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ABSTRACT

This article outlines the prospect of natural gas hydrate in India, its identification, resource
estimation and production technologies, and vital challenges associated with the viable production
of natural gas from gas hydrates. It contains a brief review of petro-physical and chemical
properties of gas hydrate, geological conditions, formation processes, morphology and
accumulation of gas hydrate, geophysical, geochemical and microbiological indicators of gas
hydrate accumulation, potential locales of gas hydrate, role of geophysical as well as well logging
techniques for prospect investigation, conventional production technologies and theirs limitations,
production scenario and the environmental issues related with commercial production of gas
hydrate in India. The seismic studies for investigation of gas hydrate in Mahanadi and Andaman
deepwater basins are depicted to exemplify the scenario of gas hydrate in India. Analysis of seismic
data (Bottom simulating reflector (BSR), Coherency inversion and Amplitude-versus-offset (AVO)
studies) in combination with geological preconditions (such as high rate of sedimentation, adequate
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depth and temperature coinciding with the BSR) indicate a large area of the order of 250 km? in the
central part of the basin as a probable gas hydrate accumulation area in Mahanadi deepwater
basin. The analysis of AVO anomaly of BSR and seismic signatures of the study area in Andaman
deep water basin reveal a pool of free gas beneath the hydrate layer which has been corroborated

by drilling results of a well in the area.

Keywords: Natural gas hydrate; bottom simulating reflector; geophysical indicators of gas hydrate;
seismic signatures; coherency inversion; amplitude-versus-offset.

1. INTRODUCTION

The ever-increasing demand for sustained
industrial growth has forced all of us to look for
the future, renewable and alternative energy
resources such as coal bed methane in coal
seams, gas found in shale, and gas hydrates
found below or on the ocean floor in form of ice-
like substances. India being one of the fastest
growing economies in the world with nearly 6-8%
GDP growth rate expects three to four fold
increase in the energy demand of the country in
coming decades. To meet such a huge demand
of energy, India has taken initiatives for
harnessing the natural gas associated with
unconventional energy resources available as
Coal bed methane, Shale gas and the Gas
hydrate. This article is intended to describe the
prospect of natural gas hydrates in India with
regards to its identification and resource
estimation techniques, production technologies
and vital challenges associated with commercial
production of gas from gas hydrates.

Gas hydrates are ice like crystals where gas
molecules, methane in most cases, are encaged
in hydrogen bonded water lattices at high
pressure and low temperature. Natural gas
hydrates are unconventional energy resource,
and do have the potential of becoming an
alternate unconventional energy resource due to
its huge deposits envisaged worldwide [1]. The
potential reserves of gas trapped in gas hydrate
around the world are estimated at over 1.5x10"°
m? [2,3,4]. About 97% of natural gas hydrates are
located offshore and only 3% on land. The huge
reserve of methane trapped in gas hydrates
around the world has prompted a recent increase
in hydrate researches worldwide. India has also
initiated active researches for establishing the
gas hydrate reserves in east and west coast by
collecting geophysical, geological, geochemical
and microbiological data under its National Gas
Hydrate Programme (NGHP) initiated and funded
by Ministry of Petroleum and Natural Gas,
Government of India.

India has shown its presence on World Gas
Hydrate Map (Fig. 1) by striking a huge gas
hydrate deposit in Krishna-Godawari (KG) basin
under its National Gas Hydrate Program (NGHP)
Expedition-1 [5,6], and development programs
are in process under the NGHP consortium of
National Institute of Oceanography (NIO),
National Institute of Ocean Technology (NIOT),
National Geophysical Research Institute (NGRI),
Oil India Limited, Gas Authority of India limited
and Oil and Natural Gas Corporation Limited
(ONGC). Gas hydrate deposits in India are
expected in the East and West coast deepwater
areas and in Andaman Deep Water Basin [5,7-
20].

Gas hydrates are also of interest because of their
potential role in climate change. Gas hydrates in
continental shelf sediments can become unstable
either as a result of warming bottom water, or as
a result of a pressure drop due to a reduction in
sea level (such as during an ice age). If these
marine gas hydrates begin to rapidly
disassociate into gas + water, then the methane
trapped in the gas hydrates can be released to
the atmosphere. Therefore, if the flux of methane
to the atmosphere from dissociating hydrates is
sufficient in quantity, this methane can cause
global warming. This process is believed to have
influenced past climate changes [21-25], and the
Late Quaternary (about 15000 yrs ago) climate
change is believed thought to be caused by the
hydrates which (in a process called ‘hydrate gun
hypothesis’) led to significant global warming
[26].

2. PROPERTIES OF GAS HYDRATE

2.1 Petro-physical and Chemical

Properties of Gas Hydrate

Physical properties of gas hydrate is very similar
to those of ice, since the hydrate has 85% (mole)
water and 15% (mole) gas, if all the cages of the
hydrate structure sl, sll, and sH are filled by gas
[27]. Gas hydrates are white, crystalline, ice-like
materials comprised of a methane molecule
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surrounded by a cage of water molecules. The
hydrates are mostly methane rich, but are
sometimes associated with ethane, propane,
butane, carbon dioxide and hydrogen sulfide.
Gas hydrates, also called clathrates, are
mechanical mixtures of natural gas and water,
forming a crystalline solid in cold environments
and are stable under low temperature and high
pressure. These mixtures are called ‘inclusion
compounds’. The water molecules surround the
gas molecules to form cages that trap the gas
into the crystals (Fig. 2). There is no chemical
bond between the water and the gas, so the
crystal is not a chemical compound. Natural gas
hydrate is also known as methane hydrate,
hydromethane, methane ice, and fire ice.
Common clathrate compounds of interest are
those formed from CO,/H,O and CH4H,0
mixtures. The CO,/H,O clathrate is used for
carbon sequestration whereas CH,/H,O clathrate
is used for the extraction of methane gas. In
appearance, hydrates are inter-grown,
transparent-to-translucent, white-to-grey and
yellow crystals, with poorly defined crystal form.
Hydrates may cement sediments in which they
occur, or they may occur in pore spaces in
uncemented sediment grains. Hydrates can
occupy a significant percentage of pore space in
high-porosity sediments, and can occur in large,
contiguous deposits.

The gas hydrates are mainly found in the
permafrost and outer continental margins of the
world where the methane concentration exceeds
its solubility limit [22,28-30]. They can extend
below the base of permafrost, even though
formation temperature is above 0°C. Hydrates
are formed at high pressure (8-30 MPa) and low

temperature (10-20°C) in shallow sediments,
and are stable up to a few hundred meters below
the sea floor [31,32]. Methane trapped in
hydrates and free gas below the hydrate-bearing
sediments is found in huge amount. The quantity
of gas in hydrate does not depend on the depth,
pressure, or temperature of the reservoir.
2.2 Conditions for Formation and
Deposition of Gas Hydrate

The fundamental conditions controlling hydrate
formation and stability are (1) adequate supplies
of water and methane, (2) suitable temperatures
and pressures, and (3) geochemical conditions.
The sediment types and textures may also be
other controlling factors.

2.2.1 Formation of Gas Hydrate

Hydrates can form in several ways. In the arctic,
there is a belief that many hydrate accumulations
represent pre-existing free gas accumulations
that have been converted to hydrate by
subsequent change in environmental conditions.
In the marine environment, hydrate is often
considered to have formed from solution, as
methane is generated by in-situ microbial
processes to the point where the water becomes
saturated with methane and hydrate growth
begins. There is also a high possibility that
methane hydrate could accumulate in coarser-
grained marine sediments by the migration of
gas from deeper, warmer zones, up through
various pathways such as faults, and into water-
bearing shallow sediments where it is then
converted to methane hydrate.

MapA of Discovered Gas rHydrate Deposits
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Fig. 1. Distribution of discovered gas hydrate deposits [3]
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Fig. 2. Schematic drawing of one type of natural gas clathrate structure in which a methane
molecule (grey) is encaged by a lattice of water molecule (red) [33]

Methane is formed in two ways. First, biogenic
methane is the common by-product of bacterial
ingestion of organic matter. Methane is produced
in shallow subsurface environments through
biological alteration of organic matter (with
original ratio of Carbon: Nitrogen: Phosphorus of
106:16:1). The equation (1) describes the
successive stages of oxidation by oxygen and
reduction by nitrates, sulfates, and carbonates
[34].

(CH20)106(NH3)16(H,PO,) ——#53C0O,+53CH,
+16NH;+H,PO, (1)

The same process which produces methane in
swamps, landfills, rice paddies, and the digestive
tracts of mammals occurs continually within
buried sediments in geologic environments all
around the globe. Biogenic processes are
capable of producing vast amounts of methane,
and are considered to be the dominant source of
the methane trapped in hydrate layers within
shallow sea floor sediments. Second,
thermogenic methane is produced by the
combined action of heat, pressure and time on
buried organic material. In the geologic past,
conditions have periodically recurred in which
vast amounts of organic matter were preserved
within the sediment of shallow, inland seas. Over
the time and with deep burial, these organic-rich
source beds are literally pressure-cooked with

the output being the production of large
quantities of oil and natural gas. In this process,
the thermal cracking of organically derived
materials occurs at considerable depth [> 2 km]
in sedimentary basins where temperatures
exceed 100°C. Along with the oil, the gas (largely
methane, but also ethane, propane and other
larger molecules) slowly migrates upwards due
to its buoyancy relative to water. If sufficient
quantities reach the zone of hydrate stability, the
gas will combine with local formation water to
form hydrate. Thermogenic methane may also be
derived by thermal degradation of oil at even
greater depths, and by the maturation of coal.
Thus biogenic methane formation may take place
both in situ [within the hydrate stability zone] and
beneath it, whilst thermogenic methane must be
formed below the Hydrate Stability Zone (HSZ),
and move up into it. Geo-chemical and isotopic
techniques are used to identify the biogenic or
thermogenic origin of the methane. Hydrate
progressively fills and cements the sediment
pore-spaces and fractures, giving rise to massive
and vein type hydrate deposits.

2.2.2 Temperature and pressures

Methane hydrates are thermodynamically stable
within a limited range of pressure and
temperature (P-T) conditions, and exist where
suitable P-T conditions and sufficient quantities
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of gas and water are available in the pore spaces
of sediments. Worldwide these sediments are
found in polar region in association with
permafrost and in the deep-water sedimentary
basins. Gas hydrates are concentrated at the
depocenters of the continental margins where
both organic detritus (from which bacteria
generate methane) and sediments (which protect
detritus from oxidation) accumulate rapidly. The
temperature and pressure conditions for hydrate
stability depend on the composition of the gas
and on the presence of salts and other
components in seawater. It is generally believed
that pore water has to be fully saturated with
methane before natural hydrate can form. The
various phases of water, ice, hydrates and free
gas are determined by a phase diagram, which
depends on the specific gravity of the gas,
salinity of the water, temperature, and pressure.
Since temperature and pressure are functions of
depth, so the phase diagrams are often plotted
versus depth, using assumed pressure and
temperature gradients. The schematic examples
of phase diagram for on-shore and off-shore
situations are shown in Fig. 3. These diagrams
show the combination of temperatures and
pressures (the phase boundary) that mark the
transition from a system of co-existing free
methane gas and water/ice to solid methane
hydrate. When conditions move to the left across
the boundary, hydrate formation will occur,
whereas moving to the right across the boundary
results in the dissociation (akin to melting) of the
hydrate structure and the release of free water
and methane. In general, a combination of low
temperature and high pressure is needed to
support methane hydrate formation.

2.2.3 Geochemical conditions

In addition to temperature and pressure, the
composition of water and gas are critically
important for predictions of stability of gas
hydrates in specific settings for both the fresh
water and the seawater. However, natural
subsurface environments exhibit significant
variations in formation water chemistry which
create local shifts in the pressure/temperature
phase boundary such as a higher salinity
restricts hydrate formation causing the phase
boundary to shift to the left (Fig. 4). Similarly, the
presence of small amounts of other natural
gases, such as carbon dioxide (CO,), hydrogen
sulfide (H,S) and larger hydrocarbons such as
ethane (C,,Hg), will increase the stability of the
hydrate, shifting the curve to the right. As a
result, hydrates that appear to be well above the

base of hydrate stability (from pressure-
temperature relationships) may actually be very
close to the phase boundary due to local
geochemical conditions.

2.2.4 Morphology of methane hydrate

Gas hydrate occurs in various modes such as
the grain-displacing modes in various forms and
sizes as nodules or lenses; interconnected veins
and fracture fills. Malone described four types of
possible morphologies- disseminated, nodular,
vein, and massive [35]. Disseminated hydrate
occurs within the pore space of the sediment,
while others occur where sediments are
disturbed either by regional tectonic stresses or
through the stress generated by the hydrate
crystal growth [36]. Within KG basin, India, the
largest accumulation of gas hydrate is found in
fractured, fine grained sediment at site NGHP-
01-10 [5,37]. Fig. 5 depicts different types of
morphology of hydrates found in KG Basin, India.
However, some researchers disagree with this
classification. Theoretical studies on hydrate
formation [38-40] concluded that coarser grained
sediments having large pores are better host
than fine grained mud/clay. Holland et al.
suggested two basic hydrate morphologies: pore
filling and grain displacing [41].

Gas

2.3 Geological Settings where

Hydrate Occur

Gas hydrates occur in two discrete geological
situations:

(1). Marine  shelf sediments distributed
worldwide [22,43].
(2). On-shore polar regions beneath

permafrost.

The hydrates occur in these two settings
because these are the settings where the
pressure-temperature conditions are within the
hydrate stability limits [44]. Hydrates have been
discovered along the coastlines of all continents,
even at temperate latitudes, and in deep water
trenches in the Pacific. Significant gas hydrate
accumulations have been identified on the North
Slope of Alaska, USA; in the Northwest
Territories of Canada; in the Gulf of Mexico; and
offshore Japan, India, South Korea and China.
The prospective gas hydrate deposits in India
occur in marine shelf sediments settings.

3. LOCALE OF GAS HYDRATE IN INDIA

Indian offshore gas hydrates are formed in the
continental slope area. Rivers bring a lot of



Singh and Prakash; JGEESI, 3(2): 1-24, 2015; Article no.JGEESI. 18860

sediments with organic material and dump them
into the sea. Depending on the shelf width these
sediments travel further and settle in the slope
region, where the organic material (called Total
Organic Content or TOC) are acted upon by
methane producing bacteria (methanogens) in
anaerobic environment and produces methane.
This methane when already within the GHSZ
forms hydrate within the pore spaces. The

Krishna-Godavary (KG), Cauvery and Andaman
basins are prospective Gas hydrate offshore
basins in India [8,45], and the studies are in
progress to establish the gas hydrate in Cambay
and Mahanadi deepwater basins [13-16], and
Konkan-Kerala offshore [46]. The prospective
gas hydrate deposit locations in India are shown
in Fig. 1.
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X -ray image of the core

Gas Hydrate Morphology

Massive Gas Hydrate

Fig. 5. Gas hydrate samples from KG Basin, India showing different morphology [5]

4. TECHNIQUES FOR
OF GAS HYDRATE

IDENTIFICATION

Gas hydrates in sediments can be identified by
various direct and indirect methods. Geophysical
data, particularly seismic is the most commonly
used method which utilizes the acoustic velocity
of hydrate sediments as distinguishing property
for identification of gas hydrates. The seismic
attributes such as reflection strength and
instantenious frequency also provide some clues
for presence of gas hydrate. Logging while
driling measurements (LWD) and Wire-line
logging provide most valuable clues for the
presence of gas hydrates in the sediments.
Geochemical and microbilogical indicators also
provide valuable symptom for the hydrate
accumulation in sediments.

Gas

4.1 Geophysical Indicators of

Hydrate

Geophysical surveys are the primary tools for
detecting the gas hydrate accumulations in
marine sediments. Seismic surveys (2D/3D
seismic, ocean bottom seismic, vertical seismic
profiling, and cross-well and multi-component
seismic), well logging, and controlled source
magneto telluric surveys are the commonly used
geophysical techniques for identification and

evaluation of gas hydrate deposits. Followings
are the robust geophysical indicators of gas
hydrate accumulation in sediments.

4.1.1 Bottom Simulating Reflector (BSR) and
Gas__Hydrate _Stability Zone (GHSZ
thickness

Most of gas hydrates, worldwide have been
inferred from the detection of Bottom Simulating
Reflector (BSR) and mapping of Gas Hydrate
Stability Zone (GHSZ) thickness [47-50]. The
BSR is recognized on the basis of its
characteristic features such as; (i) mimicking the
shape of sea floor because the BSR follows
isotherms, which are nearly parallel to the
morphology of sea floor, (ii) cutting across the
underlying/overlying dipping strata and (iii)
exhibiting large amplitude but opposite polarity to
that of the seafloor reflections [51]. BSR is the

interface between gas hydrate-bearing
sediments above and free-gas saturated
sediments below the interface and is often

associated with the base of the gas hydrate
stability field [22]. The GHSZ is defined by the
maximum range of depth from BSR to seafloor
through which gas hydrate can exist in seafloor
sediments. The BSR is generated due to the
strong impedance (velocity * density) contrast
between hydrated sediments above the
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water/gas bearing sediments giving rise to large
negative reflection coefficient (Fig. 6).

The BSR may not be continuous, indicating an
upward gradation between a hydrate layer above
and a free gas layer below the BSR. The Gulf of
Mexico, Blake Ridge, Cascadia Margin,
MacKenzie Delta, Nankai Trough and KG basin
are some of the best known examples depicting
BSR associated with gas hydrate accumulations
[56,52-57]. Theoretical models [58], and synthetic
studies [54] indicate that the BSR is not a
necessary condition for the presence of hydrate,
as it only occurs when there is free gas beneath
the distinct gas hydrate phase boundary. If there
is no free gas below gas hydrate, there will not
be BSR. Indeed, sediments containing gas
hydrate have been recovered from areas where
there is no BSR [52,59,60]. Further, all the BSR—
like reflections are not generated from gas
hydrate sediments but they may also be
generated by the temprature-controlled
diagenetic effects. In fact, BSR represents an
acoustic velocity contrast in the sediments
(assuming densities to be almost same) that may
be attributed to lithology transitions. Nonetheless,
BSR coupled with other seismic evidence is the
most robust indirect indicator of hydrate
accumulation in the sub-seafloor sediments.

4.1.2 Seismic _velocity of hydrate-bearing
sediments

Seismic data analysis provides acoustic
velocities- P-wave and S-wave (V, and V)
information across the BSR. Vertical seismic
profile (VSP) data, sonic log and laboratory tests
are some other techniques which provide seismic
velocities of the hydrated sediments. The
conventional seismic data provides V, and in
most of the cases V; is estimated through
indirect methods such as from Amplitude
variation with angle (AVA) response of P-wave
seismic data. The multicomponent seismic data
can provide more accurate estimate of V..
Waveform inversion of seismic data [61] provides
most reliable and higher resolution seismic
velocity than conventional velocity analysis
methods. Hydrated sediments normally show
higher interval velocities than sediments without
gas hydrate [47,62]. The inerval velocity may be
as higher as 2600 m/s and as low as 1750 m/s
[13,16]. This velocity decrease across BSR is
known as inversion. The velocity analysis, such
as stacking/ migration velocity analysis, depicts
veocity inversion across the BSR. The velocity
pannels showing acoustic velocities across BSR

in Mahanadi and Andaman deepwater basins are
shown in Figs. 10 and 14 (section 5)
respectively. In Andaman deepwater basin (Fig.
14), the possible hydrated sediments shows V,
of the order of 1950 m/s against the background
velocity of 1650 m/s; 18% higher which may be
attributed to the higher saturation of gas hydrate.
Hence, the velocity inversion across the BSR is
also an important indicator of hydrate
accumulation in the marine sediments.

4.1.3 Amplitude blanking

The amplitudes of seismic reflections from within
the gas hydrate zones are generally much lower
in the areas of an observed BSR as compared to
the adjecent areas where gas hydrate seems to
be absent. Such sudden seismic refelction
amplitude  reduction caused by hydrate
cementation of the sediment is called blanking
and this phenomenon is a useful seismic
attribute for locating possible hydrate deposits
[63,64]. Lee et al. have attempted to correlate the
amont of hydrates in the sediments with the
amplitude blanking on the seismic data in the
Blake Ridge area, Southeastern USA [65].
4.1.4 Amplitude-versus- offset (AVO)/
Amplitude-versus- Angle (AVA)

In petroleum industry, high amplitude reflection
event (bright spot) in seismic data is one of the
direct hydrocarbon indicators, particularly gas.
AVO analyses of common depth point (CDP)
gathers to determine the change in reflection
amplitude as a function of offset or angle are
carried out to validate that the amplitude
anomalies are associated with gas charged
sediments [66]. AVO interpretations are based
upon the theory and observation that free gas
substantially reduces P-wave velocity with little
effect on S-wave velocity [67]. The P-wave
reflection amplitude changes with reflection angle
depending on shear wave as well as
compreesional wave velocities above and below
the reflecting interface, especially to the V,/Vs
ratio or to Poisson’s Ratio [66,68,69]. Ecker and
Lumley have carried out AVO analysis of seismic
data in the Blake outer Ridge offshore, Florida
showing very strong BSR associated with
methane hydrate deposits in deep marine
sediments [70]. The hydrate bearing sediments
show high P-wave velocity of the order of 2.5
km/s and anomalously low S-wave velocity (~0.5
km/s), while the underlying gas-bearing
sediments show low P-wave velocity (1.6 km/s)
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Fig. 6. Hydrated sediments having higher acoustic velocity than the free-gas bearing
sediments below it, generates reflection event called BSR showing large amplitude, opposite
polarity seismic event w.r.t. seafloor reflection

and S-wave velocity of the order of 1.1 km/s
(Fig. 7a). The synthetic and observed AVO
anomaly curves of hydrate layer overlying gas
saturated sediments is shown in Fig. 7b.

4.2 Geophysical Well Logging

4.2.1 Loqging while drilling

Logging-while-drilling (LWD) technique provides
us real-time or near-real-time formation
evaluation information. A full suite of formation
evaluation measurements is available including
electrical resistivity, electrical imaging of the
borehole, y-y density, neutron porosity, sonic
wave velocity, vertical seismic profiles, and
magnetic resonance [71]. The borehole imaging
and sonic wave velocity measurements are used
for identification of hydrated sediments. The
sonic logging while drilling is somewhat less
satisfactory. The measurement of shear wave
velocity in very porous, unconsolidated, shallow
marine sediments is unreliable. Gas hydrates, in
general occur near-seafloor environment with
unconsolidated sand/ mud which can only be
characterized by using LWD because of inherent
risk of well collapse and blow out while carrying
out wireline logging. The technique of logging-
while-coring is a significant advancement,

enabling the recovery of cores while acquiring
borehole data [72].

4.2.2 Wireline logging

Wireline logging is an established technique for
evaluating hydrate formations [53,73-76].
Quantitative wireline interpretation of hydrate
relies on combining magnetic resonance and
density-porosity measurements [39,77].
Resistivity measurements are less sensitive to
borehole conditions than density and magnetic
resonance measurements, therefore electric logs
are used for quantitative estimation of hydrate
concentration using Archie’s equation [78]. The
evaluation of hydrate in the permafrost region is
a significant problem in well log interpretation,
because permafrost and hydrate responses to
density, neutron, resistivity, sonic and NMR
logging tools are indistinguishable for all practical
purposes.

In most of the hydrate studies worldwide, only
two down-hole logging measurements (electrical
resistivity and acoustic transit time logs) are
consistently used to identify potential gas hydrate
accumulation. Fig. 8 shows well logs from a well
in Andaman deepwater basin, in which the gas
hydrate bearing zone (unit 2) is characterized by
higher velocity, lower density and higher
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resistivity than the hydrate-free background zone
(unit 1 and 3) [16].

4.3 Geo-chemical Indicators of Gas
Hydrate

The most important geochemical indicators for
gas hydrate deposits in the sediments are SO42-
and CI- concentrations of the pore water. Barium
front is also another indicator for gas hydrate in
the sediments.

4.3.1Chloride _anomaly: An indicator of gas
hydrate in sediments

During gas hydrate formation process (similar to
ice formation process) salt ions are excluded
from the crystal structure of hydrates. The
excluded salt increases the pore-water chlorinity
in the sediments initially [79]. If the diffusion rate
of the salt is less than the rate of hydrate
formation then the concentration of CI in the pore
water of the sediments would be more than the
adjacent areas, but high salinity pore water

Prakash; JGEESI, 3(2): 1-24, 2015; Article no.JGEESI.18860

diffuses back to the ambient levels with time if
hydrate formation is slower than the rate of
diffusion. Further, on destabilization of gas
hydrates, the elevated chloride concentration
gets diluted with the release of pure water back
into the pore space; causing freshening. Thus
pore water freshening is considered as one of
the most common indirect geochemical
indicators of gas hydrates in sediments, but they
can also be generated by the fluid flows [80], clay
dehydration and opal formation [81-83]. In
analysis of core from Goa, the observed gentle
depletion trend of CI° perhaps indicate the
ongoing process of freshening due to
destabilizing of gas hydrate at deeper level. But
the cores from KG basin do not show any
anomalous behavior. The decreasing pore water
chlorinity trend with depth in gas hydrate bearing
sediments are also reported in the Blake Outer
Ridge [84], offshore Guatemala [85], and in
offshore Peru [86]. Takeuchi and Matsumoto
estimated gas hydrate saturation in the
sediments pore to be 65% to 80% from the
chloride anomalies in the interstitial water from
the Nanakai Trough, Japan [87].
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Fig. 8. Well logs from a well in Andaman area. Unit-2 marks the zone of gas hydrate. Hydrate
layer is characterized by higher velocity, lower density and higher resistivity than the hydrate-
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4.3.2 Sulphate-Methane interface:

indicator of gas hydrate in sediments

An

Sulphate is used as an oxidant by a consortium
of microbes, which breakdown the sedimentary
organic matter within the sulphate reduction
zone. Therefore, sulphate concentration is
expected to decreases with increasing sediment
depth. At the base of this zone, sulphate is
consumed in a process of anaerobic methane
oxidation. Below the sulphate reduction zone,
bacterial methane is generated by CO, reduction
and acetate fermentation. The Sulphate—
methane interface (SMI) occurs as a boundary
between the sulphate reduction and
methanogenesis zones, and relatively active
methanogenesis occurs in marine sediments with
>0.5% TOC content. Further, a relation between
sulphate gradient, methane flux and gas
hydrates has been established [88]. Hence, the
shallow SMI might be useful indicator for
prediction of gas hydrate at depth.

4.3.3 Barium_Front: An
Hydrate in Sediments

Indicator of Gas

Elevated Ba concentration in sediments is one of
the important proxies used for understanding the
distribution and occurrence of gas hydrates [89].
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The solubility of barite is low in deep ocean
waters. Thus in the sediment/pore water systems
even with minor concentrations of dissolved
SO,*~ most labile Ba exists in barite with only
small amounts of Ba®" However, when SO42" is
depleted in the pore waters, the solubility of
barite increases greatly and dissolved Ba®*
concentration rises by several orders of
magnitude causing the Ba front. Variation in
sedimentary Ba can be related to the evolution of
pore water sulphate and during sediment burial,
barite moves downwards from sulphate-rich zone
(top) to sulfate-depleted zone (bottom) and
dissolves. In turn, dissolved Ba diffuses upward
and re-precipitates as barite. In systems where
upward Ba®" diffusion exceeds downward barite
burial, the Ba cycle results in a barium front, a
short interval of high labile Ba concentrations
immediately above the depth of S0,% depletion.

Enrichment of Ba from 70 to 380 (nearly 5 to 6
times) is observed with core depth where high
methane flux and SO4*~ reduction are observed
in KG offshore. The elevated Ba concentration at
the bottom sediments suggests the barium front
phenomenon in KG basin. The Ba front is
another indicator for the presence of methane
gas below the sulphate reduction. The observed
trend of methane enrichment, sulphate reduction,
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Cl- depletion and sulphate methane interface
(SMI) with depth in conjecture of Ba front can be
used as proxy indicators for occurance of gas
hydrate below sea floor.

4.3.4 Authigenic _carbonates: An _indicator of
gas hydrate in sediments

Methane seep sites are generally associated with
the presence of authigenic carbonates [90-93].
The dissociated methane gas releases CO,
(either by reduction or by oxidation) which reacts
with calcium and magnesium in sea water,
precipitating carbonate slabs and nodules that
are enriched in the light carbon isotopes.

4.4 Microbiological Indicators of Gas

Hydrate

The dissociated gas from the hydrates at depths
contains methane, small amount of hydrogen
sulfide, ammonia and fresh water. These gases
oxidized into carbon dioxide, sulfates and nitrates
which are rich nutrients for the bacteria such as
methanotrophs. The presence of vestmentifera,
tubes or calm colonies are the indicator for
buried hydrates at depths [94]. The occurrence of
sulphate reducing bacteria SRB_r (reducers) and
SRB_f (fermenters) in the sediments indicates
gas hydrate deposits. The presence of bacteria
found in the core analysis has validated the
hydrate deposits in KG basin [8].

5. EXAMPLES OF SEISMIC STUDIES FOR
PROSPECT IDENTIFICATION OF GAS
HYDRATE IN INDIA

Presence of gas hydrates have been established
through drilling samples recovered under
different natural gas hydrate projects. However,
their presence over large areas can only be
detected more effectively by seismic reflection
surveys. Seismic reflection techniques are
important tools for characterizing the gas hydrate
zones. The gas hydrates have very strong effects
on seismic reflections because of high acoustic
impedance contrast across the boundary
separating overlying gas hydrate and underlying
water saturated or free gases saturated zone.
The presence of massive gas hydrate
accumulation (>80 m thick) in KG basin has been
confirmed by drilling core recovered under NGHP
Expedition-1 [5]. Seismic studies to identify the
prospect of gas hydrates in Andaman deepwater
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basin, Mahanadi deepwater basin, Kerla-Konkan
offshore and other locations of Western
Continental Margin of India are in progress [95].
In this section, it is devised to present the results
of seismic studies in Mahanadi and Andaman
Deepwater Basins.

5.1 Results of Seismic Studies in
Mahanadi Deepwater Basin, India
In Mahanadi deepwater basin, BSR-like

anomalous features are reported in many areas.
Therefore, with the view of establishing the
presence of gas hydrate, 3D seismic data of
Mahanadi deepwater basin revealing BSR in
certain part of the basin area, are analyzed [13].
The velocity and amplitude (VAMP) study of BSR
is performed and velocity inversion is carried out
to examine whether these BSRs are due to gas
hydrate accumulation in the basin. The results of
seismic analyses are as following.

The study area in Mahanadi deepwater basin
covers the mid slope to abyssal region of the
eastern continental margin of India [13,14].
Depth of the sea bed varies from 200 m to 2700
m with steep slope from 200 m to 2200 m in the
northern part and a gentle increase in water
depth up to 2700 m in the southern part. The
Neogene section in the area comprises
predominantly clay-stones with minor sand and
silts. Polygonal faults are dominant in upper few
hundred meter sections. The 85° East Ridge
passes through the middle of the study area. The
gas escape features such as gas chimney, zones
of gas masking/saturation, and mud diapirs are
not seen clearly on the seismic sections of the
area. The possible reason for this could be the
low frequency seismic data (3-120 Hz) acquired
for hydrocarbon exploration with deeper interest.
The seismic sections in the area show the
presence of BSR-like anomalous reflections 300-
400 ms below the seabed. These BSR-like
features are distinct and follow the characteristic
features such as mimicking the seafloor, polarity
reversal, cross-cutting the lithological formations,
and blanking above and below the BSR. A
typical PSTM gather from area depicts BSR
reflection with opposite polarity to sea bottom
reflection (Fig. 9). The bottom simulating
reflections are very strong at some places and
feeble at other places. The reflection strengths of
BSRs may be attributed to the saturation of free
gas beneath reflector as well as upward
gradation of gas hydrate and its saturation level.
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The analysis of seismic data in the area reveals
that these BSR reflections are present in the
region of structural low at the Neogene level,
indicating that the gas hydrate accumulation may
be restricted in and around the depositional
center. In these areas, the sedimentary thickness
is more than the usual thickness in the area and
therefore the methane gas generation might be
restricted to this depositional center. The gas
hydrate stability zone thickness calculated using
BSRs is found to be of the order of 350-450 m,
which is lower than the GHSZ thickness (600-
700 m) in Mahanadi basin area estimated on the
basis of geothermal gradient, sea bed
temperature, and bathymetry data [96,97]. The
difference may be attributed to the estimation
errors of geothermal gradient, sea temperature,
heat flow, interval velocity, etc. However, the
estimate of GHSZ thickness calculated by
seismic methods should be more reliable.
Therefore, on the basis of mapping of GHSZ
thickness, it can be envisaged that the thin
GHSZ areas might be indicative of fluid flow, and
thus likely areas of methane flux that could have
generated the gas hydrate deposits. The BSRs
are mapped and delineated throughout the area
and the areal extent of these features is quite
large, of the order of 250 km® in the central
western part of the area.

Coherency inversion of PSTM gathers (Fig. 10),
indicates a velocity inversion at the base of the
BSR. The interval velocity reduces from 1750
m/s to 1520 m/s across the BSR. The interval
velocity of hydrate bearing sediment above BSR

is lower than the interval velocity usually
encountered in the classic cases. This might be
due to the low hydrate saturation in the
sediments and/or the presence of clay sediments
in the host rock. The drilled wells in the area also
confirmed the presence of clay in the top few
hundred meters from the sea bed. However, the
presence of very good reflection events (Fig. 9)
may be due to some silt content, fine sand
layers, and laminated clay layers in the top few
hundred meters of lithological section. Extensive
faulting in the shallow seismic section is
polygonal in nature and may be the result of fluid
expulsion during the digenetic processes and
neo-tectonics in the area. Further, a correlation
of depositional model in the area with GHSZ
thickness reveals that the clay-dominant
depositional center, the possible gas hydrate
deposition area in Mahanadi deep water basin, is
associated with a thin gas hydrate stability zone.

AVO analysis of PSTM gathers show increase of
amplitude with offset, which indicates that
sediments below the hydrate might be saturated
with the free gas. Fig. 11 shows AVO response
of a particular PSTM gather from which it can be
observed that BSR shows noticeable increase of
amplitude with angle. Normally, the BSR shows
increase in amplitude with offset [98]; therefore,
the observed AVO response for BSR is similar to
that expected.

The overall analysis of 3-D seismic data depicts
BSR-like features in the central part of basin
confined to the areas of structural low at

South !

5.0 km

«—Time(8)

Fig. 9. Seismic section showing BSR and sagging at Neogene level (Inline-A)
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Fig. 10. Velocity panel showing interval velocity inversion below the BSR. The interval velocity
across the BSR reduces from 1750 m/s to 1520 m/s

Neogene level. The BSR observed in the area
fulfill all the characteristics of a classic case of
gas hydrate accumulation. The coherency
inversion of PSTM gathers shows definite
inversion of interval velocity below the BSR (i.e.,
1750 m/s above the BSR and 1520 m/s below
the BSR). The geological preconditions such as
high rate of sedimentation, adequate depth and
temperature coinciding with the delineated BSR,
indicate gas hydrate accumulation in Neogene
sediments. The delineation and mapping of
bottom simulating reerctors indicate a large area
of the order of 250 km? in the central part of the
basin as a probable gas hydrate accumulation
area in Mahanadi deepwater basin. The AVO
responses of BSR suggest presence of free gas
below the hydrate sediments. The low order of
interval velocity (1750 m/s) of the hydrate layer
might be due to the poor saturation of hydrate in
the sediments.

5.2Results of Seismic Studies in
Andaman Deepwater Basin, India

The 2D/3D seismic data from Andaman deep
water basin are analyzed to establish the gas
hydrate deposits in the area [15,16]. AVO
analysis, pre-stack depth migration and velocity
inversion lead to positive indication for the gas
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hydrate deposits in the area. Some of the
seismic sections show double BSRs indicating
changes in Pressure-Temperature conditions of
the area in the past 10-20K years. Model based
and Grid-based tomography of seismic data
provided detail velocity profile which indicates
free gas below the hydrate layer. Few wells
drilled for hydrocarbon exploration recently have
indicated presence of gas hydrate accumulations
in the area. The results are as following.

The Andaman Basin situated between 6°N to
14°N latitude and 91°E to 94°E longitude has a
thick succession of marine sediments (6000 m+)
from Cretaceous to Recent. It extends 1200 km
from Myanmar in the north to Sumatra in the
south. It is 650 km wide with Malay Peninsula in
the east and Andaman-Nicobar islands in the
west. The morphology and structure of the
Andaman Islands suggest that they are an Island
Arc-Orogen developed due to subduction of the
Indian plate beneath the Southeast-Asian plate,
since Late Cretaceous. Major geotectonic units
from east to west are back arc, volcanic arc, fore
arc, island arc and fore deep; which are related
to the subduction tectonics. During Paleocene —
Eocene time, subduction of Indian plate beneath
Burmese plate caused the rise of accretionary
zone and formation of Fore-arc sub-basin.
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Seismic sections from Andaman area (Fig. 12)
show BSRs at 200-800 ms below the sea
bottom. These BSR events are distinct and have
characteristic features (i) mimicking the sea floor,
(i) polarity reversal, (iii) cross-cutting the
lithological boundaries, and (iv) blanking above
and below the BSRs. There is abundance of
BSRs seen in the seismic sections of deepwater
area of Andaman basin, somewhere it is as
shallow as 400 ms while at some other places it
is quite deep about 800 ms below the sea
bottom. The reason could be the varying
pressure-temperature  regime at different
locations in the area. The BSR events are very
strong at some locations and weak at other
places, the reflection strengths may be attributed
to the saturation of gas hydrate. Gas Hydrate
stability zone thickness in the area has been
calculated to the order of 300-650 m which is in
agreement to the findings of Rastogi et al. [96].
BSR is discontinuous with varying amplitudes, at
places where very high amplitude is observed.
BSR is observed as shallow as 200 ms below the
sea bottom at some places, which might be
possible due to high heat flow in the area. It is
also noticed that some of the seismic sections in
area reveal two distinct BSRs. The upper BSR is
traced as a continuous reflector over about 3km.
The lower BSR is traced at 50-350 m below the
upper one at various locations and is localized
one. It is interpreted that upper BSR is an active
methane hydrate BSR and the lower BSR is a
residual hydrate-related BSR. Migration of
methane hydrate stability zone from lower BSR
to upper BSR might have happened due to sea
bottom warming and tectonic uplift during the
past 10-20 K years.

The AVO analyses of PSTM gathers at various
locations in the area are carried out. At far offsets
the amplitude increases rapidly and there a
phase shift at higher offset. Fig. 13 shows the
AVO anomaly obtained at three representative
locations. Fig. 13-A represents AVO response at
locations where there is significant evidence of
free gas below the hydrate layer such as very
low interval velocity and high amplitude. The
AVO anomaly is very strong at these locations.
But very weak AVO anomaly is observed (Fig.
13-C) at locations where there is no evidence of
free gas below the hydrate layer. Moderate AVO
anomaly (Fig. 13-B) is observed at locations
where some indication for free gas beneath the
BSR is observed such as lowering of interval
velocity as compared to the background velocity.
The study of AVO responses of BSR at various
locations in the area reveal that AVO anomaly is
mainly due to underlying free gas rather than due
to the hydrate layer above the BSR [16]. The
similar AVO results have been reported in Blake
Outer Ridge [70].

Pre-stack time migration (PSTM) velocity
analysis of 2D and 3D seismic data reveals
variation in hydrate layer velocity between 2000
m/s to 1750 m/s. Fig. 14 shows one such a panel
indicating hydrate layer velocity of 1950 m/s. The
hydrate layer velocity reduces to 1750 m/s at
places where BSR amplitude is weak. There
must be a relationship between saturation of
hydrate and interval velocity and reflection
strength of BSR. Coherency inversion followed
by model based and grid based tomography is
applied to get the best estimates of depth model
and interval velocity model of 3D data. Fig. 15
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shows a representative depth section showing
base of hydrate layer at 2150 m having very high
interval velocity of the order of 1900 m/s. Free-
gas below the hydrate layer is evident by very
low interval velocity of the order of 1450 m/s and
high amplitude of the reflection events beneath
BSR. The hydrate layer seems to be working as
perfect seal for upward moving free gas. All
seismic signatures derived from seismic data of
Andaman deepwater basin reveal the presence
of free gas below the hydrate layer. The
preliminary results of drilling in the area also
indicate the presence of gas hydrate and free
gas beneath the BSR. The seismic signatures of
BSRs in the area indicate high saturation of gas
hydrate at places but the pools seems to be
discrete. Thus, this study supports the model for
gas hydrate formation and the development of
BSRs wherein it is envisaged that methane is
generated microbially from organic matter within
the zone of gas hydrate stability and hydrate
formation takes place simultaneous with
sedimentation [99].

6. PRODUCTION TECHNOLOGIES FOR
GAS HYDRATE RESERVOIRS

Technically, three potential gas production
schemes for gas-hydrate reservoirs have been
suggested [100,101].

6.1 Depressurization Technique

In Depressurization technique, the pressure in
free gas zone immediately beneath the hydrate
stability zone is lowered, causing the hydrate at
the base of the hydrate stability zone to
decompose. This technique requires high

porosity, and is very expensive one. The
depressurization can be achieved by removing
gas and water from the reservoir through
production wells. Gas-hydrates in the reservoir
may not immediately start dissociating at the
early stage of production because reservoir
pressure still remain higher than the hydrate
dissociation pressure at reservoir temperature.
Since hydrate dissociation is an endothermic
reaction, a decrease in reservoir temperature is
likely to be observed.

6.2 Inhibitor Injection Technique

The objective of this technique is to move the
stability boundary of the reservoir so that the
gas-hydrates in the reservoir become unstable at
initial reservoir conditions. Consequently, the
gas-hydrates start to dissociate. Injection of
inhibitors such as methanol shifts the P-T
equilibrium so that the gas hydrates are no
longer stable at in-situ P-T conditions. However,
this technique is considered as uneconomical for
producing natural gas from gas-hydrate
reservoirs due to large amounts of inhibitor
utilized. Moreover, penetration of inhibitors may
become Vvirtually impossible in tight hydrate
formation.

6.3 Thermal Simulation Technique

In thermal stimulation technique, a hot fluid such
as hot water is injected into the reservoir in order
to increase the reservoir temperature. As a result
of which, hydrate phase becomes unstable when
the reservoir conditions cross the stability
boundary.

I056 1910 1964 4018 4072 4126 4180 4234 4788
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Fig. 12. PSTM stack section shows BSR indicating gas hydrate accumulation
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Fig. 15. Pre-stack Depth Migrated section overlain by Interval velocity section showing BSR.
Very low Interval velocity below the BSR indicates free gas below Gas hydrate layer which is
working as barrier for upward migration of the gas

Typically, average reservoir pressure decreases
during the production. At fixed pressure and
operating at temperatures above hydrate
formation temperature, thermal injection can be
achieved by insulation or heating of the
equipment. The source of heat provided directly
in the form of injected steam or hot water or
indirectly via electric or sonic means, is applied
to the hydrate stability zone to raise its
temperature, causing the hydrate to decompose.
The main drawback of this technique is that a
considerable portion of the energy introduced
into the system is lost in the injection path and
surroundings, and therefore, only a fraction of
injected energy is utilized towards the
dissociation of gas hydrates. This makes this
technique a costly affair.

7. PRODUCTION CHALLENGES

NGHP has set up a deadline of mid 2015 to
commence commercial production of methane
from Indian gas hydrate field. However, before
the start of production, there are a number of
production related challenges to be met
successfully.

1. Deep water drilling/production challenges.

2. Lack of proven technology to exploit the
methane from gas hydrate on a
commercial scale.

3. Sustained production of methane, since

gas hydrate accumulations are generally
found as disseminated and gradational
deposits.
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4. Managing water production rate, as high
amount of water is expected to be
produced along with the gas.

Sand control since the hydrate reservoir is
mostly unconsolidated formations and very
shallow below the sea bed (400-700 m).
Reservoir subsidence causing collapse of
sea floor foundation and disturbing the P-T
equilibrium  resulting in  melting or
dissociation of methane hydrate. The
melting/dissociation of methane hydrate
will result in release of large volumes of
methane in the atmosphere, and thereby
raising the levels of green house gases
and exacerbating global warming.

8. CONCLUSION

The prospect of natural gas hydrate in India is
described in light of its identification, resource
estimation, production techniques and the crucial
challenges to be met before the start of
commercial production of gas hydrate in India.
The petro-physical and chemical properties of
gas hydrate, geological preconditions for
formation and deposition of gas hydrates,
geophysical and non-geophysical indicators of
gas hydrate accumulation, potential production
technologies and theirs limitations, production
scenario and environmental issues associated
with commercial production of gas hydrate are
described in detail to cover all the facets of gas
hydrate in India. The case studies of seismic
data analysis for prospect identification of gas
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hydrate in Mahanadi and Andaman deepwater
basins are illustrated to depict the development
of gas hydrate in India. The seismic results
(BSR, Coherency inversion and AVO studies) of
Mahanadi basin and associated geological
preconditions such as high rate of sedimentation,
adequate depth and temperature coinciding with
the delineated BSR indicates a large area of the
order of 250 km? in the central part of the basin
at the Neogene level as a potential gas hydrate
accumulation area in the basin, while the AVO
anomaly of BSR and seismic attributes of
Andaman deepwater basin divulge a pool of free
gas beneath the hydrate layer, which has been
validated by drilling results of a well in the area.
The AVO responses of BSR in Mahanadi
deepwater basin suggest the presence of free
gas below the hydrate sediments. The low order
of interval velocity (1750 m/s) of the hydrate layer
in Mahanadi deepwater basin indicates poor
saturation of hydrate in the sediments.

India has established huge gas hydrate reserves
in Krishna-Godavari and Andaman deepwater
basins. Mahanadi deepwater areas also show
positive seismic signatures for huge deposits of
gas hydrate. The prospect identification of gas
hydrate in Western Continental Margin of India,
especially  Kerala-Konkan offshore, near
Lakshyadeep Iceland and Bombay offshore are
in progress and there are good chances of
hydrate accumulation in these areas. The
commercial production of gas from gas hydrate
in India still requires a lot of challenges to be met
successfully.
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