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Summary

The P- and S-wave velocities of gas hydrates and free gas-bearing sediments have been modeled and the travel time   
responses   for   suitably    spaced   ocean   bottom seismometers (OBS) have been  calculated. The different models are 
presented with contrasting physical properties which produce the travel time curves corresponding to the gas  hydrate 
and  free  gas  layers  for  varying source – receiver offsets of the OBS.   Two dimensional (2D) ray tracing is done 
on models of different configuration, i.e. varying depths of sea floor, gas hydrate zone (GHZ) and free gas zone (FGZ)
with the same sediment thickness. The best representative model is selected for each case, which produces the significant
ray bending and travel time skips at contrasting velocity horizons of gas hydrate bearing sediment layer underlain by
low velocity layer of free gas. The results provide ‘a priori’ information for launching a broad survey to identify the 
GHZ  and FGZ over  the continental margins of India.

Introduction

Gas Hydrates which are primarily composed of water 
and methane can often be identified on seismic records
by a Bottom  Simulating  Reflector  (BSR),  which  is  
a  high amplitude reflection with opposite polarity
compared to the sea floor and which mimics the shape
of the sea floor. The BSR arises from the high
acoustic impedance contrast between the gas hydrate 
zone and the free gas zone. In order to study the
travel time patterns associated with gas hydrates, a two
dimensional ray tracing technique (Zelt and Smith,
1992) is used. After a thorough literature survey 
multi layer models with gas hydrates and free gas
layers were constructed. This paper presents the result
of the two dimensional modeling of travel times to
OBSs for the different gas hydrates and associated free 
gas configurations. Synthetic seismograms are also
calculated by a two dimensional wave equation
technique (Rajput et al. 2005) in order to demonstrate the 
validity of ray tracing.

Materials and Methods

Following Zelt and Smith (1992), we performed ray 
tracing through an iterative process of forward modeling.
A 2D (x,z) isotropic medium is assumed. The velocity
model is  composed  of  a sequence of  layers  
separated  by boundaries  consisting  of linked  linear  
segments of arbitrary dip. Ray tracing is performed
by numerically solving  the ray tracing  equations for
2D media using  a Runge Kutta method. Travel  times
are calculated by numerical integration along ray paths
using the trapezoidal rule. The travel times correspond

to any ray paths which can be traced through the
model, being either first or later arrivals. The shear
wave velocity (Vs) is calculated from interpolated
compressional wave velocity using Poisson’s ratios
specified for each trapezoid.  It has been suggested that
VP is sensitive both to small amounts of free gas in the 
sediments and to how the free gas is distributed in the
pore spaces. Hence the estimation of free gas from
seismic velocity can be only approximate (Domenico,
1977). In this study we are using the model developed
by Rajput et al. in 2003 (Gas Hydrate Group Report,
NGRI, 2003).

Wave Equation Method for Synthetic 
Seismogram

2D wave equation modeling (Rajput et al. 2005) have 
been used to generate synthetic seismograms for
validation of the travel time curves from ray  tracing
for different configuration of gas hydrates model. This
technique takes the complete wave field and structure 
effect into account and generate the shot gathers instead
of the common mid- point (CMP) gathers. In order to
compare with the travel time curves from the ray
tracing, the synthetic data were treated as recorded
data and taken through a processing sequence to CMP
gathers.

Discussion of the Results

2D ray tracing was done for three OBS, which were 
located on the sea floor along a 40 km profile at a 10
km separation. We have considered cases of two



different sea- floor depths, 1000 and 2000 m (Figures 1
and 2). In both cases the overburden sedimentary layer
above the GHZ has a thickness of 200 m. Based on the
available estimates of gas hydrate and free gas layer
thicknesses from different locales in the world, GHZ
thicknesses of 100, 150 and 200 m and FGZ thicknesses
of 50 and 100 m are were tested by the modeling. The 
GHZ and FGZ were restricted to a 10 km zone in the 
center of the model. In all cases the shooting
interval was 100 m.

Reflection and refraction from different interfaces are 
recorded on the three OBS. Based on the geological 
conditions offshore eastern India and through
literature survey the best was the one where the thickness
of the GHZ is 150 m. For the model with the sea floor at
1000 m depth, P-wave velocity increases from 1.7 to 2.0
km/s in the GHZ. Below the GHZ, a 100 m thick low-
velocity layer of free gas (VP = 1.4–1.5 km/s) was
included in the sedimentary sequence. For the case with
the sea floor located at 2000 m depth, the velocities for
the GHZ and the FGZ are varied to account for the
greater depth. The P-wave velocity model for this case
has an increase from 1.8 to 2.25 km/s in the GHZ.
Below it, a low-velocity layer of thickness of 100 m 
with velocity 1.45–1.55 km/s  is placed, indicating
the presence of FGZ in the sedimentary layer.

We have made the assumption that the geometry for S-
wave modeling is the same as that for P-wave modeling. 
In the final S-wave model for a 1000 m water layer, Vs
in the GHZ increases from 0.90 to 1.05 km/s and the
FGZ has a VS  of 0.75 km/s. For the model where the 
sea floor is located at 2000 m, VS in the GHZ
increases from 0.90 to 1.20 km/s and the FGZ has a
Vs of 0.85 km/s. When the velocity gradient of the
overlying GHZ layer is sufficiently high the velocity
inversion can be identified with the help of travel-time
skips, where the first arrival refraction cycle dies  out  
in  quick succession, creating a shadow zone 
(Hirahara, 1980; MacLeod, 1982).

The diving waves again emerge after encountering the 
high velocity layer beneath the FGZ, creating the ‘skip’
in the  first  arrivals.  Keeping other  parameters  
fixed  an increase/decrease in the thickness of the low-
velocity FGZ will lead to a corresponding  
increase/decrease  in  the magnitude of the travel-time
skip. From the ray paths it is clear that the arrivals at
OBS-2 are more influenced by the GHZ and FGZ than
OBS-1 and -3 (see Figure 2 for the model with water
depth of 2000 m, hence only the results for OBS-2 will 
be presented here. Synthetic seismograms are also
generated by wave equation modeling for case with a 
water depth of 1000 m (see Figure-3). The travel time 
skips we observe in the travel time curves from ray
tracing are also identified in the synthetic seismograms
from wave equation modeling and shown in Figure-3.

The P-wave ray tracing allows us to identify travel 
time reflections and refractions as PX and PX,
respectively, where x is the velocity (see Figures 3 and
4). The skips in travel times are more prominent in the
case of 100 m thick FGZ compared to when the

thickness is 50 m. For OBS-2, deployed in the middle 
of the section above the zone of interest, the
reflections from all the layers, including GHZ and  FGZ  
are  observed.  Travel  time  curves  produce 
significant ray bending due to the high acoustic
impedance contract (see Figure-5).

Now let us consider the S-wave travel time 
responses. When the depth of the sea floor is 1000
m, the S-wave modeling allowed us to identify the
following for an FGZ thickness of 100 m: For OBS-1,
the travel-time responses are clearly observed from all 
the layers, except the GHZ and FGZ. For OBS-2, the
travel time responses in terms of reflections are clearly
observed for all the layers, including GHZ and FGZ (see 
Figure-6).

Conclusions

Based on analysis of travel-time response in terms of
reflection and refraction for detection of GHZ and FGZ, 
we are able to place constraints on the model. Thus
we conclude that:

(i) For P-wave modeling, if the OBSs are deployed
away from the target area as in our case, on either
side of the GHZ and FGZ we may not be able to detect
response from the possible gas hydrate-bearing
sediments. In this regard the  future  experiments  
would  have  to  have  closely deployed OBS with a 
minimum of one or two OBS just above the GHZ and
FGZ.

(ii)  In the case of S-wave  modeling,  the response 
of different layers is better resolved in both reflections
and refractions  for  GHZ  and  FGZ  compared  to  
P-wave response; therefore the S-wave study is
recommended.

(iii) Detailed  study of travel-time skips is important 
for better resolution of hydrate-bearing sediments at
shallower sea floor depths. The ray bending observed
for deepwater OBS deployments may need further
investigation.

(iv) Results indicate that it’s complicated to identify
the response from thin sediment layers with low
velocity and the spacing considered here; and this is
valid for both compressional and shear waves.

(v) The present exercise would help in planning
OBS experiments   for   gas   hydrate   exploration   
over   the continental margins of India.
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Figure-1: P-wave velocity model with 1000 m water depth, 150 m thick gas hydrate zone (GHZ) and 50 m thick free
gas zone
(FGZ).

Figure-2: P-wave velocity model with 2000 m water depth, 150 m thick gas hydrate zone (GHZ) and 50 m thick free
gas zone (FGZ) and rays traced for all Ocean Bottom Seismometers.



Figure-3:  Synthetic  seismogram  from  wave  
equation modeling  for model -1, with  observed  travel
time skips shown by black circles. Dark red lines
show the picked reflectors. Green line shows picked
water bottom. Red wiggle indicates the maximum
amplitude.

Figure-4: Travel-time response of P-wave velocity (Vp)
in terms of reflections (PX) and refractions (PX) for
OBS-2 at 1000 m water depth with a 150 m thick GHZ
and 100 m thick FGZ.

Figure-5: Travel time responses of P-wave velocity (VP)

in terms of reflections (PX) and refractions (PX) for
OBS-1 at 2000 m water depth with a 150 m thick and
100 m thick FGZ.

Figure-6: Travel time responses of S-wave velocity (VS)
in terms of reflections (SX) and refractions (SX) for
OBS-2 at a 1000 m water depth with a 150 m thick GHZ
and 100 m thick FGZ.
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