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Abstract 

Bottom simulating reflector (BSR) is the main marker for the identification of gas 

hydrate in the subsurface sediments from seismic data. Based on BSRs mapped on the 

seismic sections, two national drilling, coring and logging programs were conducted in 

2006 and 2015, respectively, which discovered a huge amount of gas hydrate along the 

Indian continental margin. The first Indian National Gas Hydrate Program Expedition 

1 (NGHP-01) found gas hydrate as fracture-filled and pore-filled in fine-grained 

shallow sediments of Krishna-Godavari, Mahanadi and Andaman offshore basins. 

NGHP-02 was conducted in the deeper water parts of Krishna-Godavari and Mahanadi 

offshore basins to find gas hydrate deposits in the coarse-grained sediments. Well log 

and core data collected during the second expedition in 25 sites reveal a huge amount 

of gas hydrates distributed as pore-fill, fracture-fill and both pore- and fracture-fill 

(mixed) morphologies in sand and silt rich sediments. Rock physics modelling of sonic 

velocity and resistivity log shows that about 80-90% of the pore spaces are filled with 

gas hydrates at some depths, which are closely matching with available pressure core 

measurements. Lateral distributions of gas hydrate are delineated by integrating the 

well logs and seismic data. However, for the proper delineation and quantification of 

gas hydrate, characterisation of the reservoir is very important in terms of lithology, 

porosity, permeability, anisotropy and the morphology of gas hydrate distribution. Full 

waveform inversion of seismic data, advanced rock physics modelling and neural 

network technique, etc. are very useful for assessing the gas hydrate reservoirs. Based 

on certain assumptions, the estimated reserves in Indian offshore is about 1900 trillion 

cubic meters and 1% production can serve India’s energy requirement for a few 

decades. However, the estimated reserves should be further refined incorporating more 

drilling and coring data. 
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1. Introduction 

Natural gas hydrates are solid, non-stoichiometric compounds of gas molecules (mainly 

methane) and water, formed under low temperature and high-pressure condition. Gas 

hydrates are found worldwide in shallow sediments of continental margins (where 

water depth exceeds 500 meters), beneath the permafrost, glaciers and some deep-water 

lakes (Sloan, 1998; Kastner et al., 1998; Kvenvolden, 1998). Solid gas hydrate holds a 

huge amount of energy in terms of gas; one-unit volume of gas hydrate can yield about 

164-unit volume of methane gas at normal pressure and temperature. Below the gas 

hydrate stability zone, methane may be present as dissolved or free gas, but not as 

hydrate. Dissociation of hydrate releases methane (a greenhouse gas) into the 

atmosphere, which may cause global warming and reduce the sediment strength leading 

to the slope failure or seafloor instability (Sloan, 1998; Kvenvolden, 1998). Thus, 

Quantifications of natural gas hydrate and free-gas are essential in evaluating their 

resource potential and impacts on the environment. The rising demand for carbon 

emission-free alternate energy resources imposes research on the exploration and 

development of gas hydrate. Global reserves of gas trapped in gas hydrate are 

speculated to be 1-120 × 10
15

 m
3
 (Ruppel and Kessler 2017; Makogon et al., 2007; 

Klauda and Sandler, 2005; Milkov, 2004; Ahlbrandt, 2002; Kvenvolden, 1998), 

however reliable estimates are yet to be made. This is almost 10 times of total reserves 

of conventional sources of natural gas (Ahlbrandt, 2002). Though, the volume of global 

gas that can be recovered technically is speculated to be ~3×10
13

m
3
 (Boswell and 

Collett, 2011), which even is huge in a sense that only 15% of recovery can achieve the 

requirement of global energy for 200 years (Makogon et al., 2007).  

Energy-craving countries like India are looking for an alternative energy source for 

their sustainable development. The Gas Authority of India Limited launched Gas 

hydrate exploration program in India in 1996 under the supervision of the Ministry of 

Petroleum & Natural Gas, Govt. of India. Later, The National Gas Hydrate Program 

(NGHP) was formulated under the Directorate General of Hydrocarbons (DGH), which 

engages industries like the Oil and Natural Gas Corporation (ONGC) Limited, Oil India 

Limited (OIL), Gas Authority of India Limited (GAIL), research institutes like the 

CSIR - National Geophysical Research Institute (CSIR-NGRI), CSIR - National 

Institute of Oceanography (CSIR-NIO), National Institute of Ocean Technology 

(NIOT) and various academic institutes. All these organizations belonging to different 

expertise initiated to work on geophysical, geological, geochemical and microbiological 

data to evaluate the resource potential of gas hydrates along the Indian shelf followed 

by the development of suitable technology for commercial production of gas from gas 

hydrates. 

Geological conditions like seafloor temperature, geothermal gradient, bathymetry, 

sedimentation rate, the thickness of sediment, and total organic carbon (TOC) in 

sediments favour the formation of gas hydrate along the continental margins of India 

(Sain and Gupta, 2008). The presence of gas hydrate in sediments is generally mapped 

by identifying the BSR (bottom simulating reflector) in seismic sections or by direct 

evidence from drilling and coring. Analysis of acquired multichannel seismic (MCS) 
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data shows prominent BSRs in the Mahanadi (MN), the Krishna-Godavari (KG) and the 

Andaman (AM) basins along the eastern continental margin of India. The drilling and 

coring programs during NGHP-01 and NGHP-02 confirm the presence of gas hydrate in 

the zones of Bay of Bengal, which was identified earlier from the surface seismic data. 

Studies on gas hydrate prospect forecast about 1900 trillion cubic meters of methane 

gas are being trapped in the form of gas-hydrates within the exclusive economic zone 

(EEZ) of India (Collett et al., 2008). Recovery of only 10% gas from the total gas 

hydrate reserve is equivalent to the energy demand of India for 100 years. This indeed 

is a very promising resource to overcome the ongoing energy crisis. However, to date, 

the exploitation of gas hydrate is not viable commercially worldwide due to lack of 

suitable technology. Identifying the potential zones of gas hydrate accumulation and 

quantification of the amount of gas hydrate from the acquired geophysical data are 

being carried out to aid the future production of gas hydrate. Figure 1 shows the 

drilling, coring and logging sites of two Indian National Gas Hydrate Programs along 

with the seismic data acquired by CSIR-NGRI for gas hydrate exploration (Collett et 

al., 2008, 2019; Sain et al., 2012). In 2006, NGHP-01 conducted drilling and coring off 

the continental margin of India, which identified gas hydrate predominantly as fracture-

filled in clay-rich sediments along the eastern offshore (Collett et al., 2008; Ghosh et 

al., 2010a; Riedel et al., 2010). Total 39 wells were drilled at 21 sites and gas hydrate 

was identified at 13 sites (Collett et al., 2008).  Logging data and infrared (IR) images 

of cores reveal the existence of massive gas hydrate deposits in the KG basin and a 

considerable amount of gas hydrate in the MN basin of the eastern Indian offshore. A 

lot of researches have been carried out to characterize and evaluate the gas hydrate 

reservoir using the data from the NGHP-01 expedition (Cook and Goldberg, 2008; Lee 

and Collett, 2009; Ghosh et al., 2010a; Ojha, 2012; Sain et al., 2012; Ojha and Sain, 

2013; Wang et al., 2013; Sriram et al., 2014; Dewangan et al., 2014; Jaiswal et al., 

2014; Ojha et al., 2016).  

 

Figure 1. Location of drilling, coring and logging sites of Indian NGHP-01 and NGHP-

02 expeditions along the eastern continental margin of India along with the 2D seismic 

data acquired by CSIR-NGRI (black grids). 
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During the expedition-02 in 2015, total 25 sites were drilled, cored and logged in Areas 

A, B, C, and E of the KG and Mn Basins to identify the zones of producible gas hydrate 

in coarse-grained sediments that can be accounted for pilot production test in future 

(Boswell et al., 2019; Collett et al., 2019; Holland et al., 2019; Hsiung et al., 2019; 

Saito et al., 2019). The amount of gas hydrate present in the sediments can be estimated 

from the acquired log data using rock physics theory, which can be further extended to 

the seismic data to know the lateral distribution of gas hydrate. Pure gas hydrate has a 

high sonic velocity of 3.7km/s compared to the water-saturated shallow marine 

sediment with a velocity of about 1.6-1.8 km/s and is electrically resistive. Therefore, 

the presence of gas hydrate elevates the seismic velocity and electrical resistivity of the 

host sediments, which can be translated in terms of the amount of gas hydrate present 

using the rock physics theory. Generally, gas hydrate saturation is overestimated by the 

resistivity log as the resistivity of clean water also increases nearby gas hydrate growth. 

Although estimation of gas hydrate from pressure cores are supposed to be ground 

truth, they are discrete. Therefore, the application of an advanced rock physics model, 

which accounts for the gas hydrate morphology and microstructure of sediment, is 

essential to estimate gas hydrate saturation continuously and accurately. A range of 

rock physics models (Gassmann, 1951; Lee and Collett, 2009; Dai et al., 2008; Dvorkin 

et al., 2003; Ecker et al., 1998; Helgerud et al., 1999; Jakobsen, 2000; Ghosh et al., 

2010a, b) have been developed to interpret seismic velocity in terms of gas hydrate and 

free-gas concentrations. The research and development group of CSIR-NGRI, 

Hyderabad has been working for few decades on quantitative assessment of gas hydrate 

integrating seismic method or/and well log analysis with rock physics modelling in the 

continental margins of India and different parts of the world as well (Ojha and Ghosh 

2021; Singh et al., 2020; Yadav et al., 2019; Jana et al., 2015. 2017, Ojha et al., 2010, 

2016; Shankar and Riedel, 2014; Satyavani et al., 2013; Sain et al., 2012; Ghosh et al., 

2010; Ojha 2012; Ojha and Sain, 2008, 2013; Subrahmanyam et al., 1998), Here, we 

present some recent works for evaluating gas hydrate potential and other related studies 

in the KG, MN and AM Basins. The thickness map of the gas hydrate stability zone 

along the Indian continental margin prepared by CSIR-NGRI (Sain et al., 2011) 

indicates the presence of a huge amount of gas hydrate (Figure2).  
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Figure 2. Probable gas hydrate thickness map along the Indian offshore prepared by 

CSIR-NGRI (Sain et al., 2011). 

2. Gas hydrate potential in the Krishna-Godavari offshore Basin 

Prominent BSR in the multi-channel seismic data, and well logs and core data from 

NGHP-01 have established that clay‐rich marine sediment of the KG basin hosts one of 

the richest gas hydrate deposits in the world (Figure 3). Gas hydrate in clay-rich fine-

grained sediment of the KG basin is distributed as disseminated, pore-filling, grain 

displacing as massive vein structures and the combined of both (Ghosh et al., 2010a). 

For the proper estimation of gas hydrate, an advanced rock physics theory like the 

combined self-consistent (SCA) and differential effective medium (DEM) theory is 

used to incorporate the fractures, anisotropy due to the orientation of clay platelets, 

ellipsoidal pores and the morphology of gas hydrate in the KG Basin. (Ghosh et al., 

2010a, b). Figure 4 shows the predicted average gas hydrate saturations at NGHP-01-10 

site for (i) pore filling, (ii) grain displacing, and (iii) a combination of grain displacing 

and pore-filling morphology are respectively 35–42%, 27–30%, and 33–41% of the 

total porosity within 60–140 m below the seafloor (mbsf). Gas hydrate saturation 

estimated from low-frequency seismic data assuming homogeneous and isotropic 

medium is often overestimated. Jana et al. (2015) have proposed a method to 

incorporate the heterogeneous microstructure of gas hydrate reservoir by generating a 

2-D stochastic heterogeneous velocity and density fields using well log data (contains 

high frequency) in the KG Basin. These simulated fields comprise of all heterogeneities 

of the reservoir in the well log scale demonstrate that the predicted average gas hydrate 

saturation from seismic data is higher (∼12%) than that attained from simulated 2-D 

heterogeneous velocity and density models (∼9%) along a seismic line crossing the 
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NGHP-01-10 site (Figure 5). Similarly, the estimated gas hydrate saturation from the 

simulated 3-D heterogeneous resistivity and density model using corresponding logs 

and seismic data shows that the distribution of gas hydrate is rapidly decreasing away 

from the well NGHP-01-10 as shown in Figure 6 (Jana et al., 2017).  
 

 

Figure 3. Multichannel seismic data shows the BSR and other features in the KG basin 

(Sain et al., 2012). The inset shows the massive gas hydrate samples recovered at well 

location NGHP-01-10.  

 

Figure 4. (a) Sonic velocity at NGHP-01-10D, (b) Estimated saturation of gas hydrates 

for isotropic and anisotropic background assuming fracture porosity of 5% with an 
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aspect ratio of fracture as 1 (blue curve) and 0.001 (red curve) respectively. The solid 

circle shows the estimation from the pressure core data, (c) X-ray image showing gas 

hydrate-infill near-vertical fractures and (d) Schematic diagrams of orthorhombic media 

caused by the vertical gas hydrate‐filled fractures in a vertically transversely isotropic 

background. V11, V22 and V33 are compressional velocities along the three mutually 

perpendicular directions 1, 2, and 3, respectively. Fractures are considered as (a) 

ellipsoids (width = breadth, and width/length = aspect ratio) and (b) spheres (width = 

breadth = length), (Modified after Ghosh et al., 2010a). 

 

 

Figure 5. (a) Seismic section in KG Basin, (b) simulated P-wave velocity, (c) simulated 

density, (d) gas hydrate saturation estimated seismic impedance and (e) gas hydrate 

saturation estimated from 2-D simulated heterogeneous P-wave velocity and density 

models (modified after Jana et al., 2015). 

 

 

Figure 6. 3-D cross-sectional view of gas hydrate saturation calculated from simulated 

heterogeneous resistivity and density model using the resistivity log, density log and 

seismic data. A 3-D volumetric view (1000 m 1000 m x 131 m) of gas hydrate 

saturation model over gas hydrate-bearing zone around the borehole NGHP-01-10A 

(Jana et al., 2017). 
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Full waveform inversion is an advanced tool to invert seismic data to get details of the 

subsurface velocity structure, which is very useful for characterising gas hydrate 

reservoir as shown in Figure 7 (Ojha et al., 2016). Another very powerful tool in recent 

days is machine learning, which has been applied to find lithology using well log data 

and correlated nicely with seismic data (Figure 8). 

 

Figure 7. (a) Seismic section shows the BSR and seafloor in KG Basin, bottom, (b) 

inverted P-wave velocity using full waveform inversion in the frequency domain. The 

circle shows the resolved complex structures and (c) comparison of the results at well 

location NGHP-01-10 (modified after Ojha et al., 2016). 

 

 
 

Figure 8. Predicted lithology with depth at three holes NGHP-01-10A, -03A and -04A 

are correlated various with lithology in the seismic section, where the BSR is marked 

with the dashed black line (Singh et al., 2020). 
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We show some works carried out in the Area-B of NGHP-02 Expedition, which was 

completely unexplored during the NGHP-01. Logging While Drilling (LWD) data were 

acquired at twelve sites in area B along Krishna Godavari (KG) offshore, where 

massive gas hydrate (up to 90% of the pore volume) are distributed as pore-fill, 

fracture-fill and mixed (both pore- and fracture-filled) morphology. The volume 

fraction of clay minerals is comparatively less in this deeper part of the KG basin than 

the shallow part explored during NGHP-01 Expedition. The mineralogy of layers varies 

from silty clay to clayey silt/sand to pure sand (100% quartz). Figure 9 shows that the 

rock physics modelling of the sonic and resistivity logs, and pressure core 

measurements suggest that the maximum gas hydrate concentration is about 85% of 

pore space at Sites NGHP-02-17, -19 and -22 (Yadav et al., 2019; Joshi et al. 2019; 

Pandey et al., 2019; Collett et al., 2019). 

 

 
 

Figure 9. Gas hydrate saturations estimated Sites NGHP-02-17, -19 and -22 using sonic 

velocity (red curves), resistivity log (green curves) and pressure core data (yellow dots). 

Seismic sections show very strong BSR due to the interference between the BSR and 

another reflector termed as R1 (bottom) and R2 (top), (modified after Collett et al., 

2019 and Yadav et al., 2019). 
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Figure 10: (top) Seismic data acquired by CSIR-NGRI shows strong and 

continuous BSR, (middle) acoustic impedance obtained using a model-based 

post-stack seismic inversion and (bottom) gas hydrate saturation obtained from 

the inverted impedance using rock physics modelling. Sonic logs at well NGHP-

01-19B and -9A (black curves) are superimposed on the seismic and impedance 

section, where the saturation estimated using the sonic log is superimposed on 

the saturation section (modified after Ojha and Ghosh, 2021). 

3. Gas hydrate potential in the Mahanadi offshore Basin 

Compared to the KG Basin, very less work has been carried out at the MN Basin as 

wells drilled, cores and logged at this Basin show less amount of gas hydrate 

concentration in the pore space. Analysis of well logs, pressure core measurements and 

Infra-Red (IR) anomalies of the NGHP-01 expedition show that gas hydrate exists as 
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disseminated within the fine-grained sediment, in contrast to the massive gas hydrate 

deposits in the KG basin. 2D multi-channel seismic data were also analysed for lateral 

extension of the gas hydrate distribution by identifying the BSR, the depth of which 

varies from ~200-300 mbsf depending on the depth of water in the MN Basin (Figure 

11). Gas hydrate is mainly observed in the deep-water channel and the levee complexes 

as interpreted from the regional seismic data. Analysis of seismic data, sonic velocity 

and resistivity log shows that the maximum gas hydrate is about 30% of the pore space 

(Ojha and Ghosh 2021; Arun et al., 2020; Shankar and Riedel, 2014). Out of three sites, 

the sonic and resistivity logs collected at Hole NGHP-01-9A and -19B have been 

analysed by integrating the seismic data to characterise the reservoir (Figure 12).  

 

 
 

Figure 11. Seismic section showing one of the deepest BSR and very clear cross-

cutting in the Andaman offshore Basin (Kumar et al., 2014). 

 

4. Gas hydrate potential in the Andaman offshore Basin 

One of the deepest BSR observed at 610 m depth in the seismic section (Kumar et al., 

2014) was validated by drilling, coring and logging at one site below 1344 m water 

depth in the AM basin during the NGHP-01 expedition, where gas hydrate is found 

distributed in volcanic ash layer (Collett et al., 2008). Figure 12 shows, though the 

average gas hydrate saturation in the AM basin is only 5% of pore volume, the total 

amount of gas trapped in the form of gas hydrate within 308 m thick sedimentary 

column above the BSR is about 1570.8 cubic meter. Average free gas saturation is 

predicted as ~ 1.4% of the pore space within 80 m thick sediment column below the 

BSR (Ojha and Sain, 2013; Shankar and Riedel, 2013; Satyavani et al., 2008). 
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Figure 12. (a) Density porosity, (b) Clay fraction from the gamma-ray log, (c) SFLU 

resistivity, (d) Salinity of porewater, (e) sonic P-wave velocity (black line), the 

theoretical velocity of water-saturated sediments using the Biot (red line) and 

Gassmann’s (dotted green) equation and (f) Hydrate saturation estimated using SFLU 

resistivity (black line), Biot equation (red line), Gassmann’s equation (green), pressure 

cores (yellow dots) and free gas saturation using Gassmann’s equation (blue line) at 

Site NGHP-01-17. 

5. Exploitation scenario of gas hydrate  

Gas hydrates are not stable like conventional hydrocarbons or minerals, as they 

dissociate at normal pressure and temperature (STP) conditions. Besides, gas hydrate 

exists in water depth more than 500 m and shallow soft sediments. Therefore, present 

technologies for hydrocarbon exploration are not suitable for the production or 
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validation of gas hydrate. Drilling from a ship to recognize and evaluate the lateral 

extent of the resource is also very expensive. 

 We are hopeful about the initiative of NIOT, Chennai, India for researching the 

development of appropriate technology to address the issues of gas hydrate exploitation. 

However, methane gas trapped underneath the gas hydrate zone can probably be 

exploited economically in near future. Therefore, identification of spots having domes 

extending from below towards the seafloor, seafloor hills and dipping strata intersecting 

the seafloor are necessary to detect gas traps in hydrate-seals (Kvenvolden, 1998). To 

produce methane gas from gas hydrate three methods such as the (i) thermal 

stimulation, (ii) depressurization and (iii) inhibitor injection are proposed (Holder et al., 

1984). However, none of the methods is economical with available technology. The 

application of any production method is dependent on the host rock, the morphology of 

gas hydrate and the geological/tectonic environment. Laboratory experiments on 

depressurization and/or thermal stimulation provide important information on gas 

production (Kwon et al., 2008; Yun et al., 2011). India participated in a consortium of 

onshore test production at Mackenzie delta in the Arctic region, where a small volume 

of methane gas has been produced from gas hydrates for few days (Dallimore and 

Collett, 2005; Hancock et al., 2005; Takahisa, 2005; Kurihara et al., 2008). The 

depressurization method among all other methods seems to be economically viable as it 

dissociates a substantial volume of gas hydrates relatively rapidly with less energy 

expenditure. Test drilling in marine sands of the Nankai Trough, Japan 

(http://www.mh21japan.gr. jp/english/; Tsuji et al., 2009) shows that the 

depressurization method is suitable in coarse-grained host sediments. Japan claims to be 

the first country to establish methane production from marine deep-water gas hydrate 

deposits after conducting more test productions through the national methane hydrates 

program (MH21) in near future. In case of India, oil and gas industries and R&D 

institutes with international collaboration may adopt production strategy as CO2-

sequestration, since a large number of coal plants (~90 GW total capacity) may provide 

an economic incentive for gas hydrate production as well as reducing greenhouse gas 

by developing Carbon Capture & Storage (CCS) technology. 

 

6. Conclusion  

Identification and delineation of gas hydrates from the seismic surveys have established 

that the KG, MN and AM regions in the Bay of Bengal are the most prospective zones 

of gas hydrate, which have been validated by two national drilling and coring programs, 

namely NGHP-01 and -02. Assessment of gas hydrate potential is essential to aid 

research in the safe commercial exploitation of gas from gas hydrate. Several 

approaches integrating seismic, well logging and rock physics modelling have been 

established indigenously for quantitative assessment of gas hydrate in the prospective 

zones of the Indian shelf. We cite examples of KG, MN and AM Basins in the Bay of 

Bengal, where we develop methods to quantify the amount of gas hydrate from the 

available data. We predict massive gas hydrate deposits in the KG basin (20-90% of 

http://www.mh21japan.gr/
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pore space), moderate deposits (10-15% of pore space) in the shallow part of the MN 

basin and 5% of pore space in the thickest gas hydrate reservoir in the AM basin. 

Kerala-Konkan (KK) and Saurashtra basins in the Arabian Sea along the western 

margin of India are found by the surface geoscientific studies as the next targets for gas 

hydrate exploration. Numerous geophysical and geological attributes designate that the 

Cauvery basin in the eastern margin and the KK basin in the western margin of India 

are the potential gas hydrate-bearing zones. Initially, the existence of gas hydrate in the 

continental selves of India was inferred by identifying BSRs in the seismic sections, 

which were acquired for the conventional oil and gas explorations. Recently, CSIR-

NGRI, Hyderabad, India has acquired seismic data with parameters required 

exclusively for gas hydrate exploration in the KG and MN basins, and a similar plan is 

going to be executed to acquire new data in the AM, KK and Cauvery basins. These 

data would certainly help in carrying out further investigations on gas hydrate 

identification, delineation and assessment to prescribe prospective sites for test 

production with a view of predicting commercial exploitation of gas from gas hydrates 

in the future. Systematic research on the development of production technology to tap 

gas from gas hydrate is of utmost priority. Since gas hydrate is a pack of enormous 

energy and India hosts a huge amount of marine gas hydrate, it could emerge as the 

most important energy resource in India if exploited commercially.  
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