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ABSTRACT

Gas hydrate, a naturally occurring frozen methane, has been identified as a promising future energy resource. Gas hydrate deposits are found in
both continental and marine realms as cage of water and methane molecule under suitable pressure and temperature conditions. Numerous
geophysical, geochemical and palacontological proxies have been used to identify gas hydrate horizons in the marine environments. These include
bottom simulating reflectors or BSRs, depleted chlorine anomaly, stable carbon isotope values of foraminiferal calcitic tests and certain species of
benthic foraminifera. Study of cores from the Ocean Drilling Program Leg 164, Hole 994C from the Blake Ridge in the northwest Atlantic suggests
a close association between certain species of benthic foraminifera and methane emissions. Such species will prove to be good proxy in any future
exploration of gas hydrate. Low stable carbon isotope values have also been observed during intervals of methane releases, whereas enriched values
suggest in situ formation of gas hydrates. Changes in foraminiferal distribution at around 3 Ma suggest destabilization of gas hydrates by the reduction
of hydrostatic pressure during intense Northern Hemisphere Glaciation. Bottom water warming also can be another vital factor for submarine gas
hydrate destabilization. Highly metastable properties of gas hydrates allow its dissociation into gaseous methane by shifting of the position of gas
hydrate stability zone owing to little changes in temperature and pressure which ultimately lead to increase in atmospheric methane. The
continental or permafrost gas hydrate deposits are being exploited because of recently developed technologies; the marine gas hydrate deposits have
just begun to be exploited and require more developed technology for commercial production. Besides economic importance, gas hydrates are also
driver of climate change owing to its high green house potentiality and geohazards along the continental margins. Thus, there is a need to understand
different aspects of gas hydrate through the Neogene. India is depleted in conventional natural resources and rich in submarine gas hydrate.
Commercial production of gas hydrate can fulfil the energy crisis of the country. Also, controlled production of gas hydrate will be helpful to restrict
excess methane input to the atmosphere and lowering global warming.
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INTRODUCTION

Increasing energy demand for economic development is
compelling the emerging as well as the developed economies
to search for alternative energy resources. Most of our energy
requirements are met by conventional energy resources
whereas unconventional energy resources contribute little. Till
date, we have been able to generate energy from a few
unconventional resources such as solar, wind and wave-energy
resources. Yet, the discovery and exploitation of
unconventional energy resources bears immense importance
to the human society. Coal bed methane, shale gas, etc. are
some of the potential natural resources which have successfully
been explored and are being commercially exploited from
different part of the globe. However, gas hydrate, another
unconventional natural energy resource, is yet to be exploited

for commercial production for the use of society.

Gas hydrate is a naturally occurring solid, ice-like highly
metastable crystal consisting mainly of methane and water
molecule that has enormous potentiality as a future energy
resource (Fig. 1). It has been established that 1 cubic meter of
solid structure-I gas hydrate can yield up to 164 cubic meter of
methane in standard temperature and pressure conditions
(Hunt, 1979). The global distribution of permafrost and
submarine gas hydrate show its potentiality to produce
methane at about 1 to 5x10" cubic meters (Milkov, 2004). The
numbers of observed and inferred gas hydrate reserves are
around 220 as shown in Fig. 2 (Ginsburg and Soloviev, 1998;
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Fig. 1. Photograph of recovered gas hydrate chunk from well no. 10D,
Krishna-Godavari Basin during the drilling of NGHP-01 expedition
(Courtesy: Dr. Pushpendra Kumar, ONGC).

Maslin et al., 2010). Most of these gas hydrate reserves are
mainly identified by the presence of Bottom Simulating
Reflectors (BSR, e.g., Peru Trench, Blake Outer Ridge, Krishna-
Godavari Basin, etc.) and a few are identified by direct collection
of hydrated cores (e.g., Okhotsk Sea, Cascadian Basin, etc.),
freshening of pore water (e.g., Alcutian Trench, Japan Trench
etc.), well logs (e.g., Sverdrup Basin) and Acoustic Velocity-
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Fig. 2. Global distribution of gas hydrates deposits. Filled squares and circles indicate status of gas hydrate sites.

AMPlitude (VAMP, e. g., Bering Sea). In the permafrost region,
gas hydrate is present within the permanent ice cap on the
surface (e.g. Mallik hydrate field in Mackenzie Delta).

COMPOSITION AND STRUCTURE OF GAS

HYDRATE

Gas hydrate is mainly composed of gaseous hydrocarbons
(mainly methane/C,) and water molecule in the form of ice.
Analysis of global gas hydrate deposition reveals that among
the gaseous components the most dominant one is C, (99.99
t0 29.7%) along with C, (15.3 to 0.02%), C, (36.6 to 0.1%), i-C,
(9.7 t0 0.09%), n-C, (4 to 0.1%), C, (4.8 t0 0.0%), CO, (0.63 to
0.1%) and N, (1.4 to 0.77%) (Makogon et al., 2007). Sometimes,
H,S may be present in the hydrate. Biogenic gas hydrate mostly
contains more than 98% methane where as thermogenetic gas
hydrate contains more amounts of long chain gaseous
hydrocarbons.

In gas hydrate lattice structure, water molecules act as the
host by forming cage-like structure within which the methane
molecules (as guest molecules) are enclosed. In addition to
methane, CO, and H,S may form hydrates which are less
frequent in nature. Gas hydrates are mainly crystallized in
isometric systems (Structure I and II) and occasionally in
Hexagonal system like ice (Structure H). Among them, structure
I is the most frequent one. The unit cell of Structure I contains
eight cages of two different types. These cages may entrap
gas molecules like CH,, CO, or H,S which having smaller
diameter than propane molecule and indicates biogenic
hydrates. Unit cell of structure II gas hydrate consists of 24
cages (16 small cages and 8 large cages). Structure II gas
hydrate contains mixture of long chain hydrocarbons (larger

than ethane and smaller than pentane) and generally formed
thermogenic hydrates. Structure H is a more complicated and
form smaller cages; it contains a cage in which 12-sided shapes
consisting of squares, hexagon and pentagon cages are
present. This structure can fit much larger molecules of
hydrocarbons than methane such as methyl cyclohexane
(Maslin et al.,2010).

ENVIRONMENT OF GASHYDRATE ACCUMULATION

Gas hydrate deposits show wide geographical distribution.
Most of the deposits are found in the equatorial zone and
Northern Hemisphere, whereas a few deposits are reported
from the Southern Hemisphere. They are mainly concentrated
in the continental margin where ocean water depth is greater
than 500m with low temperature, high pressure and adequate
amount (2.0-3.5%) of sedimentary organic carbon (SOM)
(Ginsburg and Soloviev, 1998; Fehn et al., 2000). The other
influencing factors include salinity, composition of gas,
geological structure, fluid migration and pore space of
sediments (Ginsburg and Soloviev, 1998; Dickens, 2001). In
Polar Regions (permafrost regions), gas hydrate may exist at
subsurface depth ranging from about 130m to 2000m
(Kvenvolden, 1998).

Temperature and Pressure

Temperature and pressure play a major role in gas hydrate
formation. Hydrate forms at pressure 2.6 MPa and above, for
the system ‘liquid fresh water — pure gas’ at 0° C temperature.
Hydrate formation curve for methane, for the temperature range
-10° C to 0° C, can be represented by the following formula
(Istomin and Yakushev, 1992):
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Fig. 3. Phase diagram showing the boundary between free methane gas
and methane hydrate for a ‘pure water and pure methane’ system.
Addition of NaCl to water shifts the curve to the left. Addition of CO,,
H,S, C,H,, C,H, to methane shifts the boundary to the right and thus
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increase the area of the hydrate stability field (Kvenvolden, 1998).

nP=28.968-2196.62 ...........(1)

where P = Pressure in MPa ; T = Temperature in Kelvin
scale

For the temperature range 0° C to 12°C the formula is:

nP=29.112-7694.3/T ............(ii)

Fig. 3 gives an outline of the effect of pressure and
temperature for the formation of gas hydrate. These are
‘temperature — pressure’ phase diagram for the ‘pure methane
— pure water’, ‘pure methane — sea water (Sw)’ system at high
methane concentration. Fig. 3 is the redrawn phase diagram
showing boundary between free methane gas and methane
hydrates for a ‘pure water - pure methane’ system along with
depth (Kvenvolden, 1998).

Total Organic Carbon

Adequate SOM (generally represents as CH,0O) is
necessary for the formation of significant amount of methane,
which is the main component of methane hydrate. Gas hydrate
forming methane may be of biogenic or thermogenic origin.
Biogenic methane is formed by the bacterial decomposition of
SOM (methanogenesis) in low temperature and anaerobic
conditions at shallow depths. SOM is degraded by the
following reaction:

2CH,0 = CHy +CO» oo (i)

Carbon dioxide produced may convert into methane,
theoretically, if adequate amount of hydrogen is present
according to the reaction:

C02 +4H2 —)CH4 +2H20 (lV)

Cracking of SOM in deep-seated conditions at high
temperature (80°C to 150° C) produce hydrocarbon liquid and
gas. The co-genic gas with liquid is called primary thermogenic
gas and thermal cracking of liquid at high temperature into gas
is called secondary thermogenic gas.

Gas hydrate formed from biogenic hydrocarbon is
composed mainly of 99% pure methane, whereas thermogenic
gas hydrate contains less amount of methane along with other
short chain hydrocarbons such as ethane, propane, butane,
etc. Organic carbon studies from various Deep Sea Drilling
Project (DSDP) and Ocean Drilling Program (ODP) sites show
that 1% to 3.5% of Total Organic Carbon (TOC) is present in
case of in situ gas hydrate deposits. Observations on the
present-day organic matter content of in sifu gas hydrate
containing sediments offshore Guatemala show value in
between 2% and 3.5%, whereas in Blake Outer Ridge itis 0.5%
to 1.6% (Bhaumik and Gupta, 2007; Bhaumik et al., 2011). But
for the formation of gas hydrate the organic carbon content in
the sediment was undoubtedly higher, perhaps double the
present amount.

Porosity

Porosity plays an important role in the genesis and
distribution of gas hydrates. Capillary force between the
sediment grains is inversely proportional to the radius of the
menisci of the interstitial water (Pierre et al., 2000), which acts
as a factor for the nucleation of gas hydrate. Large and round
pore spaces between the grains decreases the capillary force
and act as an ideal nucleation site for the formation of gas
hydrate. Marine hydrates are found within unconsolidated
sediment containing silt or clay (sometimes sand) with high
porosity, about 35% to 60% of the sediment volume. The
porosity of the upper gas hydrate zone (180 m to 260m) in
Blake Outer Ridge (Site 994, Hole C, Leg 164) shows high value
in between 60% to 68% (Paull et al., 2000). Generally, the hydrate
content of these sediments does not exceed 15% of the pore
spaces.

Salinity and Composition

Salinity of the seawater is mainly caused by the huge
concentration of NaCl in it. The freezing point of brine water is
much less than the freezing point of pure water. So, the phase
boundary of ‘methane hydrate-water-gas and methane-gas-
water’ in ‘pure water—pure methane’ system moves towards
the left in the ‘saline water- pure methane’ system. Presence of
salts in seawater shifts the base of hydrate stability zone (HSZ)
to shallower depths and causes a small reduction in the
solubility of methane (Kvenvolden, 1998). On the other hand,
presence of other components like carbon dioxide, ethane,
propane, hydrogen sulphide etc., shifts the phase boundary
of ‘methane hydrate-water-gas and methane gas-water’ in ‘pure
water—pure methane’ system towards right and thus increases
the area of the hydrate stability field (Fig. 3).

Gas hydrates quickly transformed in gaseous methane and
pure water owing to the depressurization during recovery of
core. Thus, input of significant quantity of fresh water caused
the dilution of salinity of the pore water which is used as marker
for the identification of gas hydrate and commonly known as
freshening of pore water. The Blake Ridge gas hydrate reserve
shows minimization of pore water chlorine concentration up to
a tune of 450 um and is the classical example of freshening of
pore water.

Mechanism for the formation of gas hydrates

Several mechanisms have been proposed to explain the
formation of gas hydrate. The Cryogenetic model indicates
external cooling of sediments which in-turn is responsible for
the entrapment of molecular methane gas within the ice cage in
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the permafrost region (Ginsburg and Soloviev, 1998), whereas
transgression model states that in warm intervals, sea-level
rise due to marine transgression is responsible for the increase
in formation pressure. In addition, melting of ice in the
permafrost region is also responsible for lowering temperature
owing to the required latent heat for melting of ice. The buffering
of latent heat lower down the temperature in such a way that
the gas hydrate can be stable increasing of temperature 1 to
7°C (Ginsburg and Soloviev, 1998; Majorowicz et al., 2011).
The sedimentation model is a hypothetical model for the
formation of gas hydrates. Mass sediment flow owing to
avalanche, gravity etc. can entrap free gas or gas bubbles
present within the flow and may form buried hydrate
accumulation in favourable conditions (Ginsburg and Soloviev,
1998). The authigenic-diagenetic model expresses the in situ
formation of biogenic gas hydrates. This is complex and
combined process which includes formation of biogenic
methane by the degradation of sedimentary organic matter
during early diagenesis, removal of methane by diffusion,
removal of salts by diffusion, osmotic transport of water and
lithification of sediments. Solubility of methane in water at
different depths is also an important factor in this model
(Ginsburg and Soloviev, 1998). Filtration model states that
hydrate forming fluid is supplied by fluid flow to the hydrate
stability zone. The fluid can be emerged and supplied outward
by the squeezing of sediments or hydrothermal system may
produce hydrate forming fluid or can be of free gas flow.
However, it is important to note here that the solubility of
methane in pure water system varies directly with temperature
and pressure (Ginsburg and Soloviev, 1998).

PROXIES FOR THE IDENTIFICATION OF GAS
HYDRATE

Geophysical and Geochemical proxies

The gas hydrate deposits may be identified by using
several proxies. Among them, the most important geophysical
proxy is the presence of Bottom Simulating Reflector (BSR) in
the subsurface condition. Geophysical investigation is an
indirect procedure to obtain knowledge about the gas hydrate-
bearing horizon. Most of the gas hydrate deposits in the marine
environments were detected from the seismic reflection profile,
where it produces remarkable BSR. This marks an interface
between hydrate-cemented sediment having higher sonic
velocity and uncemented sediments below with lower sonic
velocity. Gas hydrate bearing sediments have higher
compressional wave velocity than water saturated and free
gas-bearing sediments (MacKay et al., 1994). Seismic profile
data not only provides us with the knowledge about the BSR,
but is also helpful in giving us idea about the amount of gas
hydrate, porosity of the sediment, lateral as well as vertical
extension of gas hydrate zone, stability zone of gas hydrate,
etc. The strong BSR in the eastern flank of the Blake Outer
Ridge has enabled to locate the base of the gas hydrate stability
zone (Fig. 4, Paull et al., 1996). However, gas hydrate deposits
were recovered by direct coring from different areas where
BSR is absent, e.g. ODP Hole 994C at Blake Ridge, Southeast
U. S. Cost, and Shenhu area in northern South China Sea (Paull
et al., 1996; Yang et al., 2011).

Except this among the geochemical proxies most important
are halide studies, pore water sulphate study, barium fronts
and isotopic study of carbonates. Sodium chloride (NaCl) in
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Fig. 4. Seismic profile (CH-06-92 Line 31) of Blake Outer Ridge showing
BSR, free methane zone and gas hydrate stability zone. Solid gas hydrate
is recovered from Site 994 though BSR is absent there (Modified from
Paull et al., 1996).

the seawater is the main source of Cl. Gas hydrate bearing
zone always represents depleted CI- concentration than the
surroundings. This happens due to the exclusion of dissolved
CI at the time of the formation of lattice of pure water and
methane within the sea floor in an open system. For this reason,
the salinity of the surrounding water increases due to
percolation of the CI. If water samples are recovered from gas
hydrate zone after its dissociation at the time of core recovery,
it shows less CI- concentration due to the dissociation of pure
water from the lattice of hydrates which has no CI in it. The
classical example of chlorine depletion inrecovered pore water
samples from gas hydrate zone is observed in Blake Outer
Ridge (Site 994, Leg 164) where gas hydrate layer lies inbetween
180mto 450mbelow sea floor (Paull et al., 1996). Todide (I') and
Bromide (Br ) are present in very little amounts in sea water in
comparison to Cl- whereas they may be present in higher amount
in SOM. Water in the biogenic gas hydrate zone is always rich
in I and Br ~ concentration than the surrounding. I and Br -
present in the SOM come out in the free water by the bacterial
decomposition of SOM, which is absolutely related to the
genesis of the gas hydrate (Fehn ez al., 2000).

In general, pore water sulphate concentration decreases
with increasing depth. The oxygen present in the sulphate is
used for the oxidation of sedimentary organic matter present
within the sediments and produces toxic H,S. Thus the
increased number of sulphate reducing bacterial population
and decreased pore water sulphate indicate biogenic cracking
of organic carbon. On the other hand, sulphate reducing bacteria
also used pore water sulphate for the anaerobic oxidation of
in situ generated or upward migrated methane from the deeper
part. Thus the interface between pore water sulphate and
methane may be important for determination of extent of
methane within the sediments (Martens ef al., 1999). The
chemical reactions for the degradation of sedimentary organic
matter and anaerobic oxidation of methane are as follows:

SOF™ +2CH,0 = HyS+2CHO3 evervevcrsmrvmsssseenecV)
SOF +4Hy — 2H" > HyS+4H,0 eovvvevcccecrveccnean (VD)

CHy4 +S07~ — HCO3 + HS™ + HpO woovcrrcrreen (Vi)
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Barium is present in the pelagic sediments either in
aluminosilicate or microscopic barite crystal which is also used
as an important indirect proxy to understand the occurrence
and distribution of marine gas hydrate. Barium present in
aluminosilicate is typically immobile where as present in barite
is mobile in nature. Solubility of barite to produce Ba** greatly
reduced with increasing depth and increased in depleted pore

water SO%‘ condition at shallower depth. During the
sedimentation, dissolved Ba** moves downwards from high

pore water SO%‘ bearing zone to low pore water SO%‘ bearing
zone. Again the dissolve Ba** diffuses upward from depleted

SO%‘ to enriched SO4~ bearing zone and get participated

there. Thus, upward diffusion of Ba** exceeds downward burial
and barium front created. In this way, Ba*" front marks the

depth where paleo-pore water SOj~ concentrations were
nearly zero in the past (Dickens, 2001).

The carbon isotopic (8°C) composition of methane is
directly related to its genesis. Methane formed by
methanogenesis shows very high negative 6"°C values lighter
than —60% relative to the Pee Dee Belemnite (PDB) standard
(Kvenvolden, 1998; Paull et al., 2000). Consistent trend of the
carbon isotopic value in methane and CO, in a particular zone
indicates formation of methane resulted from the microbial
reduction of CO, derived from the organic matter (as per
equation number 1v). In case of thermogenic methane, the 6'°C
values are relatively heavier ranging from —40% to —60%. The
8"C values of methane and methane—ethane ratio in the graph
(Fig. 5) can give an idea about the genetic history of methane
formation (Paull ef al., 2000). In Blake Outer Ridge, for example,
the carbon isotopic composition increases towards the depth
from -94% to -66%, indicating microbial origin (Galimov and
Kvenvolden, 1983). Other studies in Offshore Peru, Offshore
northern California and Gulf of Mexico also show highly
negative 8"°C values in the range of —79% to —44% relative to
the PDB standard (Kvenvolden, 1998). On the other hand, gas
hydrate associated with mud volcanoes in the Caspian Sea
shows isotopic composition ranging from —57.3% to —44.8%
indicating thermogenic origin of methane (Bernard ef al., 1976).

For the determination of formation age and genesis of
methane, '*1 study is useful as iodine enrichment reflects the
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Fig. 5. Carbon isotopic plot of methane vs methane-ethane ration plot
from Blake Outer Ridge shows methanes are biogenic in origin (Paull ez
al., 2000)

release of iodine from the decomposition of organic matter
(biophilic character of iodine) in marine sediments (Fehn et al.,
2000).

The Calcium carbonate (CaCO,) content of the sediments
is also an important factor for gas hydrate formation. In Blake
Ridge, CaCO, concentration within the hydrate bearing
sediments is less. Owing to the lack of cementing agent CaCO,
and abundance of siliceous microfossils which in turn is
responsible for the formation of large well rounded pore,
porosity within the sediments remains higher. Increasing
siliceous microfossils also decreases the capillary force between
the grains and increase inhabitation of hydrate or formation of
large clathrate cage (Pierre ef al., 2000).

Foraminiferal proxy

Numerous studies have been carried out to understand
the relation between foraminiferal distribution and seep/gas
hydrate environment (e.g., Sen Gupta et al., 1997; Rathburn et
al., 2000; Torres et al., 2003; Hill et al., 2003, 2004; Panieri,
2005; Bhaumik and Gupta, 2007). These studies showed that
certain species of benthic foraminifera have higher tolerances
to stressful environments associated with seeps (Rathburn et
al., 2000). Akimoto et al. (1994) suggested that the occurrence
of Rutherfordoides cornuta and Bolivina tumida are related
to high methane gas content in marine sediments. Benthic
foraminifera from modern seep environments have been studied
primarily in the Gulf of Mexico (Sen Gupta et al., 1997), northern
California Margin, USA (Rathburn et al., 2000), Monterey, USA
(Bernhard et al., 2001), Santa Barbara Basin, California (Hill et
al., 2003) and offshore Japan (Akimoto et al., 1994), Blake Outer
Ridge (Bhaumik et al., 2011). These studies showed that some
particular taxa of benthic foraminifera, including the genera
Bolivina, Bulimina, Cassidulina, Fursenkoina,
Epistominella, Melonis, Nonionella, Uvigerina, etc. may be
adapted to the high organic carbon, low oxygen reducing
environment of methane seeps. The study by Hill et al (2003)
in methane seep rich Santa Barbara channel has shown that
Epistominella pacifica, Bolivina tumida, Oridorsalis
umbonatus and Uvigerina peregrina are common assemblage
found near active methane seeps and may be an indication of
high concentrations of methane as well as low oxygen and
organic carbon rich environment. It has been found that
Bolivina seminuda and Nonionella auris show their parallel
excursions in methane rich environment and can be used as
proxy for inferring high concentrations of biogenic methane in
pore waters just below the sediment surface (Wefer et al., 1994).
However, few workers suggested that no foraminifera are
endemic to seep environment.

It is evident that methane rich environment is always rich
in bacteria (Wellesbury et al., 2000) and there are some benthic
foraminiferal species (e.g., Chilostomenlla oolina, Melonis
barleeanum, Uvigerina peregrina etc.) which prefer to feed
on bacteria. Thus the population of bacteria as well as these
benthic foraminifera may be an indicator of generation of
biogenic methane by bacterial degradation of SOM (Bernhard
et al., 2001; Rathburn et al., 2000; Panieri, 2005).

Depleted foraminiferal carbon isotopic values are also
another proxy for indentifying methane rich environments
(Wefer et al., 1994; Rathburn et al., 2000). Highly depleted "*C
values of infaunal benthic foraminiferal shell may go up to -
21%0 (Hill et al., 2004) in methane rich settings. Bacterial

degradation of organic carbon produces CH, and CO, (see
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equation number iii). Anaerobic oxidation of methane in the
presence of pore water SO%‘ can also be responsible to

produce O3 (see equation number vii). Thus, fractionation of
C and "*C present with the organic matter took place during
this time. Isotopically lighter carbon ('?C) preferentially enters
the lattice of methane and isotopically heavier carbon ("*C)
enters CO,. This isotopic fractionation may go upto 80% in
between them (Rosenfeld and Silverman, 1959).
Syndepositional formation of gas hydrate entrap methane
quickly, leaving no time for its breakdown and thus the
surrounding water becomes enriched in *C which in turn is
responsible for enriched *C values in foraminiferal shell
calcified during formation of gas hydrate. On the other hand,
dissociation of gas hydrates or methane is responsible to
contribute '2C carbon to the ocean water and thus calcification
of foraminiferal shell during this time bears highly depleted
carbon isotopic signature.

DESTABILIZATION OF GAS HYDRATE

In recent years, numerous attempts have been made to
determine paleo-methane fluxes from gas hydrate reservoirs
using various proxy records (Wefer et al., 1994; Rathburn et
al., 2000; Dillon et al., 2001; Holbrook et al., 2002; Ryskin,
2003; Cannariato and Stott, 2004). Dillon et al. (2001) and
Holbrook et al. (2002) used geophysical proxies to estimate
the release of methane from the Blake Ridge area. Highly
depleted carbon isotope values of benthic and planktic
foraminifera, organic carbon and different organic compounds
(Diplopetrol, Archaeol) have also been used to detect methane
fluxes in the Blake Nose area as well as Santa Barbara Basin
(Kennett et al., 2000; Cannariato and Stott, 2004).

It is well constrained that good amount of biogenic methane
from the Blake Ridge was released at the time of Palaeocene-
Eocene Thermal Maximum (PETM, Katz et al., 1999) and in the
Pliocene-Pleistocene intervals (mainly in the last 2.5 Ma, Dillon
et al.,2001; Dickens, 2001; Holbrook et al., 2002; Bhaumik and
Gupta, 2007). Methane emission across PETM was identified
using benthic fauna and highly negative 4°C isotope values
(Katz et al., 1999). During the Pliocene and Pleistocene, the
methane release was identified mainly using the geophysical
investigations. According to Holbrook et al. (2002),
approximately 0.6 giga ton methane was released from this
zone since the last 2.5 Ma. It has been argued that at any
oceanic location where a methane-driven eruption occurs once,
similar eruptions are likely to occur, roughly periodically
(Ryskin, 2003). So from the previous work as discussed above,
it may be said that a gas hydrate rich zone might have
experienced several episodic methane flux events in the
geologic past and can be identified by the selective benthic
faunal presence or highly depleted carbon isotopic values.

Gas hydrates are highly metastable and easily converted
into gaseous methane and fresh water owing to little bit changes
in the temperature and pressure conditions. Two major models
have been proposed by different workers to support the gas
hydrate destabilization mechanism owing to the reduction of
hydrostatic pressure as well as fluctuation in bottom water
temperature. It has been argued that lowered sea level causes
reduction of hydrostatic pressure that destabilizes solid gas
hydrate into the gaseous phase (Kayen and Lee, 1991; Haq,
1998; Maslin et al., 1998). On the other hand Kennett et al.
(2000) and Hill ef al. (2003) have linked dissociation of gas

hydrate in the Quaternary interstadials to increase in bottom
water temperatures. Holbrook et al. (2002), on the other hand,
related destabilization of gas hydrates to the creation of gas
migration pathways by the formation of sediment waves and
related erosion at Blake Outer Ridge after 2.5 Ma.

Case study from Blake Outer Ridge

The Blake Ridge is located ~200 Km off the east coast of
the United States of America in the NW Atlantic Ocean.
Presence of strong BSR and recovery of gas hydrate lumps
during coring were the evidence of the presence of
disseminated gas hydrate within 185 to 450 meter below sea
floor (mbsf) in this zone. This case study is presented from the
published data generated and obtained from Ocean Drilling
Program (ODP) Hole 994C (31° 47.139' N; 75°32.753' W; present
day water depth 2799.1 m; core penetration 703.5 mbsf) (Paull
et al., 1996). Blake Ridge is an ideal site for the gas hydrate
study and numerous studies have been carried out to
understand different aspects of gas hydrate accumulation.

Presence of solid gas hydrate at Blake Ridge above the
BSR with free gaseous methane below would suggest
saturation of methane in the hydrate-bearing sediment (Paull
et al., 1996). The question is how gas hydrate was formed
within the interval between 195 and 450 mbsf in this zone (5 to
2.95 Ma at ODP Hole 994C). High pressure, low temperature,
high organic carbon, high porosity, adequate amount of
methane and pore water, and rapid sedimentation rate are the
primary requirements for the formation of gas hydrate
(Kvenvolden, 1998). The gas hydrate zone of the Blake Ridge
is typically characterized by the presence of high pressure
(water depth ~3000 m and 195 m overlying sediment thickness),
low temperature (~3°C), high sedimentation rate (12.75 cnvkyr),
high porosity (50-65%), opal concentration (~8%), organic
carbon (0.7-2.1 wt %) and low CaCO, concentration (~4 to
~15%, Paull et al., 1996; Kraemer et al., 2000; Fig. 6).

Presence of higher opal make the sediment highly porous
which in turn acted as the nucleation site for generation of
solid gas hydrates (Kraemer et al., 2000). Abundance of diatoms
within the sediments is responsible for the well rounded large
pores and gas hydrate nucleates in these pores due to feeble
capillary force (Kraemer et al., 2000). Lower CaCO,
concentration also decreases the cementing nature of the
sediments and help in the formation of gas hydrate (Paull et
al., 1996; Balsam and Damuth, 2000). Increased abundances of
well known organic carbon rich taxa (Uvigerina hispida, U.
hispidp-costata, U. peregrina, U. proboscidae and M.
barleeanum) and high TOC concentration in the gas hydrate
and free methane intervals definitely indicate presence of high
organic carbon in these zones (Fig. 7). High bacterial population
(Wellesbury et al., 2000) may indicate consumption of organic
carbon in the formation of methane by methanogenesis.
Absence of Miliolids (Quinqueloculina weaveri,
Q. seminulum, Q. pygmaea, Pyrgo depressa, P. lucernula) in
hydrate rich zone from this site indicates presence of methane
which in turn was responsible for such highly redox
environment.

Previous studies on benthic foraminifera from seeps and
organic carbon rich environments enabled to classify benthic
foraminifera at Hole 994C into two groups as seep-related
(Bolivina paula, Cassidulina carinata, Chilostomella oolina,
Fursenkoina fusiformis, Globobulimina pacifica, Nonionella
auris, Trifarina bradyi) and organic carbon-related (Uvigerina
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peregrina, U. hispida, U. hispido-costata, U. proboscidea and
Melonis barleeanum) taxa (Bhaumik and Gupta, 2007). The
cumulative census data of these species are combined with
total number of species and individuals data, oxygen and
carbon isotope values and global sea-level fluctuation curve
(Haq et al., 1988) for better understanding of the generation
and paleo-methane flux history at Blake Ridge (Fig. 7). At Hole
994C, seep-related and high-organic carbon taxa show opposite
trends during the studied sequence. The interval late Miocene
to mid Pliocene (~7 Ma to 3.6 Ma) is dominated by higher
abundances of high-organic carbon taxa, whereas mid-Pliocene
(3.6 Ma) to the Holocene is dominated by an increased
population of seep-related taxa, coinciding with the beginning
of Northern Hemisphere Glaciation (Fig. 7). The major changes
in seep-related taxa, high organic carbon taxa, total species
and total individuals are observed at around 3 Ma which is
coinciding with the boundary of hydrate rich and hydrate free
zone and might be the indicator of a shift from a stressful
environment (methane rich) to a favourable environment
(methane free). Enriched population of high organic carbon
taxa during 7 to 3.6 Ma indicates input of high organic carbon
to the sea floor which in turn is responsible for generation of
biogenic methane. Increased population of seep-related taxa
coinciding with sea-level lowstands indicates dissociation and
upward migration of gas hydrates in terms of methane owing
to the lowering of hydrostatic pressure (Fig. 7).

Enriched d"*C values in the interval 5 to 3.6 Ma may also
be indicator of syndepositional formation of gas hydrate
(Bhaumik and Gupta, 2005, 2007). The in situ generated biogenic
"*CH, (having depleted d"*C) may quickly get entrapped within
the sediments as solid gas hydrate owing to the presence of
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suitable environment leaving behind “CO, (as per equation
no. iii). This *CO, may take part in the formation of carbonate
test of foraminifera which bears elevated carbon isotopic values.
Also, the work carried out by Paull et al. (2000) on methane-
ethane ratio also indicates that methane present at Hole 994C
is biogenic in origin (Fig. 5) and corroborates our results.
However, Bhaumik et al. (2011) relates the faunal carbon
isotopic data with bottom water hydrography.

Presence of gas hydrate within the sediments makes it
non-porous and non-permeable. Thus, the hydrate rich
sediments resist upward flow of gaseous methane present
below the BSR. Gas hydrate can only be formed and be stable
within the gas hydrate stability zone (GHSZ). The GHSZ can
move upward only if the pressure increases and/or temperature
decreases and move downward if the reverse conditions are
there. Changes in the position of GHSZ are responsible for the
dissociation of gas hydrates into gaseous methane. The
gaseous methane produced by the dissociation of gas hydrate
can escape from the sediments and the methane present below
the BSR again took part in the formation of solid gas hydrates.
Free gaseous methane cannot directly go to the oceanic water
owing to the presence of non-porous hydrated sediments in
the GHSZ.
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SIGNIFICANCE OF GAS HYDRATE STUDY

Though the beginning of gas hydrate research goes back
to 1965, its study gained momentum over the last three decades
when research workers found that it could be a potential energy
resource, a submarine geohazard agent and a driving force for
global climate change. Investigations by John et al. (1994)
suggest that gas hydrate has some beneficial use in
biotechnology, chemical processing and semiconductor
industries or in emulsion manufacturing.

Potential energy resource

Gas hydrate is attractive potential energy resource owing
to its enormous amount of methane within the clathrate
structure. Theoretically it is established that one cubic meter
(1m*) of fully saturated structure-I methane hydrate can yield
up to one hundred sixty four cubic meter (164n?’) of methane
gas at standard PT conditions (Hunt, 1979). The energy
density of gas hydrate is almost same as the energy density of
Compressed Natural Gas (CNG) and less than the energy
density of Liquefied Natural Gas (LNG). The amount of energy
stored in the gas hydrate is twice of the sum of the energy
stored in other fossil fuels (Sloan, 2003). Till date the estimated
amount of carbon trapped within the ocean sediments in terms
of gas hydrates ranges from 500 to 10,000 giga tonnes.
Whereas, estimated trapped carbon in the Arctic permafrost
region is about 400 giga tonnes (Maslin et al. 2010). Geological
structures like seal or dome like reservoir with high porosity
and permeability lying between impermeable strata are
favourable to trap the dissociated methane from gas hydrates.
Economic production of methane from gas hydrate is still a
difficult task. The estimation of world energy balance during
1850 to 2050 is done by Makogoan et al. (2007). He showed
that the demand of wood, coal and oil is gradually decreasing
and demand of natural gas and hydropower are gradually
increasing along with nuclear power. The demand of gas
hydrate increased with a high momentum since 2000 and
probably it will be the main factor to meet our energy
requirement in near future. The time of formation of gas hydrate
is also not restricted globally like oil. About 90% of the total
oil reserves are generated within the six major geologic intervals
(Silurian — 9%, Upper Devonian — 8%, Pennsylvanian to lower
Permian — 8%, upper Jurassic — 25%, middle Cretaceous — 29%
and Oligocene-Miocene — 12.5%; Klemme and Ulmishek, 1991).
On the other hand, world coal reserves are also generated
mainly in two time slices, during Gondwana and Tertiary. In
this respect, the generation of gas hydrate is not time restricted
and is a continuous process. Formation of methane by the
bacterial degradation of SOM within the sea floor is a
continuous process. Trapping of the methane as gas hydrate
in favourable condition can be a continuous source of future
energy.

At present, production of gas hydrate is undergoing in
three fields (Mallik field in Mackenzie Delta, Messoyha field in
East Siberia and Nankai field in Japan; Makogon et al., 2007).
Gas hydrate production initially started in Messoyha
permafrost deposit during the 1970s. Owing to the rapid
production of gas hydrate the reservoir pressure dropped and
the dissociation continued for long time (1979-1982) when the
production was stopped. The production rate during the year
2007 from this site is about 400 million cubic meters per year
(Makogon et al., 2007). Methanol injection method is a
mechanical way to recover methane from naturally occurring
gas hydrate reservoir, although more expensive, but has been

successfully used to exploit methane from Messoyakha Gas
Field. The resource potential of gas hydrate is yet unknown,
but considering the possibility of enormous gas reservoirs,
gas hydrate will continue to attract our attention until the wide
scale recovery procedure is economically viable.

Submarine geohazards

Prior to gas hydrate formation in normal geological setting
in an area, huge amount of methane and water are freed to
migrate within the pore spaces of the sediment. After the
formation of gas hydrate, water and methane become
immobilized solid, restricting pore spaces and retarding the
migration of fluids. Thus, solid water, not liquid water, occupies
the pore spaces and the sedimentological process of
consolidation and concentration of minerals are greatly
inhibited, although gas hydrates themselves can act as
metastable cementing agents. The permeability of the sediments
decrease after the formation of solid gas hydrates. Eventually,
the gas hydrates may occupy much of the sedimentary pore
spaces within the zone of gas hydrate stability. Continuous
sediment formation leads to deeper burial of the gas hydrate.
Finally, the gas hydrate is buried so deeply that temperature at
the base of the stability zone is reached, at which the gas
hydrate is no longer stable and the solid gas hydrate transforms
into “liquid gas—water” mixture. Thus, the basal zone of gas
hydrate becomes weak possibly due to the pressure of the
newly released gas, leading to a zone of weakness where failure
could be triggered by the gravitational loading or seismic
disturbance, and submarine landslides result (Kvenvolden,
1998). The same conditions that cause the gas hydrate
dissociation during continuous sedimentation can also be
brought by the lowering of sea level or by increasing bottom
water temperatures (Katz et al., 1999; Kennett et al., 2000;
Maslin et al., 1998; Bhaumik and Gupta, 2007). These processes
change the in situ pressure and temperature regime; thus gas
hydrate stability zone also varies. While adjusting the new
pressure—temperature conditions, the gas hydrate dissociates
producing an enhanced fluidized layer at the base of gas
hydrate zone. Submarine slope failure can also destabilize the
solid gas hydrate in the deepest sediments. Similarly, gas
hydrate may play an important role in sediment tectonics,
strengthening the sediment above and weakening the sediment
at the base of the gas hydrate stability zone. Besides these
large scale geohazards created by destabilized gas hydrate,
small scale (local) hazards also result in uncontrolled release
of methane gas by dissociation of solid gas hydrate which can
cause failure and subsidence of the gas releasing site (Yakushev
and Collett, 1992).

Possible connection between gas hydrate boundaries and
submarine slides and slump surfaces was first recognized by
Mclver (1977) and several possible examples have been
described later. Some of them are surficial slides and slumps
on the continental slope and rise of SW Africa (Summerhayes
et al., 1979), slumps on the U.S. Atlantic continental slope
(Carpenter, 1981), large submarine slides on the Norwegian
continental margin (Bugge et al., 1987), sediment blocks on
the sea floor in British Columbia fjords (Bornhold and Prior,
1989) and massive bedding plane slides and rotational slumps
on the Alaskan Beaufort Sea continental margin (Kayen and
Lee, 1991). Submarine mud volcanoes, another kind of
geohazards, have also been attributed to the release of gas
from gas hydrates in the Caspian Sea (Ginsburg et al., 1992)
and offshore North Panama (Reed et al., 1990).
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Global climate change

Methane is an important component of the atmosphere
having a present-day concentration of about 4.9x10" g (3.7x
10'°g methane carbon). It is the most abundant greenhouse
gas in the troposphere, after water and carbon dioxide. Both
on the molecule and mass basis, additional methane is actually
much more effective as a greenhouse gas than additional carbon
dioxide. Methane is also the most abundant reactive trace gas
in the troposphere and its reactivity is important to both
tropospheric and stratospheric chemistry. The oxidation of
methane by hydroxyl (OH") ions in the troposphere leads to
the formation of formaldehyde (CH,0), carbon monoxide (CO)
and ozone (O,), in the presence of sufficiently high levels of
nitrogen oxides (NOx). Along with carbon monoxide, methane
helps to control the amount of hydroxyl ion in the troposphere.
Methane also affects the concentration of water vapour and
ozone in the stratosphere and plays a key role in the conversion
of reactive chlorine to less reactive HCI in the stratosphere
(Wuebbles and Hayhoe, 2002).

In the total atmospheric methane, the contribution of
oceanic methane is about 6%, whereas the share of other
contributors is as follows: termites (13%), wet lands (72%) and
other sources (9%) (Khalil, 2000). The outgassing of methane
from gas hydrates due to pressure and temperature change
may affect the Earth’s climate since methane is a greenhouse
gas. It is assumed that the release of methane from marine
hydrates during PETM (Katz et al., 1999) and during the
Quaternary climatic maxima and minima has played a significant
role in the climate change (Kennett et al., 2000). Earth has
witnessed several intervals of climate oscillations typified by
rapid drops and rise in the sea level due to rapid cooling and
warming, It is believed that the release of methane from marine
hydrates has played a significant role to warm the Earth’s
climate. Several of these time intervals of climate change are
characterized by major inputs of carbon to ocean and
atmosphere, and the change in pressure—temperature
conditions during these time slices may have reduced the
stability of the gas hydrate reservoirs. During glaciations, when
sea level drops, large volumes of methane may be released.
Conversely, when sea level rises, the lower limit of gas hydrate
stability moves downward releasing methane from the upper
zone and may trap more methane gas, as gas hydrate move
downward. The concentration of atmospheric methane is
increasing at a rate of almost 1% per year (Watson et al., 1990).
Methane’s contribution is important because its global
warming potential can reach 72 times more in 20 years span
than carbon dioxide (CO,) (IPCC, 2007). Methane is also a
strong green house gas and having global warming potentiality
21 times than CO, (Heimann, 2010). Continuous increase in the
concentration of greenhouse gases may intensify global
warming in near future, thus disturbing the world climate
regimes including the Indian monsoon. As per the report of
IPCC (2007), the global temperature may increase during 2100
is about 1.1 to 6.4° C (best estimation is about 4°C) which may
accelerate global warming and increase in polar ice melting as
well as sea level. This global warming and sea-level high may
be responsible for more input of methane to the atmosphere in
near future.

Indian Gas hydrate deposits

Study of gas hydrate in the Indian offshore regions
particularly in the Andaman region started in the mid-nineties

(Chopra, 1985). Presence of BSR in the both the eastern and
western offshore region within the Bay of Bengal and Arabian
Sea (Krishna-Godavari Basin, Mahanadi Basin, Kerela-Konkan
Basin, offshore Saurashtra) and Andaman region indicate
accumulation of gas hydrate within the sediments (Kelkar et
al., 1996; Verrayya et al., 1998; Rao et al., 2001). Later during
1996, Ministry of Petroleum and Natural Resources constituted
a committee under the aegis of National Gas Hydrate Program
(NGHP) for the exploration of gas hydrate along the vast
continental margins of India. Organizations like Directorate
General of Hydrocarbons (DGH), Oil and Natural Gas
Corporations (ONGC), Oil India Limited (OIL), Gas Authority
of India Limited (GAIL), National Institute of Oceanography
(NIO), National Geophysical Research Institute (NGRI),
National Institute of Ocean Technology (NIOT), etc. are
involved for gas hydrate exploration. On the basis of the
recommendations of the NGHP committee, drilling was done
on 4 Legs, 39 Holes, 21 Sites in three phases along the Kerala-
Konkan, Mahanadi, Krishna-Godavari and Andaman Basins
during 2006 (Collett ef al., 2008a). Direct drilling as well as
different proxies showed that Andaman convergent margin
(Microbial/thermogenic methane), Mahanadi Basin (Microbial/
thermogenic methane) and Krishna-Godavari Basin (Microbial
methane) contain gas hydrate deposits among which Krishna—
Godavari basin has the richest gas hydrate deposits in the
world yet documented (Collett ef al., 2008b). However, Kerala-
Konkan zone is devoid of gas hydrate accumulation. Estimation
done by NGHP to quantify the amount of methane stored in
the Indian continental margins is about 1894 trillion cubic
meters. Till date several studies has been carried out on Indian
gas hydrate deposits. Most of these studies were targeted
using seismic and geochemical data mainly on the Krishna-
Godavari and Mahanadi basins to understand the distribution,
saturation and quantification of gas hydrate as well as stability
zone of the gas hydrates (Kocherla et al., 2006; Dewangan et
al., 2007; Mazumder et al., 2009; Sain et al., 2011, Shankar and
Riedel, 2011). The study of Dewangan et al. (2010) shows that
signature of paleo-fluid/gas migration in terms of methane or
sulfidic fluids are there associated with structures such as
acoustic voids, acoustic chimney and acoustic turbid layers.
Carbon isotopic studies on cold seep biota (ranging in between
-41 to -52%) performed in the Krishna-Godavari Basin which
indicates that methane in this zone is originated by anaerobic
bacterial degradation of organic matter (Mazumder et al., 2009).
However, foraminiferal study from these zones is still awaited.

CONCLUSIONS

Gas hydrates have attracted us to consider them as an
alternative resource of energy in future as the natural resources
are fast depleting. There are vast unexplored gas hydrate
reservoirs trapped in marine sediments, which require
multifaceted extensive efforts to bring them into the world
energy balance. Though exploitation of gas hydrate started in
the permafrost regions, economic exploitation of submarine
gas hydrates still remains a problem. However, with developing
technologies in future gas hydrate will prove to be good
resource to meet energy requirements of the world. Since India
has very limited petroleum reserves, efforts should be
intensified to look for alternative energy sources like gas
hydrates. Government laboratories and agencies have recently
intensified their efforts to explore gas hydrates in Indian
offshore waters.
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On the other hand, recent trends in global warming also
warn us about the future concentration of methane in the
atmosphere. Melting of ice sheets in Arctic region may
contribute huge methane to the atmosphere by the dissociation
of permafrost gas hydrates. On the other hand, rising sea level
related to global warming also may shift the gas hydrate stability
zone through which significant amount of marine methane might
drift into atmosphere. Thus, methane can be a major driving
force in near future owing to its increased concentration as
well as huge green house effect as experienced during PETM.
Successful exploitation of gas hydrate may help us to control
methane flux. This methane can be used as energy resource
and by-product carbon dioxide may be trapped by carbon
sequestration methods which will help us to keep the Earth
green.

ACKNOWLDEGEMENTS

Integrated Ocean Drilling Program is thankfully
acknowledged for providing core samples for the present
study.

REFERENCES

Akimoto, K., Tanaka, T., Hattori, M. and Hotta, H. 1994. Recent
benthic foraminiferal assemblages from the cold seep communities
— A contribution to the Methane Gas Indicator, p. 11-25. In: Pacific
Neogene Events in Time and Space (Ed. Tsuchi, R.), University of
Tokyo Press, Tokyo.

Balsam, W. L. and Damuth, J. E. 2000. Future investigations of
shipboard vs. shore-based spectral data: Implication for interpreting
Leg 164, sediment composition, p. 313-324. In: Proceedings of
the Ocean Drilling Program, Scientific Results, (Eds. Paull, C. K.,
Matsumoto, R., and Dillon, W. P.) 164.

Bernard, B. B., Brooks, J. M. and Sackett, W. M. 1976. Natural gas
seepage in the Gulf of Mexico. Earth Planetary Science Letters, 31:
48-54.

Bernhard, J. M., Buck, K. R. and Barry, J. P. 2001. Monterey Bay
cold — seep biota: Assemblages, abundance and ultrastructure of
living foraminifera. Deep Sea Research, 48: 2233-2249.

Bhaumik, A. K. and Gupta, A. K. 2005. Deep-sea benthic foraminifera
from gas hydrate-rich zone, Blake Ridge, Northwest Atlantic (ODP
Hole 997A). Current Science, 88: 1969-1973.

Bhaumik, A. K. and Gupta, A. K. 2007. Evidence of methane release
from Blake Ridge ODP Hole 997A during the Plio-Pleistocene:
Benthic foraminifer fauna and Total Organic Carbon. Current
Science, 92: 192-199.

Bhaumik, A. K., Gupta, A. K. and Thomas, E. 2011. Blake Outer
Ridge: Late Neogene variability in paleoceanography and deep-Sea
biota. Palaeogeography, Palaeoclimatology, Palaeoceanography,
302: 435-451.

Bornhold, B. D. and Prior, D. B. 1989. Sediment blocks on the sea
floor in British Colombia fjords. Geo-Marine Letters, 9: 135-144.

Bugge, T., Befring, S., Belderson, R. H., Eidvin, T., Jansen, E.,
Kenyon, N. H., Holtedahl, H. and Sejrup, H.-P. 1987. A giant
three-stage submarine slide off Norway. Geo-Marine Letters, 7:
191-198.

Cannariato, K. G. and Stott, L. D. 2004. Evidence against clathrate-
derived methane release to Santa Barbara Basin surface waters?
Geochemistry Geophysics Geosystems, S: Q05007, doi: 10.1029/
2003GC000600.

Carpenter, G. 1981. Coincident sediment slump/ clathrate complexes
on the U.S. Atlantic continental slope. Geo-Marine Letters, 1: 29-
32.

Chopra, N. N. 1985. Gas hydrate: An unconventional trap in fore arc
regions of the Andaman offshore. Bulletin of ONGC, 22: 41-54.

Collett, T. S. and Ladd, J. 2000. Detection of gas hydrate with
downhole logs and assessment of gas hydrate concentrations
(saturations) and gas volumes on the Blake ridge with electrical
resistivity log datam p., 179-191. In: Proceedings of the Ocean

Drilling Program, Scientific Results (Eds. Paull, C. K., Matsumoto,
R., and Dillon, W. P.), 164.

Collett, T., Riedel, M., Cochran, J. R., Boswell, R., Kumar, P. and
Sathe, A. V. 2008b. Indian continental margin gas hydrate
prospects: Results of the Indian national gas Hydrate Programm
(NGHP) Expedition 01. Proceedings of the 6th International
Conference on Gas Hydrates (ICGH 2008), Vancouver, British
Columbia, Canada, July 6-10.

Collett, T., Riedel, M., Cochran, J. R., Boswell, R., Presley, J.,
Kumar, P., Sathe, A., Sethi, A., Lall, M., Siball, V., and the
NGHP Expedition 01 Scientific Party, 2008a. Indian National
Gas Hydrate Program Expedition (01Initial Reports: Prepared by
the U.S. Geological Survey and Published by the Directorate General
of Hydrocarbons, Ministry of Petroleum & Natural Gas (India), 1
DVD.

Dewangan, P., Ramprasad, T. and Ramana, M. V. 2007. Finite
difference modelling of scattered hydrates and its implications in
gas-hydrate exploration. Current Science, 93: 1287-1290.

Dewangan, P., Ramprasad, T., Ramana, M. V., Mazumdar, A.,
Desa,M. and Badesab, F. K. 2010. Seabed morphology and gas
venting features in the continental slope region of Krishna-Godavari
basin, Bay of Bengal: Implications in gas—hydrate exploration.
Marine and Petroleum Geology, 27: 1628-1641.

Dickens, G. R. 2001. The potential volume of oceanic methane hydrates
with variable external conditions. Organic Geochemistry, 32: 1179-
1193.

Dillon, W. P., Nealon, J. W,, Taylor, M. H., Lee, M. W,, Drury, R.
M., Anton, C. H. 2001. Seafloor collapse and methane venting
associated with gas hydrate on the Blake Ridge-Causes and
implication to seafloor stability and methane release. In: (Ed. Paull.
C. K., Dillon, W. P.), Natural gas hydrates: Occurrence, distribution
and detection. American Geophysical Union, Geophysical
Monograph, 124: 211-233.

Fehn, U., Snyder, G. and Egeberg, P. K. 2000. Dating of pore waters
with '?I: Relevance for the origin of marine gas hydrates. Science,
289: 2332-2335.

Galimov, E. and Kvenvolden, K. A. 1983. Concentrations and carbon
isotopic compositions of CH4 and CO2 in gas from sediments of
the Blake Outer Ridge. Deep Sea Drilling Project Leg 76, p.403-
407. In: Initial Report of the Deep Sea Drilling Project (Ed. Sheridan,
R., Gradstein, F. et al.), U.S. Gowt. Office, Washington D.C., 76.

Ginsburg, G. D. and Soloviev, V. A. 1998. Submarine gas hydrates.
VNIIOkeangeologia, St. Petersburg: 216.

Ginsburg, G. D., Guseynov, R. A., Dadashev, G. A,, Ivanova, G. A.,
Kazantsev, S. A., Solov’yev, V. A, Telepnev, E. V., Askeri-
nasirov, R. Ye., Yesikov, A. D., Mal’tseva, V. 1., Mashirov, Yu.
G. and Shabayeva, 1. Yu. 1992. Gas hydrates of the Southern
Caspian. International Geology Review, 34: 765-782.

Haq, B. U. 1998. Natural gas hydrates: Searching the long-term climatic
and slope stability records, p. 308-318. In: Gas hydrates: Relevance
to world margin stability and climate change (Ed. Henriet, J.P.,
and Mienert, J.). Geological Society of London, Special Publication,
137.

Haq, B. U., Hardenbol, J., Vail, P. R., et al., 1988. Mesozoic and
Cenozoic chronostratigraphy and cycles of sea-level change: The
Society of Economic Palaeontologists and Mineralogists Special
Publication, 42: 71-108.

Heimann, M. 2010. How stable is the methane cycle? Science, 327:
1211-1212.

Hill, T. M., Kennett, J. P. and Valentine, D. L. 2004. Isotopic
evidence for the incorporation of methane-derived carbon into
foraminifera from modern methane seeps, Hydrate Ridge, Northeast
Pacific. Geochimica et Cosmochimica Acta, 68: 4619-4627.

Hill, T. M., Kennett, J. P., and Spero, H. J. 2003. Foraminifera as
indicators of methane-rich environments: A study of modern
methane seeps in Santa Barbara Channel, California. Marine
Micropaleontology, 49: 123-138.

Holbrook, W. S., Lizarralde, D., Pecher, 1. A., Gorman, A. R.,
Hackwith, K.L., Hornbach, M., Saffer, D. 2002. Escape of
methane gas through sediment waves in a large methane hydrate
province. Geology, 30: 467-470.



GAS HYDRATES OCCURRENCE, DESTABILIZATION AND POTENTIAL ENERGY RESOURCES 49

Hunt, J. M. 1979. Petroleum Geology and Geochemistry: San Francisco
(W.H. Freeman).

IPCC (International Panel on Climate Change), 2007. The
Scientific basis. Contribution of Working Group I to the Fourth
Assessment Report of the International Panel on Climate Change.
Cambridge, MA, Cambridge University Press.

Istomin, V. A. and Yakushev, V. S. 1992. Gazovye Gidraty v Prirodnykh
Usloviyakh (Gas Hydrates in situ). Moscow, Nedra.

John, V. T., Kommareddi, N. S., Ayyageri, M. S., Tata, M.,
Kareyigitoglu, C. F. and Mcpherson, G. L. 1994. New directions
in hydrate technology, p. 468-48. In: International Conference on
Natural Gas hydrates (Ed. Sloan, E.D., Happel, J.H. and Hantow,
M.A)), Annals of the New York Academy of Science, 715.

Katz, M. E., Pak, D. K., Dickens, G. R., and Miller, K. G. 1999. The
Source and Fate of Massive Carbon Input During the Latest
Palaecocene Thermal Maximum. Science, 286: 1531-1533.

Kayen, R. E., and Lee, H. J. 1991. Pleistocene slope instability of gas
hydrate-laden sediment on the Beaufort Sea margin. Marine
Geotechnology, 10: 125-141.

Kelkar, V. L., Budhiraja, I. L., Chandra, K. and Bhatnagar, N. M.
1996. National Gas Hydrate Programme, India: 17-27.

Kennett, J. P., Cannariato, K. G., Hendy, I. L., and Behl, R. J.
2000. Carbon Isotopic Evidence for Methane Hydrate Instability
during Quaternary Interstadials. Science, 288: 128-133.

Khalil, M. A. K. 2000. Atmospheric methane: an introduction, p. 1-8.
In: Atmospheric methane: its role in the global environment (Ed.
Khalil, M.), Springer-Verlag, New York, NY.

Klemme, H. D. and Ulmiskhek, G. F. 1990. Effective Petroleum
Source Rocks of the World: Stratigraphic Distribution and
Controlling Depositional Factors. The American Association of
Petroleum Geologists Bulletin, 75: 1809-1851.

Kocherla, M., Mazumder, A., Karisiddaiah, S. M., Borole, D. V.,
and Rao, B. R. 2006. Evidences of methane-derived authigenic
carbonates from the sediments of the Krishna-Godavari basin,
eastern continental margin of India. Current Science, 91: 318-
323.

Kraemer, L. M., Owen, R. M. and Dickens, G. R. 2000. Lithology
of the upper gas hydrate zone, Blake Outer Ridge: A link between
diatoms, porosity and gas hydrate, p. 229-236. In: Proceedings of
the ocean drilling program, Scientific Results (Eds. Paull, C. K.,
Mutsumoto, R., Wallace,P. J. and Dillon, W. P.), 164.

Kvenvolden, K. A. 1998. A primer on the geological occurrence of gas
hydrate. Geological Society of London, Special Publication, 137:
9-30.

MacKay, M. E., Jarrard, R. D., Westbrook, G. K., and Hyndman,
R. D. 1994. Origin of bottom-simulating reflectors: Geophysical
evidence from the Cascadian accretionary prism. Geology, 22:
459-462.

Majorowicz, J., Safanda, J. and Osadetz, K. 201 1. Gas hydrates
stability and the dynamics of Taliks in the Mackenzie Delta, Canada.
Proceedings of the 7th International Conference on Gas Hydrates
(ICGH 2011), Edinburgh, Scotland, United Kingdom, July 17-21,
2011.

Makogon, Y. F., Holditch, S. A. and Makogon, T. Y. 2007. Natural
gas-hydrates-A potential energy source for the 21* Century. Journal
of Petroleum Science and Engineering, 56: 14-31.

Martens, C. S., Albert, D. B. and Alperin, M. J. 1999. Stable isotope
tracing of anaerobic methane oxidation in the gassy sediments of
Eckernforde Bay, German Baltic Sea. American Journal of science,
299: 589-610.

Maslin, M. A., Mikkelsen, N., Vilela, C., Haq, B. U. 1998. Sea-
level — and gas hydrate-controlled catastrophic sediment failures
of the Amazon Fan. Geology, 26: 1107-1110

Maslin, M. A., Owen, M., Betts, R., Day, S., Jones, T. D. and
Ridgwell, A. 2010. Gas Hydrates: Past and future geohazard?
Philosophical Transactions of the Royal Society, 368: 2369-2393.

Mazumdar, A., Dewangan, P., Joao, H. M., Peketi, A., Khosla, V.
R., Kocherla, M., Badesab, F. K., Joshi, R. K., Roxanne, P.,
Ramamurty, P. B., Karisiddaiah, S. M., Patil, D. J., Dayal, A.
M., Ramprasad, T., Hawkesworth, C. J., and Avanzinelli, R.

2009. Evidence of paleo—cold seep activity from the Bay of Bengal,
offshore India. Geochemistry Geophysics Geosystems, 10(6),
doi:10.1029/2008GC002337.

Mclver, R. D. 1977. Hydrates of natural gas-important agent in geological
processes. Geological Society of America, Abstract with Programs,
9: 1089-1090.

Milkov, A. V. 2004. Global estimation of hydrate-bound gas in marine
sediments: how much is really out there? Earth-Science Reviews,
66: 183-1973.

Paineri, G. 2005. Benthic foraminifera associated with a hydrocarbon
seep in Rockall Trough, NE Atlantic. Geobios, 38: 247-255.
Paull, C. K., Lorenson, T. D., Borowski, W. S., Ussler III, W.,
Olsen, K., and Rodriguez, N. M. 2000. Isotopic composition of
CH,, CO, species, and sedimentary organic matter within samples
from the Blake Ridge: Gas source implications, p. 67-78.
In: Proceedings of the Ocean Drilling Program, Scientific Results
(Eds. Paull, C. K., Mutsumoto, R., Wallace, P. J., and Dillon, W.

P.), 164: 67-78.

Paull, C. K., Matsumoto, R., Wallace, P. J., and Shipboard
Scientific Party, 1996. Proceedings of the Ocean Drilling Program,
Initial Reports. College Station, Texas. 164: 99-318.

Pierre, C., Rouchy, J. M., and Gaudichet, A., 2000. Diagenesis in
the gas hydrate sediments of the Blake Ridge: Mineralogy and
stable isotope compositions of the carbonate and sulfide minerals,
p. 229-236. In: Proceedings of the Ocean Drilling Program,
Scientific Results (Eds. Paull, C. K., Mutsumoto, R., Wallace, P. J.,
and Dillon, W. P.) 164.

Rao, Y. H., Subrahmanyam, C., Rastogi, A., and Deka, B. 2001.
Anamolous seismic reflections related to gas/gas hydrate occurrences
along the western continental margin of India. Geo-Marine Letters,
21: 1-8.

Rathburn, A. E., Levin, L. A., Held, Z.,, and Lohmann, K. C. 2000.
Benthic foraminifera associated with cold methane seeps on the
northern California margin: Ecology and stable isotopic
composition. Marine Micropaleontology, 38: 247-266.

Reed, D., Silver, E., Tagudin, J., Shipley, T. and Vrolijk, P. 1990.
Relations between mud volcanoes, thrust deformation, slope
sedimentation and gas hydrate, off shore north Panama. Marine
and Petroleum Geology, 7: 44-54.

Rosenfeld, W. D., and Silverman, S. R. 1959. Carbon isotope
fractionation in bacterial production of methane. Science, 130:
1658-1659.

Ryskin, G. 2003. Methane-driven oceanic eruptions and mass
extinctions. Geology, 31: 741-744.

Sain, K., Rajesh, V., Satyavani, N., Subbaroa, K. V.
Subrahmanyam, C. 2011. Gas-hydrate stability thickness map
along the Indian continental margin. Marine and Petroleum
Geology, 28: 1779-1786.

Sen Gupta, B. K. and Aharon, P. 1994. Benthic foraminifera of
bathyal hydrocarbon vents of the Gulf of Mexico: Initial report on
communities and stable isotopes. Geo-Marine Letters, 14: 88-96.

Sen Gupta, B. K., Platon, E., Bernhard, J. M. and Aharon, P.
1997. Foraminiferal colonization of hydrocarbon - seep bacterial
mats and underlying sediments, Gulf of Mexico slope. Journal of
Foraminiferal Research, 27: 292-300.

Shankar, U. and Riedel, M. 2011. Gas hydrate saturation in the
Krishna-Godavari basin from P-wave velocity and electrical
resistivity logs. Marine and Petroleum Geology, 28: 1768-1778.

Sloan, E. D. 2003. Fundamental principles and applications of natural
gas hydrates. Nature, 426: 353-359.

Summerhayes, C., Bornhold, B. and Embley, R. 1979. Surficial
slides and slumps on the continental slopes and rises of South West
Africa: A reconnaissance study. Marine Geology, 31: 265-2717.

Torres, M. E., Mix, A. C., Kinports, K., Haley, B., Klinkhammer,
G. P., McManus, J., de Angelis, M. A. 2003. Is methane venting
at the seafloor recorded by 4"°C of benthic foraminifera shells?
Paleoceanography, 18, 1062. doi: 10.1029/2002PA000824.

Veerayya, M., Karisiddaiah, S. M., Vora, K.W., Wagle, B. G. and
Almeida, F. 1998. Detection of gas charged sediments and gas
hydrate horizons along the western continental margins of India,



50 AJOY K.BHAUMIK, AKANKSHA GUPTA, ANILK. GUPTA, SHIV KUMAR, SHILPIRAY AND SANJIB BISWAS

p- 239-253. In: Gas hydrates: relevance to world margin stability
and climate change (Eds. Henriet, J.P. and Mienert, J.), Geological
Society of London, Special Publication, 137.

Watson, R., Rodhe, H., Oeschger, H., and Siegenthaler, U. 1990.
Greenhouse gases and aerosols, p. 1-40. In: Climate Change, The
IPCC Scientific Assessment (Eds. Houghton, J., Jenkins, G. and
Ephraums, J.), Cambridge University Press, Cambridge.

Wefer, G., Heinze, P. M. and Berger, W. H. 1994. Clues to ancient
methane release. Nature, 369: 282.

Wellsbury, P.,, Goodman, K., Cragg, B. A. and Parkes, R. J. 2000.
The geomicrobiology of deep marine sediments from Blake Ridge
containing methane hydrate (Sites 994, 995, and 997), p. 379-
391. In: Proceedings of the Ocean Drilling Program, Scientific

Results In: (Eds. Paull, C.K., Matsumoto, R., Dillon, W. P.). 164.

Wuebbles, D.J. and Hayhoe, K. 2002. Atmospheric methane and
global change. Earth-Science Reviews, 57: 177-210.

Yakushev, V. and Collett, T. 1992. Gas hydrates in Arctic regions —
risks to drilling and production, p. 669-673. In: International
offshore and polar engineering conference, Vol.-1, ISOPE, Golden,
CO, 1.

Yang, R., Wu, N, Lei, X., Su, Z., Liang, J., Sha, Z. 2011. Gas
Hydrate Recognition in non-BSR-Region, Northern South China
Sea. Proceedings of the 7th International Conference on Gas
Hydrates (ICGH 2011), Edinburgh, Scotland, United Kingdom, July
17-21.

Manuscript accepted March 2013






