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Summary 
 
In the recent exploration scenario, subsurface illumination studies have become prerequisite for cost effective and operationally 
efficient seismic survey design for 2D/3D seismic data acquisition. 

Subsurface Illumination modeling is a vital tool to analyze the effect of different survey parameters on subsurface imaging as 
well as for amplitude studies. Conclusion can be drawn with respect to optimal geometry, shooting direction and subsurface 
imaging. It can also be used as a tool for better defining real data processing and interpretation strategies in geologically 
complex area. 

In this paper 3D ray tracing technique at the target level was performed on a subsurface geological model with different seismic 
survey configurations with respect to shooting direction. Target Illumination studies were carried out to study the image quality, 
fold variation, shadow zone, acquisition footprints at target level with respect to different survey design and shooting directions. 
Various geometrical attributes were analyzed e.g. minimum offsets, maximum offset, fold, offset distribution, azimuth distribution 
and group interval studies to choose optimum survey design and shooting direction for subsurface imaging at the target level. 

 
 
 
Introduction 
 
3D seismic survey designing in any subsurface imaging 
study always proceeds with objective to identify possible 
hydrocarbon entrapment location. Simplistic flat earth 
model and concept of CMP no longer hold good in 
structurally complex environment because of ray bending 
and multi path issues due to complex velocity distribution 
and wave field distortions. This leads to irregular 
subsurface Illumination and amplitude distortion which can 
not be attributed to geological reasons. 
The variation between midpoint coverage and subsurface 
Illumination pattern is particularly large in structurally 
complex, thrust fold areas having shale/salt diapirs and 
horst/graben features (Muerdter et al. 1997). In these 
situations it is imperative to use kinematic ray tracing 
analysis or wave equation modeling for optimization of 

survey design, interpretation and processing 
methodologies/ strategies. The advantage with ray tracing 
is that it is less time consuming flexible and relatively less 
expensive technology compared to full wave equation 
modeling. In addition, ray tracing can test the effects of 
variation in critical survey parameters on subsurface 
imaging. In this study an attempt has been made to use 3D 
ray trace modeling for survey parameters feasibility, 
planning and determination of preferred shooting direction 
for proper subsurface imaging of target horizon. 
 
 
 
 
 
 
 



 

 
 

General Geology of the area  
 
Study area falls in east-coast of India in Mahanadi offshore 
basin which was formed as a result of rifting and breakup 
of the Gondwanaland during Jurassic period. Generalized 
stratigraphy of Mahanadi offshore basin is given in table1. 
On the basis of structural elements Mahanadi offshore 
basin can be divided into three structural stages (Kaila et 
al., 1987) viz. Mesozoic (mainly cretaceous) Paleogene 
(mainly Paleocene-Eocene) and Neogene (Miocene-recent), 
these basically differ each other in terms of structural 
configuration. Basement is traversed by number of major 
faults having ENE-WSW and NNW-SSE trends. There are 
horst and graben features at basement and upto Paleocene 
level. Eocene top depicts monoclinal dips towards 
Southeast but there are channel cuts and other 
morphological irregularities. Like the Eocene top, the 
Miocene and Pliocene formations also dips monotonously 
from NW to SE. Dip at the target level towards NW 
boundary of the proposed survey area is of the order of 24° 
and SE boundary is 31° (Fig. 1).  

Age Lithology Deposit. 
Env. 

Thickne
ss (m) 

Pleistocene-
Recent 

Sand, clays and 
silts 

Deltaic to 
shallow shelf 200-600 

Pliocene Sand and clays Prodelta to 
marine 200-700 

Miocene 
Claystones, 
Siltstones & SST., 
fossiliferous LMT. 

Deltaic to 
open marine 

600-
1900 

E-M   
Eocene 

Fossiliferous 
LMT., 
carbonaceous  
shales, siltstones 
and SST. 

Shallow 
marine 
(Inner shelf) 

200-400 

Paleocene 
Argillaceous 
LMT., shales, 
siltstones & SST. 

Deltaic to 
shallow 
marine 

50-600 

Late 
Cretaceous 

Sandstone, Shales 
and LMT. 

Shallow 
marine 
(shelf) 

0-500 

Early 
Cretaceous Basalts, tuffs 

Sub-aerial 
and sub-
aqueous 

25-850 

Pre-
Cambrian 

Granite and 
Gneisses      

 
Table1. Generalized Stratigraphic column of Mahanadi 
basin. 

 
Figure 1:  Dip angle map at the target horizon. Marked area 
shows highly dipping zone on the target horizon. 

 
Figure 2:  Bin size map at target horizon. Marked area 
shows that smaller bin size required is associated with high 
dips. 
 
Methodology 
 
The first step towards ray tracing modeling is generation of 
3D subsurface model followed by gridding and smoothing 
to eliminate sharp peak kinks at target level (horizon of 
interest) in depth domain based on available 2D seismic 
data. This structural model was updated with representative 
velocity and density information. Based on this seismo-
geological model various model attributes were generated 
(Fig.1 and Fig.2 showing the Dip angle and required 
minimum bin size map at target horizon) which will be 
used to decide the survey-geometry parameters for ray trace 
modeling. From model attributes receiver group interval 
was decided taking into account dips and maximum 
expected frequencies at horizon of interest. Detailed work 
flow is described in Fig. 4. 

Highly dipping 
areas

Small Bin size 
required to 

resolve high 
dips. 



 

 
 

In this simulation study, based on the above mentioned 
information, acquisition parameters used includes dual 
source with flip flop shooting at 25m shot interval, 
4x6000m streamers with 200m streamer separation, 100m 
X-line gun separation and receiver spacing 25m. This 
yields nominal fold of 60 and 12.5mX50m Bin size. Fig.3 
shows the applied survey geometry and distances involved. 

 
Figure 3: Vessel design with Source separation 100m, 
receiver separation 25m and streamer separation 200m. 
 
Using these parameters ray tracing was performed on target 
horizon in the area of interest along two mutually 
orthogonal shooting directions. One more similar exercise 
was performed with above two shooting directions taken 
together (a kind of MAZ survey). The goal behind this 
exercise was to see the cumulative effect (mainly on 
shadow zones we got as a result of first two ray tracing 
exercises) of the two shooting directions, when taken 
together. For all ray tracing exercises ray code was decided 
which honors transmission of energy through all layers 
above the targeted horizon and reflections from the target 
horizon. The ray tracing algorithm honors recording of 
more than one event at a single channel which is also 
illustrated in this paper with synthetic shots records (Fig.14 
and Fig.15) showing multi arrivals attributed to multipath 
issue. These shots records are taken from the horizon of 
study having structural complexity.  
Various attributes generated as a result of ray tracing were 
calculated and summed to the actual fold to calculate one 
representative value of the attribute in each bin cell on 
target reflector, to provide illumination maps. These 
attributes like Hit density or CRP fold map gives the 
numbers of hits/reflection from each bin cell. Summing the 
amplitudes of all rays that falls into each bin cell generated 
amplitude illumination maps. This mapping process 
associates a reflector ray to its reflection points only. Total 
7 attributes were generated at target horizon viz. Hit 
density/CRP fold, Average amplitude map, AVO maximum 
and average angle of incidence, CMP to CRP displacement 
and Azimuth and Two way travel Time. All the results 
obtained are shown in Fig. 5 to Fig. 11.  

 
 
Figure 4:  Flow chart showing various steps involved in the 
methodology adopted in present study. 
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Figure 5:  Hit density/CRP fold maps for two mutually 
orthogonal shooting directions. Showing the coverage and 
shadow zones, used to find out migration aperture at the 
survey boundary and to find out the zones with poor/good  
S/N ratio. 
 

 
 
Figure 6: CMP to CRP Azimuth maps for two mutually 
orthogonal shooting directions. These azimuth information 
combined with dispplacement values prdicts the amount 
and direction of migration aperture at the boundaries.   
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Figure 7: CMP to CRP Displacement maps for two 
mutually orthogonal directions. Showing the zones having 
large CMP to CRP displacement and this information can 
be used to predict the extent of Migration operator required 
for proper imaging of reflectors. 
 

  
 
 
Figure 8:  Two way travel time maps for two mutually 
orthogonal shooting directions. 
 
 

Shooting Direction 

30

210

Shooting Direction 
124° 

304° 

Shooting Direction 

30

210

Shooting Direction 
124° 

304° 



 

 
 

 
 
 
Figure 9: Average amplitude maps for two mutually 
orthogonal shooting directions. Patterns in variation of 
amplitude values on target horizon were noticed to foresee 
the reason behind the patterns i.e. whether they are due to 
structural complexity of the reflector or shooting geometry. 
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Figure 10: AVO maximum angle of incidence maps for 
two mutually orthogonal shooting directions. 
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Figure 11: AVO average angle of incidence maps for two 
mutually orthogonal shooting directions. Used to find out 
the incidence angle range in ‘Bins’ in the zone of interest to 
foresee the amenability of AVO studies.  
 
 
 
Similar results have been generated for an additional multi 
azimuth ray tracing exercise, which was carried out keeping 
the same survey parameters but taking together the two 
orthogonal shooting directions.  This study was carried out 

to realize the benefits expected from multi-azimuth 
shooting directions. The cumulative effect of multi azimuth 
acquisition is visible mainly on Hit density/ CRP fold and 
on amplitude maps. As expected, zones with no coverage in 
either of the two shooting directions have been illuminated. 
Amplitude anomalies are smoothed out as we got uniform 
or relatively better coverage compared to either of the two 
shooting geometries. Fig.12 and Fig.13 shows the 
amplitude and Hit density map at the target horizon for the 
multi-azimuth ray tracing. 
 

 
 
Figure 12: Hit density/CRP fold map for Multi azimuth 
(MAZ) survey geometry. 
 
Results and discussion 
 
All the seven attributes generated for orthogonally opposite 
shooting geometries were analyzed in this study.  
Additionally the same attributes were generated for MAZ 
study. Hit density/ CRP fold coverage map (Fig.5) on the 
target horizon, shows the number of reflection points (hits) 
per bin cell, demonstrating expected effect that reflections 
accumulate at the crest and gets  scattered in synclinal/low 
area, thus causing an irregular seismic sampling at the 
target. It also shows shadow zones corresponding to no 
reflection areas.  
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Figure13: Average amplitude map for Multi azimuth 
(MAZ) survey geometry. 
 
Fig.6 and Fig.7 shows the CMP to CRP azimuth and 
displacement maps. At boundaries corresponding to 
morphological high the maximum horizontal distance 
between the common reflection point (CRP) and the 
common mid point (CMP) is of the order of 4000m, which 
clearly suggest that proper migration area (boundary) 
should extend by 4000m. However this study does not 
include Freznel zone radius into account. Fig.9 shows 
average amplitude map at the target horizon. Variations in 
amplitude values were analyzed to foresee the reason 
behind those variation i.e. whether they are due to structural 
complexity of the reflector or otherwise. Such amplitude 
variation pattern can be noticed and care must be taken 
while interpreting real data having similar anomalous 
amplitude patterns. Fig.10 and Fig.11 shows AVO 
maximum and average angle of incidence, which provides 
amenability of AVO analysis in the desired area at the 
target horizon.  
In the zones of extreme structural complexity multi-path 
arrivals recorded by a single receiver reflected from a 
single reflector are shown in Fig.14 and Fig.15. It is 
important here to realize multi-path arrival issue as these 
reflections are often misinterpreted as multiples or 
reflections originating from another reflector. Care must be 
taken while building 3D SRME model for multiple 
attenuation. This study shows that these multi-path arrivals 
should neither be treated as multiples nor as reflection 
coming from different interface. 

 
 
Figure 14: Common shot record. Multi path arrivals 
recorded by receivers and corresponding rays displayed on 
target horizon in 3D window.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15: Another common shot record. Multi path 
arrivals recorded by receivers and corresponding rays 
displayed on target horizon in 3D window.  
 
Conclusions 
 
In ray trace modeling preparation of seismo-geological 
model is very critical for getting reliable results. Smoothing 
of horizons is very crucial as interpreted horizons on 2D 
seismic data have rapid fluctuation. Determining sub-
surface illumination pattern prior to shooting using 
optimum parameters and shooting direction leads to better 
imaging and help in avoiding resurveying in the area. Ray 
trace modeling attributes e.g. sub-surface illumination and 
amplitude maps can predict sub-surface coverage and 
provides useful information to ensure better seismic 



 

 
 

imaging in areas of complex velocity structure and 
morphological irregularities. Inappropriate acquisition 
parameterization which may cause erroneous imaging may 
be avoided through suitable pre-survey analysis. 
Additionally, ray tracing can explain quality of real data 
PreSDM imaging results in complex geological setups. 
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