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Abstract 

To delineate the occurrences of gas hydrates and free gas in the Krishna-Godavari (KG) basin, Bay 

of Bengal, we used 3D seismic data to construct a velocity model of high spatial density. We used an 

automated version of migration velocity analysis to estimate P-wave velocities using Kirch off 

prestack time migration. We manually checked all common image gathers (CIGs) to assess the 

reliability of the auto-picking algorithm. The velocity model was validated against available down 

hole information from drilling Sites NGHP-01-02, NGHP-01-03, and NGHP-01-10. The model 

shows a) anomalously high velocities at Site NGHP-01-10 where significant gas hydrates were 

reported and b) background velocities at Sites NGHP-01-02 and NGHP-01-03 where a negligible 

amount of hydrate was recovered. A bottom simulating reflector (BSR) is identified in the 3D 

seismic data, and an average velocity map is prepared above the BSR. Background velocities of 

marine sediments in the KG basin vary from 1.43 km/s to 1.6 km/s; velocities higher than1.65 km/s 

indicate gas hydrate bearing sediments while velocities lower than 1.43 km/s indicate free gas 

bearing sediments. High velocities observed below sea floor mounds and ridges suggest the presence 

of gas hydrate in a structurally deformed area. Slope basins are generally devoid of gas hydrates. 

Free gas is observed at depths of up to several hundred meters below the BSR suggesting the 

migration of deeper fluid/gas into the gas hydrate stability zone (GHSZ).Zones of gas hydrates and 

free gas are preferentially oriented along major faults indicating the role of faults in the 

transportation of free gas and formation of gas hydrates deposits. We identify a free gas bearing 

horizon at depths (> 300 m) below the BSR, which might contribute to the lateral migration of free 

gas. Gas hydrate deposits in KG basin are classified into two categories: i) leaky deposits which 

occur in the areas of active seafloor faults, and are characterized by heterogeneous distribution of gas 

hydrates, and ii) non-leaky deposits which are formed in areas of subsurface faults, and show a 

relatively homogeneous distribution of gas hydrates. Site NGHP-01-10 is angood example of leaky 

gas hydrate deposits above a deep-seated gas reservoir. 
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1. Introduction 

Gas hydrates are crystalline solids which store methane or lighter hydrocarbon gases and are stable at 

high pressures and low temperatures (Sloan and Koh, 2007). Gas hydrates have received worldwide 

attention owing to their potential to store enormous volume of methane gas(Boswell and Collett, 

2011), and several countries such as the USA, Japan, India, and China are developing technologies 

for the production of gas from hydrate deposits. Gas hydrates are also of key interest for climate 

studies as the stored methane is a greenhouse gas (Kvenvolden, 1988),and are also considered to 

represent a geohazard(Schmuck and Paull, 1993). The presence of gas hydrate/free gas is often 

inferred from the occurrence of an anomalous bottom simulating reflector (BSR) in seismic data, at a 

depth which usually coincides with the base of the gas hydrate stability zone(BGHSZ)(Shipley et al., 

1979; Kvenvolden and McDonald, 1985; Singh et al., 1993). The BSR shows characteristic 

properties such as mimicking the seafloor, reversed (negative) polarity, and cross-cutting the 

geological reflectors. A BSR is manifested in seismic data due to the impedance contrast between 

gas hydrate-bearing sediments above and the free gas-bearing sediments below (Helgerud et al., 

1999; Singh et al., 1993).However, drilling expeditions worldwide have shown that the BSR is not a 

reliable proxy for the mapping of gas hydrate deposits (Majumdar et al., 2016). A strong BSR can 

occur due to the presence of a small amount of free gas below the GHSZ without any significant 

amount of gas hydrates.  

Therefore, there is a need for an alternate proxy for mapping large gas hydrate deposits. The acoustic 

velocity of shallow marine sediments can be used for mapping gas hydrate deposits as the presence 

of gas hydrates increases the P-wave velocity (Stoll et al., 1971). A number of studies have estimated 

P-wave velocities from multi-channel seismic (MCS) data, and used the results to infer the presence 

of gas hydrate deposits. The interval velocities derived from2D MCS data established the presence of 

hydrate immediately above a BSR and free gas below it (Singh et al., 1993; Minshull et al., 

1994).They attributed the upward migration of methane into GHSZ as a primary mechanism for 

hydrate formation. Yuan et al.(1996) and Tinivella and Accaino (2000)showed that velocities derived 

from MCS data can be used to estimate hydrate saturations using a suitable rock-physics model. 

Westbrook et al.(2008) showed that lateral variation in velocities is related to spatial distribution of 

hydrate and is controlled by migration pathways of free gas below the BSR. In clay-rich sediment, 

faults/fractures provide conducive pathways for gas migration and hydrate preferentially accumulates 

within faults/fractures in structurally deformed areas(Jaiswal et al., 2012). In addition, a permeable 

horizon may also provide pathways for gas migration(Crutchley et al., 2015). In some cases, 
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faults/permeable horizons may transport methane all the way up to seafloor causing methane seeps in 

the water column (Crutchley et al., 2010). 

Expedition NGHP-01 was carried out for the exploration of gas hydrate deposits in the Krishna-

Godavari basin, Bay of Bengal(Collett et al., 2008; Kumar et al., 2014). The occurrence of a BSR 

was used as a primary tool for the identification of drilling sites. Drilling confirmed the presence of 

fracture-filled gas hydrate deposits, and ~128 m thick massive hydrate was recovered from Site 

NGHP-01-10. Drilling also revealed considerable heterogeneity in the gas hydrate system as nearby 

SitesNGHP-01-12, NGHP-01-13 and NGHP-01-21 (within 500 m of NGHP-01-10)did not recover a 

hydrate deposit of such great thickness. This spatial variability was initially examined using 

asemblance-derived velocity model estimated from 2D seismic data (Dewangan et al., 2011). Later, 

the velocity model was refined using unified imaging (Jaiswal et al., 2012a) and full waveform 

inversion (Jaiswal et al., 2012b) which yielded fine-scale velocity variations, and showed structural 

and stratigraphic controls on the distribution of gas hydrate deposits in KG Basin. The distribution of 

gas hydrate in KG basin varies not only on this local scale but also on a regional scale as indicated by 

negligible recovery of gas hydrates at Sites NGHP-01-02 and NGHP-01-03, which are respectively 

located 1.36 km and 7.89 km from NGHP-01-10. 

The objective of this study is to investigate the regional distribution of gas hydrate deposits and free 

gas, using velocities derived from an analysis of 3D seismic data covering an area of 153 km2. We 

use these data to map areas of gas hydrates and free gas bearing sediments and relate them to the 

distribution of surface and subsurface structures. The results allow us to examine the processes 

responsible for gas hydrate formation in relation to structurally-controlled upward fluid migration. 

2. Geological setting of Krishna-Godavari Basin 

The Krishna-Godavari (KG)Basin is one of the most petroliferous basins on the eastern 

continental margin of India (Fig.1), which came into existence after the breakup of 

Gondwanaland around 130 Myr(Powell et al., 1988; Ramana et al., 1994; Scotese et al., 1988). 

The KG Basin covers an area of 28,000 km2onland and 145,000 km2 offshore(Rao, 2001). The 

study area lies in the deep KG offshore in water depth between 700 and 1200 m (Fig. 1).Drilling 

Expedition NGHP-01 recovered significant amounts of fracture-filled gas hydrate deposits in the 

KG offshore basin(Collett et al., 2008; Kumar et al., 2014).Large scale structures in the KG 

offshore basin are primarily controlled by gravity-driven shale tectonism which occurs due to the 

movement of overpressured shale strata(Choudhuri et al., 2010; Dewangan et al., 2010). The 

major shale horizons in the KG offshore basin were rapidly deposited during Paleocene and 
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Eocene, and gas generation has led to overpressures within the formation(Rao and Mani, 1993; 

Singha and Chatterjee, 2014). Shale tectonism resulted in the development of toe-thrust faults 

and diapiric mounds in the offshore region(Dewangan et al., 2010).  

A multibeam bathymetry map of the study area (Fig. 1; Ramana et al., 2009) includesNGHP-01 

sites 02/03/10/12/13 (Kumar et al., 2014). The map shows several tongue-like features (e.g., 

MTD-1, MTD-4)which have been attributed to mass transport deposits (MTDs) in the slope basin 

(Dewangan et al., 2010; Mandal et al., 2014; Ramprasad et al., 2011).The movement of shale 

strata in the continental slope region has resulted in a series of toe-thrust faults (Choudhuri et al., 

2010; Ramana et al., 2014) which are identified in multibeam bathymetry data as sedimentary 

ridges (Fig. 1). In addition, the movement of upper Miocene-Pliocene mobile shale strata formed 

shale bulges which are identified at seafloor as mounds (M1 and M2, Fig. 1).Bathymetric 

mounds (M1 to M4) and sedimentary ridges (SR1 and SR2) are considered to be the surficial 

expression of shale tectonism (Dewangan et al., 2010). These structures are associated with deep-

rooted faults(Riedel et al., 2010)which provide a conducive environment for the movement of 

fluid/gas. Two fault groups (A and B) are observed in the study area; Group-A faults are 

predominantly oriented in the north-south direction while group-B faults are oriented in the east-

west direction(Riedel et al., 2010).Fluids rich in methane form massive, fracture-filled gas 

hydrate deposits upon entering the gas hydrate stability zone (GHSZ). Some faults may transport 

methane up to the seafloor leading to a proliferation of chemosynthetic communities in KG 

Basin(Mazumdar et al., 2019).Geochemical and magnetic proxies along with fossil records of 

chemosynthetic communities show paleo-methane expulsion events from the mounds and toe-

thrust regions of KG Basin(Mazumdar et al., 2009; Dewangan et al., 2013; Usapkar et al., 2014). 

3. Data and Methodology 

The study uses 3D seismic data in the KG offshore basin covering Sites NGHP-01-02, NGHP-01-03, 

and NGHP-01-10 to delineate the occurrences of gas hydrated eposits (Fig. 1).The data were 

acquired by the Oil and Natural Gas Commission Ltd. (ONGC) onboard M/V Western Monarch in 

2002. A dual air gun cluster of 2750 cu. in. was used as a seismic source and five 5 km long 

hydrophone cables with 200 channels were used as a receiver. The cables were separated from each 

other by 200 m. The shot interval was 50 m, and the receiver group interval was 25 m which 

translates in to a 60-fold common depth point (CDP) gather(Mandal et al., 2014). For the present 

study, we took a subset of the 3D data from two blocks across Sites NGHP-01-10 (NGHP10 block) 

and NGHP-01-03 (NGHP03 block), and reprocessed them independently of each other. Prestack 3D 

seismic data were loaded into ProMAX software, and geometry was assigned based on navigation 
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files. Data were binned into CDP gathers having an interval of 12.5 m along inline direction and 50 

m along cross line direction. The record length of seismic data is 8 s and the dominant frequency is 

~30 Hz.Vertical resolution, defined as one-fourth of wave length, is ~13 m assuming a velocity of 

1600 m/s. Lateral resolution, defined by radius of the first Fresnel zone(Sheriff, 1980), is ~185 m ata 

depth of 1.3 km before migration and ~ 53 m after migration. The NGHP10 block covers an area of 

~58 km2with 92inlines and 1000 cross lines while the NGHP03 block covers an area of ~95 km2with 

152inlines and 1000 crosslines. 

The initial velocity model was obtained for a grid of 500x500 m using a conventional semblance 

approach (Neidell and Taner, 1971).However, the velocity information was not useful for 

interpretation as it depends on the dip of reflector. Therefore, we adopted an established migration 

velocity analysis (MVA) technique(Biondi and Symes, 2004; Sava and Biondi, 2004; Stork, 1992; 

Yilmaz, 2001)to build the velocity model. MVA approach uses the flatness of common image gather 

(CIG) to estimate the velocity model. If migration velocities are close to true velocities, the reflectors 

in a CIG are flat, whereas incorrect velocities lead to under or over migration(Sava and Biondi, 2004; 

Yilmaz, 2001). Kirchoff prestack time migrated images were obtained for a range of migration 

velocities, and the velocity that flattened the CIG for a particular horizon was assumed to be correct. 

In order to obtain the velocity model at each CIG,extensive manual picking is required which is 

time-consuming and laborious. Therefore, we adopted the auto-picking methodology proposed by 

Toldi (1989), in which auto-picking is guided along pre-defined horizons. Migration velocities were 

assumed to be the root-mean-square (RMS) velocities, and interval velocities between the layers 

were calculated from Dix’sequation (Dix, 1955).The error in the interval velocity is inversely 

proportional to layer thickness (Hajnal and Sereda, 1981). Therefore, we picked horizons which are 

well-separated in time. The derived interval velocity model is interpreted to demarcate regions of gas 

hydrate (high velocity anomaly) and free gas (low velocity anomaly). The final velocity model is 

also used to generate prestack time-migrated images. 

Migrated 3D seismic data were loaded into OpendTect software for seismic interpretation. We 

picked the seafloor manually for all in lines and crosslines and constructed a grid for the study area at 

a resolution of 12.5 m x 50 m. The grid was plotted using generic mapping tools (GMT)asa seafloor 

map. Numerous faults were observed on the seafloor map; therefore, a similarity map of the seafloor 

was prepared using the coherency analysis of adjacent seismic traces (De Rooij and Tingdahl, 2002) 

to better delineate the faults. In general, the homogeneous background sediments show similarity 

close to unity while the seafloor disturbed by faults / fracture network or any other laterally 
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heterogeneous features shows a low similarity. We picked the faults and categorizedthem into two 

groups A and B similar to those defined byRiedel et al. (2010). 

We identified the BSR in the seismic data based on its characteristic properties and picked it 

manually wherever it was observed. Assuming that the BGHSZ coincides with depth of the BSR, an 

empirical relationship between depths of the BGHSZ and seafloor was established. The relationship 

was used for computing a BGHSZ grid from seafloor grid. Likewise, other prominent horizons were 

picked on seismic data and respective grids were constructed. The interval velocities were extracted 

at these horizons to construct the velocity maps.  

4. Results 

4.1 Fault / fracture network from a seismically derived seafloor map 

A seafloor bathymetric map interpreted from the 3D seismic data (Fig.2a) shows mass transport 

deposits (MTD-1 and MTD-4), mounds (M1 and M2),and several lineations interpreted as 

surficial expressions faults. In the vicinity of Site NGHP-01-10, we observe the most extensive 

fault/fracture system dominated by Group–A faults. A prominent fault oriented in NNW-SSE 

direction (marked as A) is observed with several small scale faults oriented in the NE-SW 

direction (Fig. 2c).A similar fault system is observed in the western part, however, 

thefault/fracture system isnot observed nearSite NGHP-01-03.  

4.2 Seismic velocities for selected profiles 

Interval velocities estimated using the automated version of MVA are shown along selected 3D 

seismic in lines in Fig. 3 (locations in Fig. 2c).Seismic profile IN-A crosses Site NGHP-01-03 in the 

slope basin (Fig. 3a). Reflectors corresponding to the seafloor, BSR, and a deeper gas horizon are 

marked on the section as well as on the velocity model. Several faults are also marked which 

correlate well with the seafloor map. A weak BSR is observed~250ms TWT (two way travel time) 

below the seafloor from CDPs 2000 to 2200 and from 2600 to 2800. The interval velocity of the 

profile increases from 1.5 km/s at the seafloor to ~1.7 km/s at 600 ms below the seafloor (Fig. 3a). A 

few high velocity anomalies are observed above the BSR. In general, no drop in interval velocity is 

observed below the BSR, however, a low-velocity patch is observed across a group-B fault. No 

velocity anomaly is observed at Site NGHP-01-03. 

Seismic profile IN-B (Fig. 3b) also lies in the slope basin and transects mass transport deposits 

(MTD-4) observed on the seafloor map (Fig. 2a). Towards the southern end of the line, the profile 

crosses a major group-B fault.A BSR is clearly identified from CDPs 2500 to 2800 and is patchy 

within the slope basin. Some high velocity anomalies(>1.7 km/s) are observed above the BSR from 
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CDPs 2000-2100 and 2700-2800 and velocities drops to <1.3 km/s below the BSR. Low velocities 

(1.2-1.3 km/s) are also observedacrossMTD-4from CDPs 2350 to 2650.  

Seismic profile IN-C(Fig. 3c)transects all the major fault groups, and crosses the heavily faulted 

seafloor mound M1 towards the southern end near Site NGHP-01-10. A BSR is observed across the 

section at ~200-250 ms below the seafloor. Anomalously high-velocities are observed above BSR 

between CDPs 2080 and 2160 near Site NGHP-01-10 where the velocity increases from ~1.6 km/s 

to>2 km/s. Drilling results through these patches indicate the presence of fracture-filled gas hydrate 

deposits (Kumar et al., 2014).Other high-velocity anomalies are observed between CDPs 1500-1700 

and CDPs 1750-1850 around a group-B fault. Anomalously low velocity values of ~1.2 km/s are 

observed below the BSR between CDPs 2080-2160 and the low velocities extend to deeper horizons 

at up to 2 s TWT.A high amplitude, low-frequency horizon is observed below the BSR which will be 

referred to as a gas bearing horizon. The seismic reflection amplitudes from the geological layers 

below this horizon are significantly reduced due to attenuation.  

Seismic profile IN-D(Fig. 3d) crosses the western part of mound M1 and near Site NGHP-01-02.A 

high amplitude but patchy BSR is observed along this profile, but is difficult to identify beyond CDP 

2180 as it merges with a deeper gas horizon. Isolated high velocity anomalies are observed above the 

BSR between CDPs 1550-1650, 1980-2050 and 2200-2400where the BSR merges with the gas 

horizons. No velocity anomaly is observed at Site NGHP-01-02, where the log data show a 

negligible amount of gas hydrate (Kumar et al., 2014).A high amplitude and low-frequency gas 

horizon is also observed in this profile below the BSR, and  the seismic reflection amplitudes from 

deeper horizons are significantly reduced. The interval velocity model complements the seismic 

section, and low velocities (<1.3 km/s) are observed below the gas horizon from CDPs 2000 to 2250. 

Similar low velocities are also observed up to 50 ms below the seafloor between CDPs 1550 and 

2100. 

Seismic profile IN-E(Fig. 3e)lies in the western part of the study area and transects bathymetric 

mound M2 which is heavily faulted. A BSR is observed in the seismic section~200-250 ms below 

the seafloor, although its identification is difficult beyond CDP 2200. A continuous high-velocity 

anomaly is observed above the BSR from CDPs 1600 to 2100 where the velocity increases from~1.6 

km/sto~1.75 km/s. In the southern end of the profile, a similar high-velocity anomaly is observed 

from CDPs2200 to 2400 where the velocity is >1.75 km/s. No velocity anomaly is observed 

immediately below the BSR.A high amplitude and low-frequency gas horizon is also observed in this 

profile and low velocities (<1.3 km/s) are observed below the gas horizon from CDPs 1600 to 2350. 

The reflection amplitudes from deeper horizons are reduced. A high amplitude horizon with a 



8 
 

polarity similar to the seafloor is observed 70-100 ms TWT below the seafloor and matches well 

with the top of the high-velocity zone.  

4.3Reliability of auto-picking algorithm in estimating seismic velocity 

We performed a quality check on the auto-picking algorithm to assessits reliability in estimating 

seismic velocity. Semblance plots were generated to measure the flatness of common image gathers 

(CIGs) as a function of migration velocities and two-way traveltimes (TWT). Fig. 4a presents the 

semblance plot for seismic profile IN-A at CIG 2566nearSite NGHP-01-03 and shows a monotonous 

increase in velocity with depth. No high or low-velocity anomaly is observed across the BSR, and 

results from Site NGHP-01-03 confirm that it contains negligible amount of gas hydrate (Kumar et 

al., 2014). Therefore, the velocity profile in Fig. 4a represents the background velocity profile in the 

study area. Fig. 4b presents the semblance plot for profile IN-B at CIG 2051 where a BSR is 

observed at ~1.6 s TWT. An increase in velocity is observed from 1.4 s TWTdown to the BSR and a 

drop in velocity is observed below the BSR down to 1.8 s TWT.Fig. 4c presents the semblance plot 

for profile IN-C at CIG 2128 near Site NGHP-01-10 where a BSR is observed at ~1.58 s TWT. A 

significant increase in velocity is observed from 1.5 s TWTdown to the BSR and a minor drop in 

velocity is observed below the BSR down to 1.75 s TWT. Results from Site NGHP-01-10 show ~128 

m of fracture-filled gas hydrate deposit above the BSR (Kumar et al., 2014).The semblance plot 

shows a significant drop in velocity below 1.9 s TWT indicating a wide spread low-velocity anomaly 

beneath Site NGHP-01-10.Fig. 4d presents the semblance plot for profile IN-D at CIG 2096 near Site 

NGHP-01-02 where a BSR is observed at ~1.61 s TWT. The velocities are similar to background 

above the BSR while significantly lower velocities are observed below the BSR down to1.9 s TWT. 

Log data from NGHP-01-02 indicate an egligible amount of hydrate despite a well-developed BSR 

(Kumar et al., 2014).Fig. 4e presents the semblance plot for profile IN-E at CIG 1825 where a BSR 

is observed at ~1.62 s TWT. Increased and decreased in velocities are observed above and below the 

BSR, respectively. Fig. 4f presents the semblance plot for profile IN-E at CIG 2327 where a similar 

increase and decrease in velocities is observed above and below the BSR (~1.88 s TWT). Overall, 

the velocities auto-picked by the algorithm follow the maximum semblance values. Further, the 

inferences deduced from the velocity trends match well with the results fromNGHP-01. Therefore, 

the velocities picked from the algorithm are considered to be reliable.  

4.4Comparison between the seismic derived velocities and velocities obtained from sonic logs 

The sonic velocities of Sites NGHP-01-02, NGHP-01-03, and NGHP-01-10 are converted from 

depth to TWT below seafloor and compared with the seismic derived interval velocities (Fig. 

5a).Sites NGHP-01-02 and NGHP-01-03 represent the background velocity trend in both logging 
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and seismic-derived velocities, which vary from ~1.45 km/s near the seafloor to ~1.6km/s at 300 

ms TWT below the seafloor. P-wave velocities (Vp)greater than 1.7 km/s indicate the presence of 

hydrates and less than 1.4 km/s indicate free gas(Jaiswal et al., 2012a). Interval velocities at Site 

NGHP-01-10 are up to ~1.85 km/s from 100 to 160 ms TWT and drop to <1.3km/s below the 

BSR. A high-velocity zone in the shallow part of the sonic data from Site NGHP-01-10 is not 

observed in the seismically derived velocities and maybe a local anomaly beyond the lateral 

resolution of the seismic data. The BSR marks the transition from high velocity (hydrate) to low 

velocity (possibly free gas). The mean and standard deviation of the velocities are obtained by 

averaging the nearby CIGs, and shows a99% confidence level in the velocities. A cross plot 

between the sonic velocities and the interval velocities is shown in Figure 5bfor different Sites 

NGHP-01-02, 03, and 10. Velocities for Sites NGHP-01-02 and NGHP-01-03represent 

background values for marine sediments, whereas high velocities at Site NGHP-01-10 show the 

presence of gas hydrates. The log-derived velocities of marine sediments vary from 1.43 km/s at 

the seafloor to 1.6 km/s at BSR depth. Therefore, we assume a velocity range of 1.43 to 1.65 

km/s for the background sediments and an average velocity of 1.6 km/s at BSR depth. Jaiswal et 

al. (2012a) assumed velocities larger than 1.7 km/s to be a firm indicator of gas hydrate and 

velocities smaller than 1.4 km/s to be a firm indicator of free gas while  Dewangan et al. (2011) 

assumed 1.6 km/s to be the average velocity of background marine sediments. The effective 

medium model (EMM) yielded similar background velocities for Site NGHP-01-03(Sriram et al., 

2014). 

4.5Seismicallyderived interval velocity map above the BGHSZ 

We delineate occurrences of gas hydrates by constructing a map of interval velocities above the 

BGHSZ (Fig. 6). Interval velocities were extracted over an interval of 80 ms above the BGHSZ 

and averaged to minimize the effect of vertical heterogeneity. Averaging yielded a consistent 

velocity model used to map zones of anomalously high or low velocities. We manually checked 

the accuracy of the auto-picking algorithm for all CIGs and identified areas where the semblance 

plot was not reliable due to poor data quality. Those areas were not taken into account in 

preparing the velocity maps. In addition, we removed unrealistic velocity values  using the 

concept of outliers (Thompson, 1985) within a radius defined by the Fresnel zone.The average 

interval velocity map above the BGHSZ is shown in Figure 6. High-velocity anomalies are 

observed beneath the mounds and across sedimentary ridges. Velocities vary from ~1.55 km/s to 

~1.65 km/s in the slope basin area and increase to more than 1.70 km/s  beneathmounds M1 and 

M2 and to more than1.75 km/s in the southern part of the study area across these dimentary ridge 
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SR1.Velocities >1.65 km/s are attributed to gas hydrate deposits. The interpreted areas of gas 

hydrates are classified into four zones (Zones I to IV).Zones I and III correspond togas hydrate 

deposits in areas of high-density faulting. Within Zone I, results from Site NGHP-01-10 confirm 

the presence of fracture-filled gas hydrate (Kumar et al., 2014). Zone II represents gas hydrate 

deposits in areas relatively low-density faulting. Zone IV also corresponds to an area of enhanced 

velocities (>1.7 km/s) which may be associated with extensive gas hydrate deposits. 

4.6 Seismically derived interval velocity map below the BGHSZ  

Next, we delineate occurrences of free gas by constructing an interval velocity map below the 

BGHSZ. The velocity map is prepared by averaging the velocities over an interval of 80 ms 

below the BGHSZ (Fig. 7a). The map shows an average velocity of 1.65 km/s in the slope basin, 

decreasing to less than 1.45 km/s in Zones I and III. Interestingly, the map show slow-velocity 

anomalies in the same areas where high-velocity anomalies are observed above the BGHSZ. In 

Zones I and III, areas of high-density faulting, low-velocity anomalies appear to be oriented 

along the trend of the major fault groups. We observe a minor drop in velocity (<1.55 km/s) in 

Zone II, a region of low-density faulting. In zone IV, we observe low velocities (<1.55 km/s) 

below the BGHSZ. Velocities lower than the average background (<1.6 km/s) may indicate the 

presence of free gas while velocities lower than 1.43 km/s area good indicator of free gas. At Site 

NGHP-01-03, we observe a low velocity anomaly indicating the migration of free gas through 

the fault system. The velocity model along selected profiles (Fig. 3) shows the presence of a 

deeper gas horizon which may act as a conduit for the lateral migration of free gas into the 

GHSZ. 

We prepared average velocity maps above this horizon (Fig.7b) and below it (Fig. 7c)to 

understand the deepplumbing system in the KG offshore basin. In Zone I, a significant drop in 

velocities (< 1.43km/s) above and below the horizon show the presence of free gas. Zones II and 

III showsimilar low-velocities confirming that deep-seated gas reservoirs are feeding gas through 

the fault system to form gas hydrates within the GHSZ. The velocity map at a constant TWT of 

2s (Fig.7d) shows a prominent zone of gas located below the area of high-density faulting around 

Site NGHP-01-10.A similar conclusion was drawn by Riedel et al. (2010) based on the attribute 

analysis of 3D seismic data. 

4.7 Gas hydrate saturation map from seismic velocities 

Gas hydrate saturation can be estimated from seismic P-wave velocities using a variety of rock 

physics models that depend on the distribution of gas hydrate within these diments (Helgerud et 
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al.,1999; Sriram et al.,2014). In the present study, we adopted the grain-to-grain contact effective 

medium theory (EMT) of Sriram et al. (2014) to estimate gas hydrate saturation from the average 

interval velocity above the BGHSZ. The background P–wave velocity is estimated to be 1.57 km/s at 

BSR depth using the physical properties of Site NGHP-01-03 (Table 1; Sriram et al., 2014) assuming 

~95 % clay and ~5 % quartz with an average porosity of ~53 % and an average grain contact of five. 

The difference between the background velocity and the average interval velocities is expressed in 

terms of gas hydrate saturations using the EMT (Fig. 8). Gas hydrate saturations vary from 10-20 % 

in Zones I–III to greater than 30% in zone IV. The gas hydrate saturation (~20 %)at Site NGHP-01-

10matches well the saturation reported from pressure cores (Kumar et al., 2014). In Zones I and III, 

the gas hydrate distribution is patchy and mostly controlled by the fault system, whereas the 

distribution is relatively homogeneous in Zone II.  

5. Discussion 

5.1 Structural control on the formation of gas hydrate deposits 

The formation and distribution of gas hydrate deposits are often structurally and stratigraphically 

controlled by fluid migration along permeable pathways(Milkov and Sassen, 2002). In structural 

accumulations, gases are transported to the GHSZ through faults and fracture systems, e.g. 

northwestern Gulf of Mexico (Brooks et al., 1986; Milkov and Sassen, 2002, 2001; Sassen et al., 

2001) and Hydrate Ridge (Hovland et al., 1997; Suess et al., 2001; Torres et al., 2004). In the KG 

Basin, the mounds and ridges are associated with deep-rooted fault systems, and some of the faults 

are still active as evident from their seafloor expression(Figs. 2b,d). Our results confirm that these 

faults act as conduits for the passage of fluid/gas from deep-seated reservoirs to the shallow 

subsurface. The average interval velocity map above the BGHSZ(Fig. 6) shows gas hydrate zones (I-

IV) beneath the mounds and toe-thrustridges. Drilling results in Zone I confirm the presence of 

massive, fracture-filled gas hydrate deposits at Site NGHP-01-10(Kumar et al., 2014).In contrast, the 

interval velocity map indicates a negligible amount of gas hydrates in the slope basin, consistent with 

drilling results from Site NGHP-01-03. Therefore, areas of structural deformation due to shale 

tectonism are favorable locations for the formation of gas hydrate deposits within the KG Basin. We 

infer the fault/fracture systems to provide pathway for the upward migration of fluid/gas which, upon 

entering the gas hydrate stability zone, form gas hydrate deposits. The precipitation of gas hydrate in 

marine sediments may also lead to the formation of secondary fractures which enhance primary 

pathways provided by the fractures. However, we infer that the permeable pathways provided by 

fault/fracture systems are critical for the formation and distribution of gas hydrate deposit in clay-

rich sediments. 
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Structural and tectonic settings similar to the KG Basin are found in other active and passive 

continental margins associated with gas hydrate deposits. The Kumano Basin, offshore SE Japan, is 

part of the Nankai accretionary system and contains widespread gas hydrate deposits (Kinoshita et 

al., 2011; Bale et al., 2014). The Nankai Trough is filled with thick turbidites, in contrast to the clay-

dominated KG basin. However, the compressional tectonics of the Nankai system also create fault-

fracture systems that provide pathways for deep-seated fluids to migrate in the GHSZ and form gas 

hydrate accumulations.The northern part of the South China Sea off SW Taiwanisan accretionary 

margin associated with multiple thrust faulting and widespread occurrence of gas hydrate deposits 

(Berndt et al., 2019). The  Hikurangi margin located off the east coast of New Zealand is another 

example of active margin with gas hydrate deposits, in which major thrust fault systems provide 

pathways for the upward migration of deep-seated gas-charged fluids(Crutchleyetal., 2010,2015). 

Analysis of 3D seismic data from the Nankai Trough accretionary prism suggests that focused fluid 

migration through major faults leads to higher heat flow, and is a likely mechanism for the formation 

of gas hydrate deposits (Bale et al., 2014). Analysis of 3D seismic data in the KG Basin suggests that 

the BSR-derived geothermal gradient increases by 10-15 % across major fault system due to focused 

fluid flow in Zones I and III(Mandal et al., 2014).These findings are consistent with our proposal that 

the likely mechanism for the formation of gas hydrate deposit within the KG basin is focused fluid 

flow through major fault system. 

5.2 Migration of deep-seated free gas along permeablepathways 

Methane gas which forms the hydrate deposit is transported through diffusion or advection or both 

processes from deeper regions. In the KG offshore basin, a prominent high amplitude horizon is 

observed below the BSR. Maps of average interval velocity above (Fig. 7b) and below this horizon 

(Fig. 7c) showa low-velocity anomaly within Zones I-III indicating the presence of deep-seated free 

gas. Therefore, it is likely that this horizon forms part of a permeable pathway for the upward 

migration of deep-seated fluid/gas. A velocity map prepared at a constant time of 2 sTWT (Fig. 

7d)confirms that Zone I, which hosts Site NGHP-01-10, overlies a deep-seated gas reservoir. We 

therefore propose that gas from deeper sources enters the GHSZ primarily through faults/fractures by 

advection, and forms large scale fracture-filled gas hydrate deposits in Zones I-III.  

Several possible factor sinKG Basin can produce a significant quantity of methane gas. Analysis of 

regional seismic lines in the Bay of Bengal indicates high sedimentation rates due to the growth and 

erosion of the Himalayas during the past 800 kyr(Krishna et al., 2016). High discharge of the 

Krishna and Godavari rivers coupled with a narrow shelf of the KG Basin led to rapid deposition of 

upper slope sediments. Organic matter is well preserved due to high sedimentation rates and 

produces methane upon burial (Canfield, 1994). Geochemical analyses of gas recovered from Sites 
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NGHP-01-10, NGHP-01-12, and NGHP-01-13 suggest that biogenic methane is dominant (Kumar et 

al., 2014; Peketi et al., 2012).Methane forms shallow hydrate under suitable temperature and 

pressure conditions, which may dissociate upon burial and release significant amount of methane to 

form deep-seated gas reservoirs (Kundu et al., 2008). Fluid/Gas migrates along the regional 

fault/fracture system from deep-seated gas reservoir yielding large scale gas hydrate deposits in the 

KG Basin. 

5.3 Leaky vs. Non-leaky gas hydrate deposits 

The inferred distribution of  gas hydrate within Zones I and III differs from Zone II despite the 

similarity in the geological structures. In Zones I and III, gas hydrate is preferentially distributed 

along the fault/fracture network and shows strong heterogeneity. In Zone I, results from multiple 

drilling Sites(NGHP-01-10,12,and 13) separated by short distances revealed marked differences in 

gas hydrate saturation (Kumar et al., 2014). Site NGHP-01-10 showed a thick hydrate deposit 

extending from 30 m below the seafloor to the depth of BSR, whereas nearby Sites NGHP-01-12 and 

13 showed limited gas hydrate deposits above the BSR. Low-velocity anomalies are observed along 

some faults suggesting the migration of free gas within the GHSZ (Fig. 6). The velocity model 

obtained using full waveform inversion around Site NGHP-01-10 also shows low velocities along a 

fault (Jaiswal et al., 2012b). Further, the attenuation model shows strong attenuation along the same 

fault confirming the presence of free gas (Dewangan et al., 2014). Giant piston cores recovered by 

the Marion Dufresne have confirmed the paleo-migration of free gas around 46.2 - 53.0 kyr, and the 

migration of gas to seafloor is recorded by a proliferation of chemosynthetic communities at Site 

NGHP-01-10 (Collett et al., 2008; Mazumdar et al., 2009). In contrast, gas hydrate deposits are more 

homogenous in zone II with fewer occurrences of free gas-bearing sediments. The bathymetry and 

seafloor similarity map also show Zones I and III to differ from Zone II. Faults extend to  the 

seafloor in Zones I and III indicating recent activity, whereas the surficial expression of faults is not 

observed in Zone II. 

We suggest that the distribution of gas hydrate deposits in the KG Basin can be classified into two 

categories: leaky gas hydrate deposits and non-leaky deposits. Zones I and III correspond to leaky 

deposits where the fault system is active and expressed as deformation of the seafloor. The active 

fault system facilitates the upward migration of fluid/gas, which in places can escape the seafloor and 

discharge into the water column as gas flares (Gullapalli et al., 2019). The occurrence of free gas 

within the GHSZ leads to an intricate pattern of gas hydrate and free gas bearing zones which is 

reflected in the velocity model as high and low-velocity zones. Therefore, leaky gas hydrate deposits 

show strong lateral heterogeneity. In contrast, Zone II belongs to non-leaky gas hydrate deposit 
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where faults are restricted to the subsurface. The high-velocity zone representing gas hydrate 

deposits occurs as a relatively homogeneous layer with a negligible presence of free gas-bearing 

sediments. In contrast to leaky gas hydrate deposit, the non-leaky deposit has more potential to store 

a large amount of gas hydrate deposit. A conceptual model explaining the salient features of leaky vs 

non-leaky gas hydrate deposit is shown in Figure 9. 

Finally, we consider how free gas and hydrate can co-exist in the GHSZ. Site NGHP-01-10 provides 

evidence of shallow gas hydrate deposits occurring 30 m below seafloor(Kumar et al., 2014) and 

coreMD161/8 contained geological/geochemical signatures of paleo-methane venting events 

(Mazumdar et al., 2009). Several mechanisms can explain high methane flux near the seafloor. For 

example, analysis of seismic data from the Hikurangi margin, New Zealand(Pecher et al., 2010) and 

the Nankai accretionary prism, SE Japan (Bale et al., 2014) suggests that the base of GHSZ may be 

locally upwarped due to focused fluid flow. Alternatively, upwarping of the BGHSZ may be caused 

by perturbation of salinity, temperature and pressure conditions and permeability of the host 

sediment due to hydrate formation (Liu and Flemings, 2007). The formation of gas hydrate within 

fault systems increases the salinity of surrounding pore water to the extent that the stability zone is 

perturbed, leading to free gas migration within the GHSZ. An additional mechanism for explaining 

free gas migration within GHSZ is the increase in overpressure due to the presence of free gas or the 

generation of secondary fractures due to hydrate formation, resulting in nonlinear methane flux rates 

to the seafloor(Stranne et al., 2017).In order to resolve which mechanism is responsible for the 

migration of free gas through GHSZ in the KG offshore basin, additional 

geological/geophysical/geochemical investigations are warranted. 

6. Conclusions 

A velocity model of high spatial density derived from 3D seismic data is used to map the distribution 

of gas hydrate-bearing and free gas-bearing sediments in the Krishna-Godavari Basin, Bay of 

Bengal. Areas of anomalously high velocity within the GHSZ are interpreted to record the presence 

of gas hydrate, while low-velocity anomalies below the BSR are interpreted to result from free gas. 

Velocities derived from seismic data match well with those obtained from sonic logs. The main 

findings can be summarized as follows: 

i) The spatial distribution of gas hydrates is structurally controlled in the KG basin, and 

bathymetric mounds formed due to shale tectonics are favorable locations for the 

formation of gas hydrate deposits.  



15 
 

ii) Free gas-bearing sediments are observed below the BGHSZ in areas of gas hydrate, 

suggesting the presence of deep-seated gas reservoirs. 

iii) Velocity anomalies indicative of gas hydrates and free gas are oriented along the major 

fault systems indicating that tectonic structures are critical to provide permeable pathways 

for gas migration in clay-dominated sediments. 

iv) Gas hydrate deposits can be classified into two categories: a) zones of active faults show 

leaky gas hydrate deposits characterized by a heterogeneous distribution of hydrate and 

free gas,b) zones of inactive faults show non-leaky deposits with a relatively 

homogeneous distribution, which have the potential to store large volumes of gas 

hydrates. 
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                                                             Figure Captions 

Figure 1.High-resolution bathymetry map of the study area in the Krishna-Godavari offshore basin, Bay 

of Bengal (modified after Dewangan et al., 2010). The inset shows the location of the KG Basin with 

respect to the Indian subcontinent. The dashed box shows 3D seismic data used in the present study, 

obtained from two blocks: NGHP10 and NGHP03. Bathymetric features such as mounds (M1-M4), 

sedimentary ridges (SR1 and SR2), channels and delta fronts are marked on the map. Sites drilled 

duringNGHP-01 (marked as KG) are shown by stars. Sites NGHP-01-02 (KG-02), NGHP-01-03, and 

NGHP-01-10 lie within the area demarcated by 3D seismic data. Core MD161/8 lies near Site NGHP-01-

10. 

Figure 2.a) 3D seismic-derived seafloor bathymetry across Sites NGHP-01-02, NGHP-01-03,and 

NGHP-01-10; b) similarity map derived from coherency analysis of seismic data; c) interpreted seafloor 

map;d) faults picked on seafloor similarity map; two distinct fault groups (A and B) are observed in the 

study area.The lines (IN-A to IN-E) show the seismic profiles used in the present study. 

Figure 3.Prestack time migrated3D seismic inline (top) and estimated interval velocities (bottom) for 

five seismic profiles (IN-A to IN-E), locations shown in Figure 2c and 2d. Seismic profiles IN-A to IN-E 

and their corresponding velocity models are shown in panels (a)-(e), respectively. Reflectors 

corresponding to the seafloor, a bottom simulating reflector (BSR), and a deeper gas horizon are marked 

on the seismic profiles. Several faults are also marked on the profiles which correlate with those on the 

seafloor map (Fig. 2d). The throw across the faults is indicated using half-arrows. Solid ellipses represent 

high velocity anomalies and dashed ellipse low velocity anomalies. 

Figure 4.Semblance plots for CIGs selected from seismic profiles (IN-A to IN-E)illustrating the 

reliability of the auto-picking algorithm. Stars show the velocities picked by the algorithm. In general, the 

velocities follow the local maxima in the semblance plot. Dotted lines mark the locations of the BSR in 

seismic data. In general, high-velocity anomalies (solid bars) above the BSR indicate the presence of gas 

hydrate while low velocity anomalies(hatchedbars) below the BSR indicate the presence of free gas. 

Figure 5.Comparison between velocities derived from sonic logs vs seismic intervals for drilling Sites 

NGHP-01-02, NGHP-01-03,and NGHP-01-10.At Site NGHP-01-10, high and low velocity anomalies are 

observed above and below the BSR, respectively. In contrast, Sites NGHP-01-02 and NGHP-01-03 are 

devoid of high or low-velocity anomalies and are considered to represent the background marine 

sediments. Velocities higher than 1.65 km/s are interpreted to indicate the presence of gas hydrates while 

velocities lower than 1.43 km/s indicate free gas.  

Figure6.Average velocity map (averaged over 80 ms TWT) above the BSR illustrating velocity 

variations that can be related to the spatial distribution of gas hydrate deposits in the 3D seismic study 

area. The high-velocity anomalies are observed beneath bathymetry mounds (M1 and M2) and 

sedimentary ridges. The lines represent the surficial expression of faults interpreted from the seafloor 

similarity map. The areas of high-velocity anomalies have been divided into four different zones (Zones I 

to IV). 

Figure 7. a) Average velocity map (averaged over 40 ms TWT) below the BSR in the study area; b) 

Average velocity map above the gas horizon; c) Average velocity map below the gas horizon; d) Velocity 

map at a constant time slice of 2 s TWT. The low-velocity anomalies represent the occurrence of the free 

gas-bearing sediments. 

Figure 8. Gas hydrate saturation map in the study area. The map is derived from the average interval 

velocity using the rock physics model of Sriram et al. (2014). 

Figure 9. Salient features of leaky (a) and non-leaky (b) gas hydrate deposits. In leaky deposits, faults 

extend up to the seafloor and methane can be transported from deeper regions to the seafloor. The spatial 

distribution of hydrates is laterally heterogeneous, and deep-seated gas reservoirs are observed below 

such deposits. In contrast, the distribution is relatively homogeneous for non-leaky deposits. Faults are 

mostly limited to subsurface and the occurrences of methane seeps are rare. A permeable horizon may 

also contribute towards upward migration of methane.  
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