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Abstract: The passive eastern Indian margin is rich in gas hydrates, as inferred from the wide-spread occurrences of
bottom-simulating reflectors (BSRs) and recovery of gas hydrate samples from various sites in the Krishna Godavari
(KG) and Mahanadi (MN) basins drilled by the Expedition 01 of the Indian National Gas Hydrate Program (NGHP).
The BSRs are often interpreted to mark the thermally controlled base of gas hydrate stability zone (BGHSZ). Most of the
BSRs exhibit moderate to typically higher amplitudes than those from other seismic reflectors. We estimate the average
geothermal gradient of ~40°C/km and heat flow varying from 23 to 62 mW/m? in the study area utilizing the BSR’s
observed on seismic sections. Further we provide the BGHSZ where the BSR is not continuous or disturbed by local
tectonics or hidden by sedimentation patterns parallel to the seafloor with a view to understand the nature of BSR.

Since, gas hydrate bearing sediment has higher electrical resistivities than that of the host sediment, we estimate two
levels of gas hydrates saturations up to 25% in the depth interval between 70 to 82, and less than 20% in the depth
interval between 90 to 104 meter below the seafloor using the resistivity log data at site 15 of NGHP-01.

Keywords: Gas hydrates, Bottom simulating reflectors, Geothermal gradient, Resistivity log, Saturation, KG basin,

Eastern Indian margin.

INTRODUCTION

Gas hydrates are crystalline form of mainly methane and
water, and are found along the continental margins and
permafrost regions where the pressure and temperature are
favorable for gas hydrate stability (Kvenvolden, 1998). Gas
hydrates are inferred from multi-channel seismic (MCS) data
through the observations of bottom simulating reflections
(BSRs), which can be identified based on characteristics of
reverse polarity with respect to the seafloor reflection, cross-
cutting dipping sedimentary reflections and parallel to the
seafloor reflection on a regional scale (Shipley et al. 1979;
Hyndman and Spence, 1992; Minshull et al. 1994). The BSR,
coinciding with the base of gas hydrate stability zone
(BGHSZ), is a disseminated boundary in marine sediment.
Presence of gas hydrate reduces the permeability and
hence trap free-gas underneath. Thus the BSR represents a
physical boundary between the hydrate bearing sediments
above and gas-bearing sediments below.

The high-resolution MCS surveys have been carried
out for the exploration of gas hydrates in the Krishna-

Godavari (KG) basin, off the eastern Indian margin. The
widespread BSRs, observed on seismic sections, indicate
potential occurrences of gas-hydrates in the KG basin
(Bastia, 2006; Collett et al. 2008; Sain and Gupta, 2008;
Ramana et al. 2009; Shankar and Riedel, 2010). The BSRs
are heterogeneous in character and are limited to local areas
even though the gas hydrate is stable under prevalent thermo
baric conditions at water depths between 800 to 1500 m.
Factors such as the bathymetry, temperature, origin and
composition of gaseous hydrocarbons and geological
structures favor the formation of gas hydrates in most parts
of the KG basin (Sain and Gupta, 2008). However, the
drilling and coring results show gas hydrates in massive
lumps, and possibly in finely-distributed grain-displacing,
fracture-fill, small nodules, or lenses (Collett et al. 2008).

The thickness of gas hydrate stability zone (GHSZ)
varies widely within oceanic sediments by various
parameters such as the ocean bottom water temperature,
geothermal gradient, pressure (depth), salinity of formation
water, and composition of gas (Sloan, 1990). The continental
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margins show a shoaling of the BGHSZ, which often marks
the region of slope instability, and gas venting through
tectonic disturbances such as folding and faulting
(Kvenvolden, 1999; Hovland et al. 2002).

Gas hydrates have also been reported without BSRs from
different margins, particularly from areas of active fluid flow
through the seafloor as evidenced by pockmarks, gas
chimneys, and mud mounds (Holbrook et al., 1996; Sager
et al. 1999, Riedel et al. 2006; Ramana, et al. 2006). Fluid
flow is often related to active faulting that may affect gas
hydrate stability conditions prevalent at that location (Fichler
et al. 2005). Fluid flow along faults may induce variations
in geothermal gradient also (Cooper and Hart, 2003; Ruppel
et al. 2005). In such regions, the geometry of the BGHSZ
could vary significantly (laterally) preventing the formation
of any noticeable BSR. Here, we analyze and model the
BGHSZ in the KG Basin (Fig. 1) using the MCS data,
regional bathymetry, seafloor temperature and geothermal
gradient from the NGHP-01 (Collett et al. 2008). We also
estimate the geothermal gradient and heat flow from the
subsurface depths of BSRs. Knowledge of heat-flow regime
and the thickness of GHSZ provide important inputs to
understand the petroleum system and to model the basin
evolution. Additionally, knowledge of overall GHSZ is
useful for global carbon-cycling models. The estimate of
GHSZ is also important to assess the drilling-hazards as
well as geo-hazards that may lead to slumping and slope-
failure in an area.

The KG basin and other areas of the Indian continental
margins are known for their large sediments influx from vast
river system providing a large sediment load as well as
organic carbon input into the deep sea environment. The
KG basin is characterized by a zone of extensive toe-thrusts
(Riedel et al. 2010), which significantly shape the seafloor
morphology and can therefore affect the thermal regime and
BGHSZ. If fluid-migration along such faults exists, the
BGHSZ can be altered. Modeling the BGHSZ based on a
purely conductive regime can therefore help assess the
possible presence of fluid migration. This, in turn, provides
implications on the overall fluid-circulation pattern of a
basin.

The thermal structure along a margin is generally
assessed from heat flow studies carried out on the seafloor.
The heat flow can be calculated from the thermal
conductivity of near-surface material and geothermal
gradient. The conductivity at a location can be measured
either in situ or from materials recovered by gravity or piston
coring from the seafloor. The temperature gradient is derived
from a set of in situ temperature measurements. However,
the direct measurement of heat flow is a very slow procedure

and provides information only at discrete locations. We
estimate the geothermal gradients and heat flows at various
locations from the depths of BSRs identified on seismic
sections.

Presence of gas hydrates in the pore spaces of marine
sediments can affect the bulk physical properties of the
sediment. The measurement of such properties can therefore
be used to estimate gas hydrate saturation. The well log and
the MCS data can be used to understand the nature of
distribution and quantification of gas hydrates and free gas
within the sediments (Andreassen, 1995; Yuan et al., 1996;
Sloan, 1998; Paull and Dillon, 2001). Natural gas hydrate
formation reduces the effective porosity and electric
conduction, so that gas hydrate bearing sediment has high
electrical resistivity. Down-hole resistivity logs can thus be
used for characterizing the in situ properties of gas hydrate
bearing sediments and estimation of gas hydrates (Guerin
et al. 1999; Helgerud et al. 1999; Hyndman et al. 2001;
Collett, 2002; Lee and Waite, 2008).

Here we have estimated the gas hydrate saturation using
the Archie’s (1942) law from the electrical resistivity log
data at site 15 of the NGHP-01 at water depth of ~926 m in
the KG basin (Fig. 1). Unlike at site 10D, no large piece or
massive of gas hydrates were recovered at this site, dispersed
gas hydrates have been inferred at this location (Collett et
al. 2008). So we assume that the gas hydrates have primarily
replaced a portion of sediment pore fluids. The gas hydrate
saturation versus resistivity may be different in the case of
massive gas hydrates deposit (Mathews, 1986).

GEOLOGY AND TECTONIC SETTING
OF KG BASIN

The eastern continental margin of India formed as a result
of rifting between India and the rest of East Gondwanaland
(Australia/Antarctica) in the Late Jurassic and Early
Cretaceous (Ramana et al. 2001). Rifting began in the Late
Jurassic at about 160 Ma with breakup at ~130 Ma (Powell
et al. 1988). Sediment input to the Bay of Bengal in the
eastern Indian Margin is dominated by the Ganges-
Brahmaputra river system. The resulting sediment influx has
built the Bengal Fan, the world’s largest sediment
accumulation. The sediment thickness of the Bengal Fan
reaches a maximum of over 22 km on the Bangladesh shelf
(Curray, 1991) and over 2 km of fan sediments are found at
2°S (Curray et al. 1982). The Late Jurassic rift structures
along the eastern margin cut across older NW-SE trending
Permian-Triassic Gondwana grabens including the
Mahanadi and Pranhita-Godavari grabens (Sastri et al.
1981). The Mahanadi graben appears to have a continuation
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in Antarctica that is the Lambert graben (Federov et al. 1982).
These structures serve to delineate the fluvial drainage
system throughout the evolution of the Indian margin to the
present and they now contain the Mahanadi and Godavari
Rivers. Both rivers have high sediment transport (Sastri et
al. 1981; Biksham and Subrahmanyam, 1988) and built
substantial deltas.

The KG Basin is located in a passive margin setting,
and is known as a peri-cratonic rift basin (Rao, 2001). It is
located on the central part of the eastern Indian margin
(Fig. 1). The offshore basin including the delta region of
Krishna and Godavari rivers covers an area of ~24000 km?
up to isobaths of 200 m. The basin extends into deeper water
and covers a much larger area of ~145000 km? (Ramana et
al. 2009). The maximum sediment thickness in the KG Basin
extends up to 8 km (Prabhakar and Zutshi, 1993; Rao, 2001).
This stretch of sedimentary region contains a vast range of
geologic settings, such as the costal basin, delta, shelf-slope
apron, deep-sea channel, and deep-water fan complex. The
basin is characterized with horst and graben systems, which
are filled with thick sediments of Permian-to-Recent age
and emerged as one of the frontier areas for future
hydrocarbon exploration. Discovery of conventional gas and
large deposit of gas hydrates in recent years (Bastia, 2006;
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Collett et al. 2008) attract the scientific community to study
the basin in greater detail. The basin has significant
hydrocarbon potential both in the Tertiary delta as well as
in the channel-levee-over bank play types in the deepwater
region. Major delta systems with thick argillaceous and
arenaceous facies have prograded basin ward after the rifting
of the basin during the Late Cretaceous. Large canyons of
different magnitude have also contributed to the total
sediment accumulations. The fast rate of deposition on the
slope-intraslope basins has led to the development of fault
extensions (Bastia, 2006).

The basin evolved through rifting and subsequent drifting
during the Mesozoic. The Mesozoic and subsequent Early
Tertiary deep water sequence provide the base for the Late
Tertiary marine sediments brought in by either large canyon
systems or feeder channels in the upper slope. Several V-
shaped canyons flanked by steep faults characterize the
upper to middle slope regions, while turbidity channels and
levee wedges traverse the shelf and slope (Prasad and
Rangaraju, 1987). Sediment input in this region has been
dominated by the Krishna and Godavari river systems. The
KG Basin is orthogonally juxtaposed to NW-SE trending
Pranhita Godavari Gondwana graben in the north. The NE-
SW basin margin is the most extensive fault trend near
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Fig.1. Bathymetry map of the Krishna-Godavari (KG) basin, off the eastern Indian margin. Location of drill sites by the NGHP-01 are
shown with red circles. Solid blue lines are the 2D high resolution MCS lines. Bold red lines with corresponding figure numbers
represent the lines used in this study. The color bar represents the water depth in meter below sea surface. Contours are also
shown to indicate water depth directly. Inset shows location of the KG Basin on the east coast off India.
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Kakinada graben in the northeast and near Palar-Pennar
graben in the southwest (Gupta, 2006). The high rate (~20-
25 cm/ky) of sedimentation (Rao et al. 1994) and total
organic carbon content (TOC) of 1.5-2.0% (Kundu et al.
2008) show favorable conditions for significant methane
generation in the KG Basin.

MATERIALS AND METHODS

Heat Flow Derived from BGHSZ

Since, the BSR closely approximates the base of gas
hydrate stability zone, the BSR depths can be used to derive
the local variations in heat flow due to tectonic disturbances
and fluid flow through faults acting as migration pathways
(Yamano et al. 1982; Townend, 1997; Ganguly et al. 2000;
Kaul et al. 2000; Vohat et al. 2003; Shankar and Sain, 2009;
Horozal et al. 2009). This was done by assuming a linear
temperature gradient and following simple conductive heat
transport relationship:

T, -T
HF=1000xkx(%] (1)

Where, HF is the heat flow in mW/m?, k is the thermal
conductivity in W/mK, Ty, and T ; are the temperatures
at the BGHSZ and seafloor respectively in °C. AD (inm) is
the distance from the seafloor to the predicted depth of the
BGHSZ.

The T is estimated using the linear regression from in
situ temperature measurements by the NGHP-01 which is
comparable with the CTD measurements by Mazumdar et
al. (2007): T ;=13.09-0.0062xz, where z is water depth in
meter. The Ty, is estimated using the experimental
thermobaric stability condition for the methane—seawater
system (Bouriak et al. 2000), which is based on pure methane
and standard seawater (34 ppt). The thermal conductivity
(k) is a function of depth below the seafloor, and is taken
from the NGHP-01 at all sites cored in the KG area (Collett
et al. 2008). The AD is determined from velocity function
deduced from the sonic logs (Collett et al. 2008; Shankar et
al. 2010). We further assumed a hydrostatic pressure regime
and calculated the pressure using a constant water density
of 1030 kg/m’.

Estimation of Gas Hydrate Saturation

Pure gas hydrate has much higher velocity than that of
oceanic sediment in which it occurs. Thus the most readily
observable physical change for hydrate-bearing sediment
is an increase in seismic velocity, which is proportional
to gas hydrate concentration (Pearson et al. 1983). Gas

hydrate-bearing sediments are also characterized by high
resistivity anomalies. If we assume that the resistivity
anomalies are caused by gas hydrate present in pore spaces
of sediments, then the gas hydrate saturation S, is given by
Archie’s equation (1942):

r=(") @
®

Where, R_is the formation resistivity of water-saturated
sediment, R is the resistivity of the pore water, ¢ is the
porosity, a and m are the Archie constants, known as the
Archie coefficient and cementation factor respectively. R |
is predicted by a linear least-square regression fit with depth
of'in situ pore water resistivity data derived from the salinity
measurement during the NGHP-01, and the regression
equation is given as

R =0.2843-0.0002 x z 3)

Where, z is the depth below seafloor in meters. The
regression is quite robust with a value of more than 90%
(solid line in Fig. 2). After predicting R , we estimate R
which is used as the background resistivity for this site. The
a and m values depend on the interaction between the host
sediments and gas hydrate in the porous medium. Equation
(2) can be solved for the ratio of water saturated sediment
resistivity and the connate water resistivity, which gives
formation factor (i.e. F=R /R =a@™). The gas hydrate
saturation (S,) in the formation from the resistivity log
data can be estimated now from the Archie equation as

1/n
R —m
sh=1—(“ w¢£] (4)

RESULTS AND DISCUSSION
Phase Boundary and GHSZ at Site 15 of the NGHP-01

The GHSZ thickness is determined by water depth, pore
pressure, seafloor temperature, thermal gradient, and gas
and fluid composition. Using the BSR as the BGHSZ, we
determine the potential gas hydrate stability thickness at
site 15 of the NGHP-01, which is 126 meter below seafloor
(mbsf) (Fig. 3). Simultaneously, we model the phase diagram
using the depths of seafloor and BSR, water temperature
profile and geothermal gradient observed during the NGHP-
01 using the Brown et al. (1996) and the Sloan (1998)
approaches, which is based on an empirical algorithm for
the stability of methane hydrate in seawater with a variable
salinity. The Brown et al. (1996) (red line) phase diagram is
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Fig.2. Calculated resistivity of connate water (R ) at site 15 of the

NGHP-01 with measured temperature and salinity from

Fofonoff (1985) equation of state for sea water. Solid line

shows the best linear fit, and making this linear regression
equation, water saturated resistivity has been estimated.

in good agreement with the Sloan (1998) (dotted blue line)
phase diagram (Fig. 3). As the water depth increases, the
temperature threshold for gas hydrate also increases. At a
given water depth, the temperature thresholds for Sloan
(1998) is little bit more than that of Brown et al (1996).
Knowing the water depth and thermal gradient at a particular
location, the GHSZ can be estimated by finding the seafloor
temperature (black curve in Fig. 3) and drawing a straight
line to the appropriate thermal gradient. The depth at which
the thermal gradient line intersects the gas hydrate phase
curve represents the lower boundary of gas hydrate stability
zone. It is to be mentioned here that the temperature required
for gas hydrate destabilization is higher when additional
higher hydrocarbons are present in the gas phase, while a
higher salinity has the opposite effect (Claypool and
Kvenvolden, 1983; Dickens and Quinby-Hunt, 1994; Brown
et al. 1996).

The BSR depth predicted from this phase diagram
matches reasonably well with the depth of BSR observed
on seismic section. However, small differences in phase
boundary temperature are observed at grater depths due to
fluid composition (Dickens and Quinby-Hunt, 1994). The
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Fig. 3. Methane hydrates stability curve of Brown et al. (1996)
and Sloan (1998) for site 15 of NGHP-01 in the KG basin.
Geothermal gradient interpolated from the in situ
temperature measurements. Water temperature profile of
CTD measurements is taken from Mazumdar et al. (2007).

seafloor temperature, measured in situ at site 15 and fitted
to water temperature CTD measurements (Mazumdar et al.
2007) is utilized in this study. The depths of seafloor and
BSR are marked on the stack section in Fig.3. Geothermal
gradient for the upper sedimentary layer is calculated from
the in situ measurement and its linear extrapolation, shown
with black dash line in Fig.3.

Forward Modeling of the BGHSZ

In order to map the distribution of BGHSZ, and to
understand the changes in BSR occurrences, and amplitude
characters across the 2D seismic profiles, we use 1D thermal
modeling to predict the BGHSZ as described by Shankar et
al. (2010). We assume a hydrostatic pressure regime,
uniform thermal conductivity (based on little variation
observed during the measurements of NGHP-01), and a
uniform P-wave velocity structure with a gradual increase
from seafloor to BSR. We use the gas hydrate (structure I)
stability curve calculation by Bouriak et al. (2000), based
on pure methane and on average standard seawater salinity
(34 ppt), which is in good agreement with the geochemical
pore-water and void gas measurements made at various
sites of NGHP-01. The seafloor temperatures and thermal
gradients are allowed to change according to water
depth variation across the 2D data using the database
of thermal measurements established during the NGHP-01.

The geothermal modeling is performed to predict the
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Fig. 4: (a) Estimated geothermal gradient (shown with solid curve)
from the position of the BSR and the predicted geothermal
gradient (dotted curve) at BGHSZ. (b) 2D MCS profile
crossing the site 03A (shown by small black circle on
seafloor) of NGHP-01. A BSR of moderate strength is
observed along the profile with cross-cutting of dipping
sedimentary reflectors. Modeled BGHSZ (or BSR) is shown

with dotted black line. Please see Fig.1 for location.

theoretical BGHSZ. Overall, the modeled BGHSZ (black
dotted line on all seismic sections displayed in Figs. 4, 5
and 6) correspond well to the observed BSRs. The
fluctuations of the predicted BGHSZ from the observed
BSRs are likely due to errors arising from picking the
seafloor, variability of seafloor temperature and geothermal
gradient, which is function of water depth (Shankar et al.
2010).

Geothermal Gradient and Heat Flow

The geothermal gradient and heat flow is determined
from the depth of BSRs identified on three seismic profiles
(Figs. 4, 5 and 6). The heat flow values are similar to those
obtained by Shankar and Riedel (2010). The geothermal
gradients calculated directly from the depths of BSRs are
shown by black curves and the predicted geothermal
gradients at BGHSZ are shown with dotted curves (Figs.
4a, 5a and 6a). We observe that there is no focused fluid
flow and abnormal geothermal trend in the study area.
However, we notice faults in deeper parts (Fig. 4b) but not
reaching to the seafloor.

The study shows that the estimated and the predicted
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Fig. 5. (a) Estimated geothermal gradient (shown with solid curve)
from the position of the BSR and the predicted geothermal
gradient (dotted curve) at BGHSZ. (b) 2D MCS profile
crossing the site 05A (shown by small black circle on
seafloor) of NGHP-01. A BSR of moderate to high
amplitudes is observed along the profile. Modeled BGHSZ
(or BSR) is shown with dotted black line. Please see Fig.1
for location.

geothermal gradients at BGHSZ increase towards deeper
water. As a whole, the average geothermal gradient in the
study area is ~40°C/km. There are pronounced difference
in predicted and estimated geothermal gradient, which is
likely due to the variability of calculated seafloor and BSR
temperature that are sensitive to change in seafloor
topography. The main changes are due to errors in picking
the BSR and seafloor.

In marine gas hydrate areas, the heat flow can be
estimated from the depth of the BSR, which is generally
very close to the BGHSZ (e.g. Yamano et al. 1982; Davis et
al. 1990; Ganguly et al. 2000; He et al. 2007). Alternatively,
where a BSR can not be seen, the BGHSZ can be predicted
if seafloor temperature and geothermal gradient are known.
BSRs in the KG Basin are well imaged on the continental
slope and are very weak or absent in the basin plain (Collett
et al. 2008; Ramana et al. 2009). Regional heat flow
calculated from the depth of the BSR identified on seismic
dataset from the KG Basin. The estimated heat flow ranges
from 23 to 62 mW/m? (Fig. 7). The heat flow distribution
closely correlates with the bathymetry. Higher heat flow
occurs in the deeper southern part of the study area and
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Fig. 6. (a) Estimated geothermal gradient (shown with solid curve)
from the position of the BSR and the predicted geothermal
gradient (dotted curve) at BGHSZ. (b) 2D MCS profile
with low amplitude BSR is observed. Modeled BGHSZ
(or BSR) is shown with dotted black line. Please see Fig.1
for location.

lower heat flow is observed in the shallower northeastern
part of the study area at water depths less than 1000 m,
where there has been little recent extension. These values
are similar to those derived from modeling of the high
resolution of the bathymetry data, ranging from 30 to 102
mW/m? (Shankar and Riedel, 2010).
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Fig.7. Regional heat flow map derived from the geothermal
modeling of BSR as constrained by 2D seismic profiles.
The color bar represents the heat flow values in mW/m?.
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Determination of Archie Parameters

For quantification of gas hydrate using the electrical
resistivity log data, we apply the Archie relationship to the
resistivity and porosity logs recorded at sites 15 in the KG
Basin. By using the Archie’s (1942) law, sediment bulk
electrical resistivity for purely (saline) water-saturated
sediments can be calculated using equation 2. We calculate
R using the equation of state of seawater (Fofonoff, 1985).
Assuming the pressure to be hydrostatic, in situ temperature
measurements, core salinity measurements, and the
geothermal gradient constrained from the NGHP-01 are
utilized to derive the resistivity of connate water. Figure 2
shows the pore-water resistivity versus depth (in mbsf)
profiles derived from the core-salinity, seafloor temperature,
and geothermal gradient for site 15. Solid lines represent
the smooth linear fit for the interpolation of the R  using
linear fit regression equation 3. The calculated R  from the
measured salinity and temperature along with estimated
electrical resistivity shows slightly decrease in resistivity
with depth below the seafloor. We utilize density-porosity
relation in our calculation. Empirical Archie parameters a
and m can then be estimated from a cross-plot of formation
factor (F) and density porosity (¢) data with exponential fit
for sediments containing no gas hydrate (Fig.8).

Figure 9a shows the difference between the calculated
in situ resistivity (R ) and measured log-resistivity (R ), and
demonstrates that the calculated R agrees well with the
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Fig.8. Formation factor versus porosity is plotted at site 15 of
NGHP-01. The orange solid line is the best exponential

fit, giving the Archie’s parameters.
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Fig.9. (a) Pore water resistivity R (green), measured LWD
resistivity R, (black) and 100% water-saturated resistivity
R, (blue), determined from the Archie analysis of downhole
data at site 15 of NGHP-01. R is calculated from the log
density porosity. (b) Gas hydrate saturation estimated from
resistivity log data using the Archie analysis for the site 15 of
NGHP-01 calculated using the log density porosity method.

measured resistivity for most intervals; however the
calculated R is higher than the measured resistivity where
significant amount of shale (clay) exists. This implies that
the clay-effect on resistivity may be significant, partly
because of the high resistivity of the connate water itself.

Gas Hydrate Saturation (S,) Estimation from Resistivity
Log

There is an extensive literature on the use of well logs
for the estimation of gas hydrates (Collett, 2001; Kleinberg
et al. 2005; Lee and Collett, 2008; Mathews, 1986; Guerin
et al. 1999; Hyndman et al. 1999; Ghosh et al. 2010a, b).
The most commonly used logs for the estimation of gas
hydrate include the sonic and resistivity logs. Empirically
estimated Archie parameters a, m, and n can be used to
calculate S, using equation 4. It is to be noted that the
estimation of gas hydrate saturation from the electrical
resistivity log data is sensitive to z value at higher gas hydrate
saturations. From a physical perspective, choosing a value
for n similar to that of m implies the assumption that the
effect of gas hydrate formation on the electrical resistivity
is similar to that of simple effective porosity reduction.
Pearson et al., (1983) calculated n as 1.94. According to
Spangenberg (2001), n depends somewhat on grain size
distribution and the gas hydrate saturation itself. Here we
use n = 1.94 for our calculations.

Down-hole profile of gas hydrate saturation (S,) from
resistivity at site 15 is shown in Fig.9b. This brings out two

zones with high gas hydrate saturations: (i) up to 20-25% in
the interval between 70 and 82 mbsf and (ii) less than 20%
in the interval between 90 and 104 mbsf.

CONCLUSIONS

High resolution 2D MCS data in the KG basin shows
widespread occurrences of BSRs and hence gas hydrates.
The structural elements like the faults or fractures and
seafloor morphology are important, which control the
distribution of BSRs. The BSR-derived heat flows (23—62
mW/m?) are quite favourable to the formation of gas hydrate
in the KG Basin. Over all, the heat flow trends follow the
seafloor bathymetry of the basin and systematic increase of
heat flow is observed except local variations at few places.
The BSR-derived heat flow across the major topographic
features corresponds well with the expected trend (low heat
flow values at high topography and vice versa) due to
focusing and defocusing effect of the topography. There
are currently no probe measurements available from the
study area, however in situ geothermal gradient
measurements from NGHP-01 are comparable with the
estimated values.

The thermal modeling of BGHSZ shows close
correspondence between the observed and modeled BSR
depths on seismic sections (Fig. 4b, 5b and 6b). This
modeling approach is very useful for providing the continuity
of the BGHSZ especially where a BSR does not exist or
scanty or is disturbed by local tectonic activity, or masked
by other sedimentation patterns parallel to seafloor.

Gas hydrate-bearing sediments have high acoustic
impedance and these impedance anomalies are controlled
primarily by the degree of gas hydrate saturation, which can
be determined using Archie’s equation. The maximum gas
hydrate concentration at site 15 is estimated up to ~25% in
the pore spaces of sediments. The results suggest that in the
KG basin, gas hydrate saturation is high in the gas hydrate
stability zone, but free gas is meager beneath this zone. It is
the scarcity of free gas that has led to the low amplitudes of
the BSRs.
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