produc-

tivity of near-surface sources of microbial gas; however,

deeper sources, particularly thermogenic sources, will not

have been affected.

Thermogenic methane generation occurs over extended

periods of geological time (measured in millions of years)

once organic-rich source rocks have achieved thermal matur-

ity. There is no reason to suppose that the migration of

methane (and other hydrocarbons) from depth will not have

continued throughout the Quaternary glacial and interglacial

periods.

Organic-rich sediments, in which microbial methane gen-

eration occurs, accumulate in geological environments (see

Table 1) which are largely controlled by sea-level. The cycle

of falling and rising sea-level and, on land, groundwater

level associated with the onset and demise of glacial condi-

tions gives rise to four distinct sedimentary regimes (sum-

marized in Fig. 9) on the continental shelves and slopes

(Haq 1991).

(1) Falling sea-level (Fig. 9): continental shelves are pro-

gressively exposed and subjected to erosion, leading to the

development of a prominent unconformity. Sediments are

transported towards and down the continental slope to the

basin where they form a basin floor fan during the early phase

of lowstand time.

(2) Low sea stand (Fig. 9): sedimentation occurs primarily

on the continental shelf margin (the slope fan and the low-

stand wedge).

(3) Transgressive sea stand (Fig. 9): the beginning of rela-

tive sea-level rise from its lowest position provokes the cessa-

tion of stream incision and the infilling of existing incised

valleys. As sea-level rise accelerates, the continental shelf is

flooded and depocentres progressively migrate landwards,

filling the former shelf valleys. This transgressive systems tract

thins basinwards and fines upwards forming a condensed sec-

tion.

Fig. 8. Extent of ice sheets, permafrost and sea ice

at the last glacial maximum (adapted from

Williams et al. 1993).

118 A. G. JUDD et al .

# 2002 Blackwell Science Ltd, Geofluids, 2, 109–126



(4) High sea stand (Fig. 9): once the shelf is flooded to the

highest level and the sea-level highstand stabilizes, the near-

shore accommodation potential decreases and the shoreline

begins to regress basinwards (highstand systems tract).

In the above sequence, the sediments of the transgressive

and earlier highstand systems tract are the most important for

microbial methane generation. The sediments accumulate in

shallow water and coastal environments, and are characteris-

tically organic rich due to the high productivity of such areas.

They are immediately overlain by sediments of the highstand

systems tract; consequently, there is a high potential for pre-

servation. Stanley & Warne (1994) identified 36 deltas

world-wide which did not start to form until the Holocene.

The time range is consistently between 8500 and 6500 BP.

Deltaic sediments and those of coastal environments (bays,

estuaries, rias, etc.) are also typically rich in organic matter;

shallow gas and gas seeps have been reported from many del-

taic and coastal areas (see Table 1).

Reservoirs

Accumulations of both gas bubbles and gas hydrates are

affected by variations in hydrostatic pressure caused by the

cycle of sea-level changes accompanying glacial–interglacial

cycles.

In gas reservoirs, a reduction in hydrostatic head caused by

the lowering of sea-level or the exposure of the seabed as the

coastline migrates seawards, effectively increases the gas over-

pressure within a gas reservoir, increasing the likelihood that

trapped gas will escape. In contrast, the progressive increase

in hydrostatic pressure as sea-level rises will encourage the

formation of gas accumulations.

The conditions in which gas hydrates are stable are strictly

controlled by temperature and pressure (Ginsburg & Solo-

viev 1998; Kvenvolden 1998); consequently, the changes in

conditions (temperature and hydrostatic pressure) associated

with glacial–interglacial cycles are thought to have resulted in

significant shifts in the locations of gas hydrate stability

zones. It is not necessary to explain this in detail in this paper

as many authors have already rehearsed the arguments (see

Haq 1998, for a summary); the following summary will suf-

fice.

A 120 m sea-level fall during the last glaciation would have

reduced hydrostatic pressure sufficiently to raise the lower

boundary of the gas hydrate stability zone by approximately

20 m. The resultant dissociation of gas hydrates is thought to

have been responsible for the triggering of massive seabed

slope failures. Together, these events are thought to have

caused massive gas escapes. During global warming, tempera-

ture increases in high latitudes would cause the melting of

near-surface gas hydrates.

Kvenvolden (1993) and Haq (1993) suggested that these

two processes interacted to provide a negative–positive feed-

back loop, constraining the severity of both cool and warm

periods.

Leakage pathways

Hydrostatic pressure variations caused by varying sea-level

and the extent of ice sheets and permafrost will have affected

marine and high-latitude leakage pathways, respectively.

However, the contributions to atmospheric methane by ter-

restrial geological sources beyond the maximum extent of ice

sheets and permafrost will not have been affected during the

Quaternary. It is assumed that their contribution will have

been more or less continuous at the present rates. [The dis-

tribution of mud volcanoes on land is such that none will

have been affected by glaciation during the Pleistocene (see

Figs 5 and 8). Consequently, it may be assumed that their

Fig. 9. Coastal depositional environments during a sea-level fall–rise cycle

(adapted from Haq 1991). (1) Early lowstand systems tract. Low sea-level. The

continental shelf is fully or partially exposed and subject to erosion. Sediment

material is transported off the shelf to accumulate in deeper water. (2) Late

lowstand systems tract. Shallow-water areas are now incised; deep-water

areas have accommodated the sediment. (3) Transgressive systems tract.

During sea-level rise sediments are pushed inland across the continental shelf.

Sediments derived from rivers are deposited on the shelf. (4) Highstand

systems tract. Rapid sedimentation occurs and the coastline builds seawards as

sediments are deposited on the continental shelf.
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contribution will have remained more or less constant

throughout this period.]

The lowering of sea-level will have had a double effect on

marine leakage pathways, both mud volcanoes and seabed gas

seeps. Firstly, the reduction in hydrostatic pressure will have

encouraged migration towards, and seepage through, the

seabed (as mentioned above). Mud volcanoes located on

the seabed would have become underbalanced, and those

with significant volumes of gas stored in porous sediments

immediately beneath the seabed may have erupted. Secondly,

the proportion of methane surviving passage through the

water column would have increased as the depth of water

decreased, particularly on the continental shelves. Indeed,

many areas where seepage currently occurs at the seabed

would have been above sea-level during part of the glacial

period. A consequence of this may have been an increase in

methane oxidation but, where flux rates were high, this pro-

cess would have permitted uninhibited escape to the atmo-

sphere.

It is anticipated that the majority of the gas (particularly

thermogenic gas) generated in high-latitude areas will have

been progressively cut off from the atmosphere as the ice-

affected zones advanced, gas being either physically trapped

beneath ice or permafrost, or sequestered by hydrates.

Lammers et al. (1995) and Kvenvolden et al. (1995) have

both reported seasonal fluctuations in the concentration of

dissolved methane in seas (the Okhotsk and Beaufort Seas,

respectively) which are covered with ice in the winter. They

indicated that the flux of methane to the atmosphere is signif-

icantly greater during the period of ice melt. Semiletov

(1999) also reported that sea ice is an effective barrier, trap-

ping methane in the Laptev Sea. However, he considered that

the methane had come from the sediments to the seawater

immediately beneath the ice primarily in the form of bubbles.

In view of the above, it seems logical to suggest that gas

escape will also have been inhibited by ‘permanent’ (as

opposed to seasonal) ice cover or permafrost. The following

have provided evidence that gas has been trapped in this way.

Long (1992) argued that the rate of pockmark formation in

the central North Sea was not consistent over the postglacial

period. Rather, there were periods characterized by unusually

prolific pockmark formation (i.e. gas escape) which he corre-

lated with periods of ground ice melting. Judd et al. (1994)

demonstrated that an unusually large and active pockmark in

the UK sector of the North Sea has been partially infilled

since its formation (see Fig. 10). By dating the infilling sedi-

ments, they estimated that initial pockmark formation

occurred, probably as a single ‘catastrophic’ gas escape event,

approximately 13 000 BP. They related this event to the

release of gas trapped beneath seabed ice or permafrost as

melting occurred.

The event described by Judd et al. (1994) and the peak gas

escape activity described by Long (1992) both occurred

when warm North Atlantic waters entered the North Sea,

causing a rapid rise in bottom-water temperatures. Solheim

& Elverhøi (1993) reported that large seabed pockmarks in

the Barents Sea may have formed by rapid degassing or

blow-outs as a result of the destabilization of gas hydrates

during the last deglaciation.

Together, these cases indicate that gas leakage is inhibited

during glacial periods, and that accumulated gas escapes,

sometimes catastrophically, during warming.

Seepage-prone continental shelves that were ice or perma-

frost covered during the last glacial maximum include the

North Sea, Baltic Sea, Barents Sea, eastern seaboard of

Canada, Bering Sea and Sea of Okhotsk, a total area of

approximately 10 000 000 km2 (see Fig. 8). Judd et al.

(1997) suggested that the average methane flux to the atmo-

sphere from the UK continental shelf (UKCS) is between 0.2

and 5.6 t km�2 year�1 [(0.2–5.6)�10�6 Tg]. If these figures

are applied to the continental shelf areas identified above,

then approximately 2 000 000–56 000 000 t (2–56 Tg) of

methane will have been prevented from reaching the atmo-

sphere during each year of permafrost/ice cover.

CONCEPTUAL MODELS FOR
NEGATIVE–POSITIVE FEEDBACK

It is evident from the previous section that the emission of

natural gas from geological sources does not occur at a con-

Fig. 10. Catastrophic pockmark formation caused by seabed ice melt. (a)

Digital seismic (deep-towed boomer) profile, UK block 15/25, North Sea. (b)

Detail showing postglacial sediments overlying an ice-scoured surface. The

pockmark is partially infilled by sediments dated at 13 000 BP (Judd et al.

1994), indicating that the original pockmark formed before that time. Judd

et al. (1994) considered that the pockmark formed catastrophically when

seabed ice melted, releasing an accumulation of gas.
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stant rate. Flux rates are affected by factors related to the

changing climate, but some factors enhance gas emissions,

whilst others inhibit them. It seems that the negative–positive

feedback models proposed by Kvenvolden (1993) and Haq

(1993) are too simplistic as they consider only gas hydrates.

A more realistic model would recognize the competing influ-

ences of the various sources, reservoirs and leakage pathways.

These are summarized as follows.

Global cooling scenarios

Positive feedback to cooling

High latitudes. The advance of permafrost, ice sheets, sea ice

and ‘polar’ gas hydrates progressively inhibits the escape of

gas.

Microbial sources in coastal areas and deltas. Organic-rich

coastal sediments are removed by erosion as sea-level falls,

so that this potential source of microbial methane is removed.

Neutral

Low latitudes — land areas. Sources on land (both seeps and

mud volcanoes) are unaffected; present-day flux rates prob-

ably apply.

Negative feedback to cooling

Low latitudes — continental shelves. The reduction in hydro-

static pressure that accompanies the lowering of sea-level

encourages the migration and escape of gas from both

seeps and submarine mud volcanoes. Also, deeply buried

offshore hydrocarbon reservoirs will loose confinement

pressure and will therefore tend to leak more. The proportion

of seeping methane that survives passage to the atmosphere

increases because of the reduced depth of water. Seeps

left above sea-level may provide methane direct to the

atmosphere.

Continental slopes and deep sea. The gas hydrate stability

zone migrates downslope as a result of a lowering in sea-level.

Hydrates at higher levels dissociate, and significant volumes

of methane are released. Major failures of the seabed are

initiated by hydrate dissociation, and these are accompanied

by releases of enormous volumes of methane (from the

hydrates themselves, and from reservoirs capped by hydrates).

(To some extent, cooling of ocean bottom waters may coun-

teract this.)

Summary

The environments described above provide both positive and

negative feedback to global cooling, as indicated in

Fig. 11(A). Because of the enormity of the gas hydrate ‘reser-

voir’, it is probable that the most significant effect comes

from catastrophic events associated with the decomposition

of submarine gas hydrates, in which case the net effect will

be a negative feedback, slowing global cooling.

Global warming scenarios

Positive feedback to warming

High latitudes. As the ice sheets retreat, permafrost melts

and ‘polar’ gas hydrates dissociate, releasing trapped gas.

These escapes may have a significant impact on global

methane levels during the time period of glacial retreat.

Microbial sources in coastal areas and deltas. Significant

increases in the deposition of organic-rich sediments on the

continental shelves (especially in coastal and estuarine areas,

and deltas) result in an increase in microbial methane genera-

tion (and seepage).

Neutral

Low latitudes — land areas. Sources on land (both seeps and

mud volcanoes) are unaffected; present-day flux rates prob-

ably apply.

Fig. 11. Contributions of geological sources to atmospheric methane levels:

conceptual models. (a) Global warming: high-latitude gas hydrates, ice sheets

and permafrost retreat releasing gas. Rates of coastal deposition increase so

that microbial methane generation is increased. At low latitudes, sea-level rise

impedes seepage from marine sediments, and increases hydrostatic pressure,

so that the proportion of seep gas dissolved in the water column rises. On the

continental slope and in the deep sea, gas hydrate stability zones migrate

upslope increasing the amount of gas sequestered. (b) Global cooling: high-

latitude gas hydrates, ice sheets and permafrost advance trapping gas. Coastal

sediments are removed by erosion, removing a source of microbial methane.

The lowering of sea-level reduces hydrostatic pressure, encouraging seepage

and enabling a higher proportion of seep bubbles to escape to the atmosphere.

On the continental slope and in the deep sea, the lowering sea-level

destabilizes gas hydrates, inducing slope failures — enormous volumes of gas

are released. See text for a complete explanation.
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Negative feedback to warming

Low latitudes — continental shelves. Increasing hydrostatic

pressure discourages gas migration towards the seabed, and

the proportion of seabed seepage gas surviving passage

through the water column decreases as the water depth

increases.

Continental slopes and deep sea. The gas hydrate stability

zone migrates upslope; consequently, the supply of gas from

seeps in these areas is progressively reduced as the gas is

sequestered in hydrates. (To some extent, warming of ocean

bottom waters may counteract this.)

Summary

The environments described above provide both positive and

negative feedback to global warming, as indicated in

Fig. 11(B). Apparently, high-latitude and coastal environ-

ments have the greatest role in promoting climate change,

whereas low-latitude and deep-water sources tend to act as

buffers. It is probable that the most significant effects come

from two sources: (i) the release of gas by retreating ice, per-

mafrost and ‘polar’ gas hydrates (because of the magnitude of

the ‘reservoir’); and (ii) the generation of microbial methane

in transgressive and highstand systems tract sediments of the

continental shelves, coasts, estuaries and deltas (because of

the considerable areas affected). Whereas the former com-

mences as soon as the ice retreats, the latter is coincident with

the late stages of global warming and subsequent interglacial

periods. Together, the effects of these processes are probably

dominant, and so the net effect is a positive feedback, accel-

erating global warming.

DISCUSSION

The processes by which geological methane is generated

and released provide conflicting feedbacks to both global

cooling and global warming. No doubt some are more

influential than others. Perhaps some are most influential

at particular phases of the cooling–warming cycle. For exam-

ple, it is suggested that microbial methane generation in

coastal, estuarine and deltaic sediments is most influential

during the later stages of warming, and during interglacial

periods.

The entrapment of thermogenic gas by submarine gas

hydrates and high-latitude ice cover occurs at opposite stages

of the glacial–interglacial cycle. In each case, gas entrapment

or sequestration provides negative feedback to climate

change as supplies of gas are progressively ‘turned off’. When

the cycle turns, the volume of gas released is dependent

upon the duration of the previous cycle; the longer the pre-

vious cycle, the greater the reservoir of gas awaiting release.

At individual locations, gas release events may be cata-

strophic, with large volumes of gas being emitted. However,

these events will be phased as the ice retreats or the sea-level

falls. Over any single time period, the impact of the gas

release events will be a function of the number and size of

the gas reservoirs, and the rate at which gas reservoirs are

‘uncorked’.

It is possible that the geological sources of atmospheric

methane and the processes discussed here effectively con-

strain glacial–interglacial cycles. Others have suggested that

gas hydrates alone may perform this task, ensuring that

neither cooling nor warming is allowed to ‘run away’. The

evidence presented here suggests that the situation is more

complex than that, and that other geological factors contri-

bute to the ‘geological thermostat’. However, it would be

short-sighted to think that geological sources alone can

explain the vagaries of our climate. Non-geological influences

on atmospheric methane levels must be recognized (Severin-

ghaus et al. 1998 considered that wetlands were the domi-

nant source of atmospheric methane prior to the Industrial

Revolution), as must the role of other ‘greenhouse gases’,

and the whole must be considered within the context of orbi-

tal cycles, etc.

In order to evaluate the role of geological sources of

methane (i.e. to test the proposed model), both the magni-

tude and the timing of each of the individual processes must

be established. In particular, the role of mud volcanoes (both

the catastrophic Lokbatan-type outbursts and continuous

Chikishlyar-type emissions) should be investigated, as should

that of the sediments of coastal and continental shelf seas

(identified by Bange et al. 1994 and Bates et al. 1996 as

the most significant source in the ‘oceans’). This work is

now underway.

CONCLUSIONS

On the continental margins, the most important geological

gas is methane formed by the destruction (microbial and

thermogenic) of organic material in sediments and sedimen-

tary rocks. Reservoirs of geological methane may occur

within the sediments at any depth, right up to the seabed.

Methane is also sequestered by gas hydrates.

Geological methane is released to the hydrosphere and the

atmosphere by two main pathways: natural gas seeps and mud

volcanoes. It is estimated that 6.6–19.5 Tg year�1 of methane

from the continental margins enters the atmosphere, and a

similar amount enters the hydrosphere. Clearly, this flux is

significant and should be recognized as a component of the

global carbon cycle. This is significant, particularly as the

majority is ‘fossil’ (14C-depleted) methane. The entire fossil

methane budget should not be attributed to the fossil fuel

industries. They can only be responsible for the portion not

emitted naturally.

Whilst thermogenic methane generation continues at

depth regardless of the surface conditions, rates of microbial

methane generation may vary during the glacial–interglacial

cycle; peak generation occurs during sea-level highstands

(i.e. interglacials).
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Positive and negative feedbacks to global climate change

are made during all phases of glacial–interglacial cycles by

geological methane from different sources and reservoirs.

The net effect, whether positive or negative feedback, is

dependent upon:

(1) the relative disposition of gas sources with respect to

sea-level, and the extent of ice sheets, permafrost and gas

hydrate stability zones;

(2) the amount of sea-level rise or fall;

(3) the duration of glacial–interglacial cycles;

(4) the rapidity of climate change.

It is suggested that geological methane (of which that asso-

ciated with gas hydrates is just one component) is one of the

influences on global climate, and that it may have an influence

over the rapidity of climate change and the extremes of cli-

mate achieved. In particular, it is considered that the influ-

ences of mud volcanoes and of coastal and continental shelf

sediments are worthy of more detailed investigation.

Lowe & Walker (1997) concluded that:

‘Conceptual models like those of Oerchger challenge us to

examine more closely the importance of gas exchanges

between the atmosphere and other reservoirs, and the ways

in which these, and their potential feedback mechanisms,

can affect the global climate system.’ (Lowe & Walker

1997, p. 371.)

We agree, and suggest that increased attention should be

paid to geological sources of methane.
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