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Summary 

Imaging below the basalt for hydrocarbon 

exploration is a global problem because of poor 

penetration of seismic energy. There is significant 

loss of energy due to scattering, attenuation, 

absorption and mode-conversions when the seismic 

waves encounter a highly heterogeneous and rugose 

basalt layer. The conventional (near vertical) seismic 

data acquired by the oil industry generally face this 

problem of imaging. Here, we have generated near 

vertical synthetic seismic data using elastic finite-

difference full-waveform modeling using staggered-

grid scheme for a model derived from the wide-angle 

inversion of the first-arrival seismic data acquired in 

the Deccan basalt covered region of India. The data 

has been processed and imaged using conventional 

techniques. The results obtained show that in the near 

vertical range also the synthetic seismic image 

correlates well with all the model features as obtained 

through the wide-angle modeling because of the 

robust modeling approach adopted. The synthetic 

seismic image is also able to delineate thin 

hydrocarbon bearing low-velocity layer of Mesozoic 

sediments hidden below two sequences of thick high-

velocity basalt layers lying above the basement.     

Introduction 

Sub-basalt imaging is a challenging problem for the 

oil industry from the hydrocarbon exploration point 

of view. Basalts mainly act as a trap and mask the 

hydrocarbon bearing Mesozoic sediments hidden 

below the Deccan trap covered region of India. Due 

to large impedance contrasts at sediment-basalt 

interfaces and presence of breccias and vesicles 

within the lava flows, the primary reflections are 

masked by noises such as ground-rolls, multiples, 

diffractions, scattering and mode-conversions 

(Jarchow et al., 1994). The seismic data quality also 

degraded due to absorption and attenuation of elastic 

waves within the rugose basalt interfaces, which 

leads to poor penetration and severe loss of seismic 

energy, which leads to decrease in signal-to-noise 

ratio (SNR) in the near-vertical range. To overcome 

these types of problems, there are several studies 

have been made for imaging below the basalts using 

long-offset wide-angle seismic data (Behera and Sen, 

2014; Fliedner and White, 2001; Fliedner and White, 

2003; Fruehn et al., 2001; Jarchow et al., 1994; 

White et al., 2003). However, the wide-angle seismic 

reflection or refraction phases can resolve the 

velocity contrasts below the basalt but cannot resolve 

many subtle layers hidden below the basalts or lying 

within the underlying sediments. On the other hand, 

near vertical seismic data has high-frequency 

information, which can resolve very fine structures if 

the energy can penetrate below the basalts, which is 

useful to understand the internal structures within and 

below the basalt layers. Therefore we have adopted a 

robust elastic finite-difference modeling approach 

using staggered-grid scheme, which is capable of 

computing synthetic seismic data using numerical 

simulation of wave propagation through the model 

(Fig. 1) having thick rugose basalts and thin 

hydrocarbon bearing sub-trappean Mesozoic 

sediments in the Deccan trap covered region of India 

(Behera and Sen, 2014).   

The key to successful imaging below basalt is to 

understand the effect of the basalt on the passage of 

seismic waves. Since basalt is highly heterogeneous 

and large amount of incident seismic energy are 

attenuated, converted, scattered while propagating 

through the basalt layer, hence the seismic image 

quality becomes very poor. Therefore, it is necessary 

to develop proper seismic data acquisition and 

processing techniques to deal with different types of 

waves generated as mentioned above through a 

numerical simulation using elastic full-wave 

propagation through the model and generation of 

synthetic seismic data. This will help to develop a 

strategy for processing real data as well to acquire 

new data in a basalt covered region.     

For forward modeling, we have taken a realistic 

velocity model of Behera and Sen (2014), which was 

developed using ray-trace inversion of the 2-D wide-
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angle seismic profile along the Sinor-Valod in the 

Deccan Syneclise region of India, with addition of a 

high degree of complexity by making the basalt layer 

more uneven and rough. The wide-angle seismic data 

acquired along the Sinor-Valod profile has a shot 

point interval of ~10 km and it is not possible to 

obtain a seismic section/image with such a sparse 

shot intervals. To obtain a seismic image and image 

structures lying below the basalts as well as the 

sedimentary part of the basin, a synthetic numerical 

study has been adopted to generate synthetic seismic 

data along this 90 km long profile. Full-waveform 

synthetic seismograms are computed over this Sinor-

Valod model (Behera and Sen, 2014) using 2-D 

elastic staggered-grid finite-difference method 

(Virieux, 1986) in time domain to understand the 

effects of sub-trappean Mesozoic sediments on the 

seismic data. Here, we illustrate the application of the 

method for heterogeneous and isotropic media. 

 

Methodology 
 

Seismic wave propagation through the real earth is 

usually given by the wave equations, which is based 

on Newton’s second law of motion and Hook’s law 

of elasticity (Bording and Lines, 2000; Margrave and 

Manning, 2004; Krebes, 2004). Here, we consider a 

2-D elastic and isotropic medium with a horizontal 

axis � and vertical axis � pointing downward. The 

wave equations that describe the propagation of 

seismic waves for this medium are: 
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where � and � are horizontal and vertical 

displacements, � is time of wave propagation, � and � 

are Lame’s parameters and � the density. Here we 

have applied the staggered-grid finite-difference 

method for discretization of wave equations (1) and 

(2). To reduce spurious reflections from the sides and 

bottom of the computational grid, we apply absorbing 

boundary conditions, which are especially very 

efficient in absorbing the Rayleigh waves at the free 

surface. The horizontally propagating waves striking 

the side boundaries and vertically propagating waves 

striking the bottom boundary are also absorbed. The 

top of the model is a free surface, where shots and 

receivers are located, which is an air-solid boundary 

and here we put shear stress to be zero at time t=0. 

The stability of this system is given by Von 

Neumann’s condition: 
 

   
	
√� ���� � ���� ∆�

∆� � 1          (3) 

 

where �� � �����
�  and �� � ��

�, Δ� and Δ� are the 

grid steps in time and space axes respectively (in this 

case ∆� � ∆��. In order to avoid grid dispersion, we 

use 
∆�
� � 0.1, where �# is the wavelength. Here, at 

least 10 grid spacing are used to sample the 

wavelength. 

 

Numerical modeling 
  

We use here symmetrical and compressional point 

sources with dominant frequency of 10 Hz to excite 

the seismic wave field. The source time function is 

the first order derivative of the Gaussian function, 

which is a Ricker wavelet expressed as: 

  $%�� � %� & �'�()%*+,%�)�,���              (4) 

where -' is dominant frequency and �' is the central 

time of the wavelet. For the basalt model shown in 

Fig. 1, we have generated synthetic seismic data and 

snapshots of seismic wave fields by using full-wave 

elastic finite-difference modeling. For this model, the 

synthetic seismic data has been acquired for 91 shot 

gathers (SP’s) with 1 km shot intervals and 901 

stationary receivers with 100 m receiver intervals 

(Fig. 1). The sampling interval is 2 ms and record 

length is 4 s.  We have used a robust 2-D staggered-

grid scheme shown in Fig. 2 for numerical modeling 

and wave propagation through the model to penetrate 

the seismic energy through the thick column of basalt 

layers. The different parameters used in the 

staggered-grid approach are represented at all the grid 

points e.g., normal stresses .�� , .//  and elastic 

parameters �, � � 2� are represented by green 

circles, shear stress .�/  and � are represented by blue 

circles, velocity �� along � &direction and buoyancy 

1 are represented by red circles, velocity �/ along 

� &direction and buoyancy 1 are represented by 

purple circles (Fig. 2). For modeling, we have use 
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spatial sample step 5 m and temporal step 2 ms for 

stable computations. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

Modeling results  
 

The shot gathers generated for the model (Fig. 1) 

show all the different types of phases like direct 

arrivals, reflections from each interfaces, multiples, 

converted waves except the ground rolls, which has 

been restricted while modeling (Fig. 3). The ground 

rolls significantly reduces the primary reflection 

energy to penetrate deep into the basalt layers and 

hinders in the wave propagation. All the shot gathers 

show there is significant transmission of energy 

below the basalt and corresponding reflections from 

each reflecting interfaces (Fig. 3). The plots are 

presented with the same gain and clip to see a better 

comparison of the different types of phases and how 

much attenuation occurs while the wave propagates 

through the model. The multiples present in the data 

are very severe and has been eliminated using the 

prediction deconvolution with prediction lag (PL) of 

0.004 s and Operator length (OL) of 0.040 s (Yilmaz, 

1987). This processing step has enhanced the 

reflections with respect to the spurious noises (Fig. 

4). Mode-converted phases are useful for imaging 

deeper targets and hence not eliminated. 
  

 

 

 

 

The wave propagation through the model can be seen 

from the snapshots generated for different shot 

gathers at different times. The nature of complexity 

of the wave propagation is significant due to the 

elastic finite-difference full-wave modeling and is 

shown for an example shot gather at SP13 (Fig. 5). 

The reflections and transmission of energy through 

the model is governed by the Snell’s law. When a 

wave (P or S) enters the interface between any two 

media, then part of the wave is reflected back to the 

first media from which it was incident and the 

remaining part is transmitted in the second medium, 

which are very clear in the snapshots. When the wave 

encounters the high-velocity layer having very high 

impedance contrast of the basalt-sediment interfaces, 

the amount of energy reflected back is very high and 

also significant amount of energy is transmitted as 

well as mode-converted, which are able to penetrate 

deeper because of the staggered-grid scheme. The 

computations are not only at grid points but at half 

the grid nodes, which facilitates the propagation of 

the waves through the thick basalts and reflections 

from below the basalts as well as from the basement 

(Fig. 5).  

Figure 1:  The velocity model used in the present study is 90 km in 

� & and 5 km in � &directions. The P-wave velocity of each layer is 

marked in km/s, which shows that first layer is alluvium with P-

wave velocity �2 � 2.5 km/s, S-wave velocity  �4 � 1.45 km/s and 

density � � 2200 kg/m3. Second layer is basalt with �2 � 5.0 km/s, 

�4 � 2.45 km/s, and � � 2800 kg/m3. Third layer is sandstone with 

�2 � 4.2 km/s, �4 � 2.40 km/s, and � � 2380 kg/m3. Fourth layer 

is basalt with �2 � 5.5 km/s, �4 � 3.2 km/s, and � � 2900 kg/m3. 

Fifth layer is sandstone (Mesozoics) with �� � 3.5 km/s, �4 � 2.0 

km/s, and � � 2275 kg/m3. The last layer is granite (basement) with 

�2 � 6.0 km/s, �4 � 3.5 km/s, and � � 2670 kg/m3. 

Figure 2: Staggered-grid scheme for computation of 2-D elastic 

wave field. Arrows are denoting spatial differentiation. Red 

colored arrows denote how the derivative operator shift forward or 

backward to compute stresses. Blue colored arrows show how the 

derivative operators shift forward or backward to compute particle 

accelerations from the stresses. Here the buoyancy 1 � 	
�. 
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Figure 3: Examples of synthetic shot gathers (data) generated by 

the elastic finite-difference staggered-grid modeling shown for 

(a) SP13, (b) SP51, and (c) SP71 along the 90 km long profile. 

The reflection phases are very prominent from the top and 

bottom basalts along with other phases like multiples and 

converted waves etc. 

(a) 

(b) 

(c) 

Figure 4: The same example shot gathers (a) SP13, (b) SP51, and 

(c) SP71 shown after elimination of multiples. The synthetic data 

now shows prominent reflection phases from different layers of 

the model used for synthetic seismogram generation. The mode 

converted waves generated are still present in the data.  
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Figure 5: Snapshots for elastic wave propagation for shot point 

SP13 at different times (a) 0.5 s, (b) 1.0 s, (c) 1.5 s (d) 2.0 s, (e) 
2.5 s, (f) 3.0 s (g) 3.5 s, and (h) 4.0 s respectively. These 

snapshots show how the complexity of wave propagation 

happens when it reaches the rugose basalt layer having uneven 

rough surfaces.  The inverted triangles represent the SP’s along 

the profile and black squares on the surface are the receivers.   

T=1.5 s 
 

T=0.5 s  
 

T=1.0 s 
 

T=2.5 s 
 

T=2.0 s 
 

T=3.5 s 
 

T=4.0 s 
 

T=3.0 s 
 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(g) 

(h) 
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There is loss of seismic energy while propagation due 

to scattering, attenuation, spherical divergence, and 

diffraction are also clear in the snapshots (Fig. 5). 

Whenever there is change of material properties, the 

seismic wave propagation is also affected leading the 

reversal of amplitudes, decay as well as attenuates 

due to absorption and dispersion. As predicted, the 

coherent seismic wave that passes through the thick 

basalt layers has preferentially lost high-frequency 

energy as well as waves are highly attenuated, 

distorted, and seriously contaminated by the scattered 

energy.  From the snapshots (Fig. 5) it is clear that all 

seismic energy is completely absorbed by the 

surrounding boundaries on which we apply the 

absorbing boundary conditions, hence there is no 

spurious energy reflected from the boundaries. 

 

To obtain a seismic section of the synthetic seismic 

data generated (Fig. 3) along the Sinor-Valod profile 

of the Deccan Syneclise region, we have adopted the 

conventional seismic data processing flows of 

Yilmaz (1987). The data has been muted for first-

arrivals and deeper multiples (top and bottom mute), 

followed by velocity analysis using coherency 

spectrum and pick of the RMS velocities from the 

coherency maxima for each shot gathers. The data 

has been corrected for normal-move out (NMO) 

using the derived velocities from the velocity analysis 

followed by stack (Fig. 6). There is significant 

increase of SNR after stacking and all the horizons as 

shown in the model (Fig. 1) are very prominent. We 

have not applied any multiple elimination process, 

because it will also eliminate the useful phases from 

the top and bottom of the thin Mesozoic sedimentary 

layer, which is very difficult to image because of 

significant attenuation and absorption of energy due 

the presence of thick basalt layers. From the stacking 

section, we can see very clear imaging of basalt and 

sub-basalt sediments.  It indicates that the quality of 

the time imaging in the basalt covered region 

strongly depends on the acquisition parameters, 

particularly the offsets and charge size. Although 

near vertical recording of seismic data fails to image 

below the basalts, but if more charge size can be used 

in deeper holes, then there may be a possibility of 

deeper penetration of seismic energy to image below 

the basalt. Numerically we have established that by a 

very robust computing method using staggered-grid 

elastic finite-difference scheme (Virieux, 1986), it is 

possible to image below the thick basalt for a thin 

layer of hydrocarbon bearing Mesozoic sediments. 

Again how thin a layer can be imaged is a paradox. 
 

 
 

 

 

 

Conclusions 
 

Imaging below the basalts for hydrocarbon 

exploration using the staggered-grid elastic finite-

difference method can able to resolve thin Mesozoic 

sediments in the Deccan basalt covered region of 

India. This synthetic study using near-vertical 

synthetic seismic data using conventional seismic 

data processing technique becomes a viable tool for 

addressing this challenging problem. The geological 

complexities and highly heterogeneous rugose basalt 

layers poses serious problem for poor penetration of 

seismic energy as well as generation of different 

types of waves, which are considered as noises and 

mainly contaminate with the seismic data. With the 

help of present robust computational methodology, it 

is easy to identify those spurious arrivals with the 

help of numerical simulation and generation of 

snapshots showing the propagation of seismic waves 

within the earth. The multiples are also eliminated 

using predictive deconvolution technique to show 

prominent reflections from different layers. The 

modeling approach can delineate small scale features 

such as thin Mesozoic sediments hidden below the 

thick basalts and facilitate the identification of the 

hydrocarbon bearing pay horizons. The stack section 

obtained using the synthetic data generated with the 

help of this technique shows the efficacy of this 

method.      
 

 

Figure 6: Stack section derived from the synthetic near vertical 

seismic data acquired for the model shown in Fig.1 and all the 

major horizons are well imaged. 
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