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ABStrAct
The bottom simulating reflector (BSR), observed on seismic section in the Mahanadi offshore basin indicates 
the presence of gas hydrates. Gas hydrate saturation is estimated from electrical resistivity log based on 
Archie’s empirical relation and/or from sonic velocity log using rock physics modeling approach at the 
vertical log position. The lateral and vertical extent of gas hydrates saturation over a larger area is obtained 
by post-stack impedance inversion of seismic data constrained by well log data. The inverted velocity coupled 
with rock physics modeling provides the estimation of gas hydrate saturation. The present study suggests 
that average gas hydrate saturation along a seismic line passing through site NGHP-01-19 in the Mahanadi 
Basin is about 3%. Gas hydrate saturation directly measured from the pressure cores, is found to be 2.4% 
at site NGHP-01-19, showing close correspondence with the estimation. 
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INtrODUctION

The Mahanadi (MN) Basin is a major sedimentary Basin 
of the east coast of India Figure 1. The MN Basin is 
characterized by thick accumulation (8-10 km) of sediments 
(Collett et al., 2008). Sediment input to the Bay of Bengal is 
dominated by the Ganges-Brahmaputra river system, which 
drains much of the Himalayas. The resulting sediment 
influx has built the Bengal Fan, the world’s largest sediment 
accumulation. The sediment reaches to a maximum 
thickness of over 22 km on the Bangladesh shelf (Curray 
and Munasinghe, 1991). Various seismic indicators of the 
occurrences of gas hydrates were identified on multichannel 
seismic (MCS) data in the central and deeper parts of the 
MN Basin (Collett et al., 2008, Prakash et al., 2010, Sain 
and Gupta, 2012, Shankar and Riedel, 2014). These include 
bottom-simulating reflectors (BSRs), enhanced reflections 
below the BSR, channelized (cut-and-fill) deposition and 
seismic chimneys, faults, slumps/slides and sedimentary 
ridges (Bastia, 2006). The BSR occurs from about 200 to 
less than 300 meter below seafloor (mbsf) on MCS data in 
the central part of the basin (Shankar and Riedel, 2014). 
However, strong BSR could not be  identified at some 
profiles, the top of the high-reflectivity band is interpreted 
to represent the base of the gas hydrate stability zone 
(BGHSZ) with free gas accumulations below, causing very 
high reflectivity (Collett et al., 2008; Shankar and Riedel, 
2014). The overall sediment flux that is received in the MN 
Basin is mainly from the Mahanadi, Brahmani, Baitarani 
and Dhamara rivers system with a sediment load to the 
basin on the order of 7.1× 109 kg/yr (Subramanian, 1978) 
and total organic carbon (TOC) to be more than 1.5% 

(Collett et al., 2008; Sain and Gupta, 2012), which favors 
the formation of gas hydrates in this region. The MN Basin 
is also characterized by bathymetry, sediment thickness 
and geothermal gradient ranging from 40-55 oC/km 
(Sain et al., 2011).

The MN Basin was studied using high resolution MCS 
data (Bastia, 2006; Bastia et al., 2010a, b; Prakash et al., 
2010; Shankar and Riedel, 2014) for the investigation of 
hydrocarbon prospect and gas hydrate occurrences. The area 
was also investigated using deep drilling by the Directorate 
General of Hydrocarbon (DGH) under the Indian National 
Gas Hydrate Program (NGHP) Expedition-01 (Collett 
et al., 2008).The NGHP Expedition-01 was completed 
successfully in the continental margins of India in April 
to June 2006 and gas hydrate samples were recovered by 
drilling and coring from sites NGHP-01-08, 09, 18 and 19 
in the MN Basin. The in situ temperature measured at 
site NGHP-01-19 in the MN Basin shows the  geothermal 
gradient of 52 oC/km (Collett et al., 2008) and the BSR 
depth of 205 mbsf (Collett et al., 2008; Shankar and 
Riedel, 2014). The 2D high resolution MCS data, which is 
used here reveals flat BSR that coincides with the BGHSZ 
followed by very high reflectivity (Collett et al., 2008; 
Shankar and Riedel, 2014). The interpreted BGHSZ is 
in good correspondence with the geothermal modeling of 
BGHSZ performed by Shankar and Riedel (2014).

Seismic data provides important information about 
the general geology of the area. However, extraction of 
physical properties information such as velocity, porosity, 
density etc. is a great challenge. The seismic inversion is a 
powerful tool for estimating detailed characteristics of the 
reservoir (Kumar et al., 2016). Different seismic inversion 
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Figure 1. (a) Study area map in the Mahanadi Basin shown in box. (b) Bathymetry map of the Mahanadi Basin targeted during 
the drilling and coring of Indian National Gas Hydrate Drilling Expedition-01. Drilling sites are shown with black dots. The 
location of 2-D MCS line is shown with bold blue line passing through NGHP-01-19 site. The BSR depth below seafloor in 
meters and two way travel time below seafloor in seconds are also shown.

Figure 2. Sonic P-wave velocity log is overlain on seismic section crossing the Site NGHP-01-19, which was drilled in a gap 
between two similar channelized free-gas accumulations in order to safely obtain core and down hole log data from both above 
and below the expected BGHSZ (Collett et al., 2008). Top of the high reflectivity zone interpreted as BGHSZ. Dotted blue line 
represents the modeled BGHSZ (Shankar and Riedel, 2014).

Figure 3. Suite of logs from site NGHP-01-19, including the  sonic P and S-wave velocity, electrical resistivity, bulk density 
(RHOB), neutron porosity and caliper (DCAV, UCAV). Open red squares show density, porosity values measured from core 
samples and open blue squares are porosity derived from density log superimposed on the corresponding log curve. The BGHSZ 
is highlighted by the dotted black line.
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methods are used commercially to derive detailed reservoir 
properties such as the lithology and fluid properties in 
combination with well log data and prior knowledge of 
geology (Riedel and Shankar, 2012). Model based acoustic 
impedance inversion was applied on stacked seismic data 
constrained by log data to derive physical properties of gas 
hydrate bearing sediments (Lu and McMechan, 2002; Dai 
et al., 2008; Wang et al., 2006; Riedel and Shankar, 2012; 
Shankar, 2016). To appraise the areal extent of gas hydrate 
in the MN Basin, gas hydrate saturation is estimated from 
physical properties derived from the acoustic impedance 
inversion coupled with rock physics modeling.

Seismic and log data

The high resolution 2-D seismic stacked data was made 
available to the NGHP from the Reliance Industries 
Limited for scientific research (Collett et al., 2008). 
The seismic data was also previously used for defining 
geophysical drilling targets and site selection for the NGHP 
Expedition-01. The BSR and BSR-like features have been 
identified on seismic data (Shankar and Riedel, 2014), and 
Figure 2 shows a SW-NE oriented section crossing the site 
NGHP-01-19, which was drilled at ~1422 m water depth 
(Collett et al., 2008). The BSR was estimated at a depth of 
205 mbsf (0.125 s TWT) using a constant velocity of 1610 
m/s for the entire sediment column above the BGHSZ 
(Collett et al., 2008). The site NGHP-01-19 was drilled 
up to depth of only 300 mbsf between two anomalous 
high reflective zones. Presence of bright reflectivity zones 
beneath the BGHSZ indicates likely presence of free gas 
zones Figure 2.

Four sites were drilled in the MN Basin, and extensive 
Logging-While-Drilling (LWD)/Measurement-While-Drilling 
(MWD) data were acquired at site NGHP-01-08 and 09 
without coring. The Site NGHP-01-18 was only cored 
and wire-line logged, and suits of logs were acquired at 
Site NGHP-01-19 to measure the physical properties of 
gas hydrate-bearing sediments. Site NGHP-01-19 was 
continuously cored up to 305 mbsf (Collett et al., 2008). At 
site NGHP-01-19, the gas hydrate is unevenly distributed 
in very thin layers and lies just above interpreted BGHSZ 
(Collett et al., 2008). Gas hydrate was found at 177-204 
mbsf and maximum gas hydrate saturation was found to 
be 2.4% of pore space at a depth 193.5 mbsf at site NGHP-
01-19A by pressure core measurement. Gas hydrate found 
at depth interval of 177-204 mbsf with maximum gas 
hydrate saturation of 10%. Hydrate saturation percentage 
was estimated from electrical resistivity log and pore-water 
chlorinity data (Collett et al., 2008; Shankar and Riedel, 
2014).

Figure 3 shows the suite of logs at site NGHP-01-19. 
Wire-line logging with the dipole sonic imager (DSI) tools 

was utilized to measure the P- and S-wave velocities. Two 
run of DSI tools (DSI1 and DSI2) are shown in Figure 
3 with different colors. The sonic velocity log shows an 
increasing trend of P- and S-wave velocities with depth, 
and the maximum velocity is observed just above the 
BSR at ~205 mbsf Figure 3. A sudden drop in P-wave 
velocity to ~1.53 km/s is observed just below the BGHSZ 
and the velocity again increases up to 1.63 km/s  Figure 
3. Resistivity log consistent with the P-wave velocity 
log trend and relatively high resistivity zone maximum 
up to ~1.2 ohm-m (165-185 m) is observed. But no 
visible gas hydrate samples were recovered from the site 
NGHP-01-19. However, the IR camera has identified a 
steady decrease in temperature with depth measured on 
the core liner above 205 mbsf. This is interpreted as the 
indication of gas hydrate disseminated in the formation 
above BGHSZ (Collett et al., 2008, Shankar and Riedel, 
2014). Density and porosity measurements of core samples 
are superimposed on the corresponding logs. Density log 
matches reasonably well with the measured core despite 
the irregular hole size. The porosity calculated from density 
log shows good correspondence with the porosity measured 
from the core samples, indicating a precise measurement of 
density log data Figure 3. The neutron porosity log showing 
consistently higher than the measured core porosity is 
because of the influence of mineral-bound water in these 
clay dominated sediments (Collett et al., 2008) Figure 
3. The shallow zone of the log above 60 mbsf cannot be 
used, as the caliper log shows a much enlarged hole near 
the seafloor.

Material and methods

Acoustic impedance provides rock properties information 
and has been used to describe rock types. Rock properties 
information has also been used as direct hydrocarbon 
indicator (Latimer et al., 2000). Model based acoustic 
impedance inversion can be used to derive acoustic 
impedance variation based on seismic data and low 
frequency impedance information obtained from well logs 
(Lindseth, 1979). In this study we performed post-stack 
impedance inversion along a seismic section in the MN 
Basin. The model based acoustic impedance inversion is 
based on perturbation of a low frequency P-impedance 
model until the synthetic traces matches the observed 
seismic data. This method is based on the convolution 
of a seismic wavelet with the earth's reflectivity (Lu and 
Mcmechan, 2002) as:

  St = [Wt * Rt] …........(i)

where St is the seismic trace, Wt is the seismic wavelet and 
Rt is the reflectivity. 
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The zero-offset P-wave reflectivity Rt, is related to the 
acoustic impedance Z of the earth as:

         Zt+1 – Zt
  Rt = ––––––––– …........(ii)
         Zt+1 + Zt

where Zt = rnt is the impedance of the tth layer (r is density 
and nt is P-wave velocity of the tth layer), and Zt+1 is the 
impedance of the underlying layer. We can invert equation 
(ii) for the P-impedance by recursive method.

                 1+Rt
  Zt+i = Zt [ ––––– ] …........(iii)
                 1–Rt

From equation (iii) we can effectively transform 
reflection seismic traces to P-impedance. However, all 
inversion algorithms suffer from the non-uniqueness 
problem. This means that there is more than one possible 
geological model, consistent with the seismic data. In 
practice, this problem is handled by using geological 
constraints, provided by well logs. Gas hydrate saturation 
can be estimated from acoustic impedance of seismic data 
computed using different post-stack impedance inversion 
techniques such as: model-based, sparse spike and band 
limited inversion (Lu and Mcmechan, 2002; Dai et al., 
2008; Riedel and Shankar, 2012; Shankar, 2016). Model 

-based post- stack inversion is used (Russell and Hampson, 
1991) for computation of acoustic impedance from seismic 
data. Figure 4 shows the detail flow chart of the model 
based acoustic impedance analysis and inversion. In this 
study an effective medium model on inverted P-wave 
velocity is applied to obtain gas hydrate saturations. The 
modeled P-wave velocities of gas hydrate bearing sediments 
assumes the pore-filling form of gas hydrate, as it affects 
only the P-wave velocity (Singha et al., 2014).

Following the analysis at well location, the model based 
inversion was performed using the extracted wavelet from 
the seismic stacked data and a low frequency initial model 
with prior geological information such as the reservoir 
geometry. This can be done by interpretation of geological 
features on seismic section. In this study, two horizons 
were interpreted on the basis of prominent amplitudes 
and characteristics such as the sea floor and BSR. A low 
frequency initial acoustic impedance model was computed 
from the P-wave impedance log at well position and 
extrapolated along the seismic line. Figure 5a shows the 
acoustic impedance initial model along the seismic line. 
The P-wave impedance along the line interpolated from the 
well NGHP-01-19 shows increasing impedance with depth. 
Simultaneously, the inverted P-wave velocity obtained at 
the well location and extrapolated along the seismic line 
crossing the well NGHP-01-19 is shown in Figure 5b.

Figure 4. Post stack model-based acoustic impedance inversion simplified flow chart.
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rESULtS AND DIScUSSION

The acoustic impedance is calculated by model-based 
inversion constrained by well logs data at site NGHP-
01-19 passing through the seismic line. The inversion of 
the hydrates region uses the interpreted information from 
seafloor, BSR and key reflectors to build structural model 
and to control the low frequency part of the model. To 
calculate impedance, the density and velocity logs were used 
along with low frequency (15 Hz) initial model. 

Well-to-seismic correlation provides an efficient way 
to establish hydrate events on seismic data and for the 
calibration of gas hydrate estimation using an appropriate 
model. A well-based, zero-offset synthetic seismogram is 

created and compared with the post-stack seismic traces 
at the well location. The first step of seismic inversion 
is to correlate the well with the seismic stacked data, in 
which events recorded on the well log are correlated with 
the events recorded on the seismic data. To start a well to 
seismic tie, synthetic traces are generated to correlate with 
the recorded seismic traces. A suitable wavelet is extracted 
from the observed seismic data. The post-stack impedance 
inversion analysis is performed at the well location NGHP-
01-19 to evaluate the accuracy of the inversion and to 
calculate an amplitude scaling factor between the seismic 
data and the impedance at the well site. The P-impedance 
inverted from single trace at the well location, and then 
a synthetic trace generated using this impedance and the 

Figure 5. (a) Initial model for model based acoustic impedance inversion of 2D multi-channel seismic data, (b) Result from 
model based P-impedance inversion of the stacked volume along 2D seismic profile crossing well NGHP-01-19. Color-code 
shows inverted P- impedance in ((m/s) × (g/cc)), (c) Estimated gas hydrate saturation along 2D seismic profile using effective 
medium rock physics model on inverted velocity. The well location is marked with arrow. Black dotted curve shows the BGHSZ. 
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extracted P-wavelet is compared with the extracted trace 
from the seismic data at well location. 

To estimate gas hydrate saturation along the seismic 
line, physical parameters required are velocity, porosity 
and density. Density estimated simply by dividing inverted 
impedance by inverted velocity. Porosity estimated from 
the derived density along the seismic line from density 
porosity relationship φ= (rg–rb)/ (rg–rw). Where rb is the 
formation bulk density of the medium, rw is the density 
of pore water which is 1030 kg/m3 and rg is the average 
grain density equal to 2750 kg/m3 measured in the core 
moisture and density analysis. The porosity estimation 
using this method is tested at well log site NGHP-01-19. 
The inverted P-wave velocity was then translated into 
the saturation of gas hydrate by invoking the effective 
medium rock physics theory to the time/depth varying 
porosity-profile and assumed mineralogical mix (Shankar 
and Riedel, 2011; Shankar and Riedel, 2013; Shankar et 
al., 2013). The saturation of gas hydrate estimated along 
the SW-NE trending seismic profile shows as high as 3.0% 
of the pore space Figure 5c.

cONcLUSIONS

The impedance was calculated from the stacked seismic 
data using a post-stack model-based acoustic impedance 
inversion method. The gas hydrate saturation derived from 
the model-based acoustic impedance coupled with rock 
physics modelling, varies up to 3.0% of the pore space 
along the seismic line. The gas hydrate saturation (2.4% of 
the pore) directly measured from the recovered core shows 
close correspondence with the estimated values at drilling 
site NGHP-01-19. Estimation of this kind of saturation of 
gas hydrates provides a quick idea of the areal extent of 
gas hydrate along a seismic line.
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