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Abstract—Imaging below the basalt for hydrocarbon explo-

ration is a global problem because of poor penetration and

significant loss of seismic energy due to scattering, attenuation,

absorption and mode-conversion when the seismic waves

encounter a highly heterogeneous and rugose basalt layer. The

conventional (short offset) seismic data acquisition, processing and

modeling techniques adopted by the oil industry generally fails to

image hydrocarbon-bearing sub-trappean Mesozoic sediments

hidden below the basalt and is considered as a serious problem for

hydrocarbon exploration in the world. To overcome this difficulty

of sub-basalt imaging, we have generated dense synthetic seismic

data with the help of elastic finite-difference full-wave modeling

using staggered-grid scheme for the model derived from ray-trace

inversion using sparse wide-angle seismic data acquired along

Sinor–Valod profile in the Deccan Volcanic Province of India. The

full-wave synthetic seismic data generated have been processed

and imaged using conventional seismic data processing technique

with Kirchhoff pre-stack time and depth migrations. The seismic

image obtained correlates with all the structural features of the

model obtained through ray-trace inversion of wide-angle seismic

data, validating the effectiveness of robust elastic finite-difference

full-wave modeling approach for imaging below thick basalts.

Using the full-wave modeling also allows us to decipher small-

scale heterogeneities imposed in the model as a measure of the

rugose basalt interfaces, which could not be dealt with ray-trace

inversion. Furthermore, we were able to accurately image thin low-

velocity hydrocarbon-bearing Mesozoic sediments sandwiched

between and hidden below two thick sequences of high-velocity

basalt layers lying above the basement.

Key words: Hydrocarbon, basalt, Mesozoic sediments,

imaging, ray-trace inversion, elastic finite-difference, full-wave

modeling.

1. Introduction

The Deccan Volcanic Province (DVP) of India is

an important large igneous province in the world, as it

marks the Cretaceous–Paleocene (* 65 Ma) bound-

ary, which has witnessed a major global climate

change (Courtillot et al. 1988; Keller et al. 2008).

When the Indian Plate was stationed over the Reu-

nion hotspot and subsequently drifted northward

away (during * 65 Ma ago) from it, there was

extensive outpouring of basaltic lavas (predominantly

tholeiitic), which resulted in the formation of the

Deccan flood basalt volcanic province of India

(Morgan 1972; Cox 1983; Devey and Lightfoot 1986;

Mitchell and Widdowson 1991). It is considered that

requisite heat generation due to Deccan volcanism

soon after the Cretaceous (Mesozoic) sedimentation

may have acted as a catalyst for the generation of

hydrocarbon and accumulation below the basaltic

trap forming a large hydrocarbon reservoir.

Sub-basalt imaging for hydrocarbon exploration is

a challenging problem for the oil industry all over the

world and particularly in India due to the presence of

a thick Deccan trap. Basalts mainly act as a mask for

the hydrocarbon-bearing Mesozoic sediments hidden

below the Deccan trap-covered region of India called

Deccan Syneclise (Murty et al. 2010). Due to large

impedance contrasts at sediment–basalt interfaces

and presence of breccias or vesicles within the lava

flows, the primary reflections are masked by coherent

noises such as groundrolls, 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
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penetration and severe loss of seismic energy, hence

decrease in signal-to-noise ratio (SNR) in the near-

vertical range. To overcome these types of problems,

several studies have been made for imaging below

the basalts using long-offset/wide-angle seismic data

(Jarchow et al. 1994; Fliedner and White 2001, 2003;

Fruehn et al. 2001; White et al. 2003; Behera and Sen

2014). The present study emphasizes how to image

thin low-velocity Mesozoic sediments entrapped by

thick columns of high-velocity basalts in the Deccan

Syneclise region of India (Fig. 1) along the N–S

trending Sinor–Valod seismic profile in which

refraction and wide-angle seismic reflection data

have been analyzed using the robust tomographic

inversion technique (Behera and Sen 2014). The

tomographic inversion technique as advocated by

Zelt (1999) takes into account fine grid parameteri-

zations seeking a smooth or minimum-structure

velocity model, using the minimum number of

prominent phases in the data, and little or no a priori

information. This approach is designed to yield a

model that only contains structure required by the

most certain data as opposed to structure that is

merely consistent with the data. This type of

tomography can be applied in perhaps the most

objective way possible for a given set of wide-angle

traveltime data, i.e., using no a priori information and

only a few parameters for which the values, within a

somewhat predictable range, which do not greatly

affect the final velocity model. This approach has

been used for obtaining the minimum-structure

velocity model using first-arrival traveltime tomog-

raphy of wide-angle seismic data acquired in the

Deccan trap-covered region of India (Behera and Sen

2014). The tomographic imaging for the first time has

clearly brought out a smooth and minimum-structure

velocity model along the 90-km-long wide-angle

seismic profile in this highly complex Deccan trap

with a meaningful interpretation of the presence and

extension of sub-trappean Mesozoic sediments

favorable for hydrocarbon accumulation, hidden

below the thick and highly heterogeneous basalts

(Behera and Sen 2014). However, refraction and

wide-angle seismic reflection methods can accurately

measure the velocity contrasts below the basalt but

cannot resolve subtle layers hidden below the basalt

or lying within the thick column of sediments or

image rugose basalt interfaces. On the other hand,

short-offset seismic data have high-frequency infor-

mation, which can resolve fine-scale structures if the

energy can penetrate below the thick basalts. This is

very useful to understand the internal structures

within and below the basalt layers, but practically

it never happens due to severe loss and poor pene-

tration of seismic energy at top of the basalt layer. To

overcome difficulties associated with sub-basalt

imaging and accelerate hydrocarbon exploration

activities in the Deccan Volcanic Province of India,

we have adopted a robust elastic finite-difference

full-wave modeling approach using staggered-grid

scheme (Virieux 1986). This approach is capable of

computing synthetic seismic data (shot gathers) using

numerical simulation of elastic wave propagation

through different layers having thick rugose basalts

and thin hydrocarbon-bearing sub-trappean Mesozoic

sediments in the Deccan trap-covered region of India

as imaged by Behera and Sen (2014) with the help of

robust tomographic inversion technique. Our study

using elastic full-wave modeling, processing and

imaging of synthetic seismic data generated over the

same profile with close shot point intervals provide a

better understanding of the study region with a more

comprehensive and geologically plausible seismic

image taking into consideration the tomographic

velocity model as input.

The key to successful imaging below basalt is to

understand how the seismic waves propagate through

it at different times for a given seismic source. Since

basalt is highly heterogeneous, a significant amount

of incident seismic energy is attenuated, converted

and 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 type of waves generated at the

cFigure 1
Geology map of the Deccan Syneclise region of India (marked as

key map in the inset) showing the N–S trending Sinor–Valod deep

seismic profile (black line) with acquired wide-angle shots (SP1,

SP2 as red dots) for sub-basalt imaging along with location of well

near Ankleswar drilled by the ONGC. The different rock types

exposed on the surface are indicated in the legend. The elevation of

the study region is shown in the color scale with top panel

represents the elevation along the profile of study (modified after

Behera and Sen 2014)
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basalt interface (direct arrivals, primary reflections,

multiples, mode-conversions, diffractions, ground-

rolls, scattering, etc.) using numerical simulation of

elastic wave propagation through the model and

generation of full-wave synthetic seismic data for

sub-basalt imaging of Mesozoic sediments.

2. Geology and Tectonics

The Deccan Syneclise region of India has com-

plex geology and tectonic settings with wide-spread

lava flows (basalts) forming the Deccan trap (Fig. 1).

The different rocks exposed on the surface are

Archaean–Neoproterozoic granite gneiss and Palaeo–

Mesoproterozoic Delhi/Aravalli supergroup in the

north, Vindhyan sediments in the east and Cambay

sedimentary basin lies in the western part of the study

region. This region is also topographically highly

undulated surrounded by deep valleys and hillocks

confined by three major rivers called Narmada, Tapti

and Mahi flowing from east to west and confluence in

the Arabian Sea. The Deccan basalts were also

encountered at different depths below the Tertiary

sediments ranging in age from the Palaeocene to

Recent confirmed from the well drilled in the Cam-

bay basin (Roy 1991; Tewari et al. 1995; Dixit et al.

2010). The hydrocarbon-bearing Mesozoic sediments

hidden below the Deccan trap, which correspond to

upper Jurassic to middle Cretaceous Bagh and

Lameta beds/formations are exposed toward east of

Sinor in the Cambay basin (Fig. 1). The presence of

sporadic outcrops of Jurassic and Cretaceous sedi-

ments on the margins of the Cambay basin leads to

the possibility of a thicker sequence of marine sedi-

ments deposited within the basin below the Deccan

trap. Most of the geological features and rock types

are hidden below the different basaltic lava flows

(traps) and pose a major challenge for hydrocarbon

exploration in this region by the oil industries. The

Deccan trap is a thick sequence of flat lying flood

basalt flows covering nearly 500,000 km2 of west-

central India (Mahoney et al. 1989), associated with

the Reunion hotspot representing a 2-km-thick suc-

cession (in Western Ghats) of lava flow (Beane et al.

1986). The center of the volcanic eruption lied near

the west coast of India before the breakup of India

and Seychelles that occurred 65 Ma ago with major,

rapid and short duration eruptive phases that lead to

the formation of the Western Ghats, which might

have lasted for 1.0–0.5 Ma (Courtillot et al. 1988;

Duncan and Pyle 1988) with a report of very short-

lived intense volcanism at the Cretaceous–Tertiary

(K–T) boundary (Allègre et al. 1999). The whole

province might have covered more than 1.5 9 106

km2 (Courtillot et al. 1986) of basalt with inclusion of

correlative lava flows in the offshore (Arabian Sea).

Several evidences indicate that most of the basaltic

lavas were erupted rapidly. Recent 40Ar–39Ar incre-

mental heating ages show that the Deccan volcanism

has occurred within 65–69 Ma and the 2-km-thick

Western Ghats section was erupted in less than 2 Ma

(Duncan and Pyle 1988). Taking into consideration

all the evidences for duration of volcanism, most of

the Deccan basalts may have accumulated in as little

as 0.5 Ma. Based on this estimate, the average

eruption rate could have been 1 km3 year-1 with

several episodes of eruptions separated by inactive

periods (unconformities) with total duration of the

volcanism was confined within 3 Ma (Kono 1973).

3. Data and Methodology

3.1. Wide-Angle Seismic Data Along Sinor–Valod

Profile

The wide-angle seismic data allow application of

a variety of analysis and imaging techniques that help

overcome some of the problems faced by conven-

tional seismic reflection profiling. Since reflection

amplitudes generally increase with offset, sub-basalt

reflections are more easily identifiable at wide-angle

than narrow-angle ranges. Wide-angle arrivals are

also less affected by multiples from the overburden as

a consequence of the increasing difference in travel-

time and moveout between the different phases. To

image sub-trappean Mesozoic sediments and base-

ment configuration, wide-angle seismic data have

been acquired by NGRI during 2001–2003 along the

90-km-long Sinor–Valod seismic profile (Fig. 1) with

shot point (SP) interval of * 10 km and geophone

group interval of * 100 m having 10 geophones in a

group (channel) with natural frequency of 10 Hz

2934 K. Talukdar and L. Behera Pure Appl. Geophys.



using the radio frequency telemetry (RFT)-SN388

Sercel seismic data acquisition system. The seismic

data were recorded with sampling interval (SI) of

4 ms having high dynamic range of 124 dB and wide

band of frequencies up to 125 Hz. The charge size

(explosives) of each shot (made using pattern of holes

with 25 m hole depth for each hole in which 50 kg

explosives are loaded for blasting to generate seismic

energy) varies from 50 to 450 kg depending upon the

maximum offset coverage in which each spread

length corresponds to 11.9 km (Behera and Sen

2014). The wide-angle seismic data acquired in the

Figure 2
The wide-angle field seismic data (geometry corrected) acquired along the Sinor–Valod profile are shown for examples shot gathers. a SP2,

b SP5 and c SP7 displayed in variable density mode (color) showing the coherence of the first-arrival phases and data quality used for

traveltime inversion
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field along the profile in this region are first converted

into individual shot gathers (SPs) by merging of

different spreads to form supergathers or wide-angle

SPs having minimum 0.0 km to maxi-

mum ± 50.0 km offset range with pre-processing of

field data like application of field geometry, spher-

ical-divergence corrections, band-pass filtering (2–5–

30–80 Hz) and plotted with trace normalization by

minimizing the low-frequency cultural noises and

groundrolls (Yilmaz 1987), which are displayed in

variable density (VD) mode (color) to provide a

qualitative assessment of the data quality as well as

the coherency of the first-arrival phases (Fig. 2a–c)

mainly used for traveltime inversion to derive the

velocity model. The coherency of the first-arrivals is

very strong and continued for very long-offsets as

shown for example shot gathers SP2, SP5 and SP7

along the profile (Fig. 2a–c). The same example SPs

are shown in Fig. 3 in reduced time scale and variable

area (VA) wiggle mode (black and white) indicating

different first-arrival phases picked along with the

raw shot gathers without any pick of phases to

provide a measure of the data quality control of the

phases used for traveltime inversion. The first-arrival

traveltimes were picked manually from all the nine

SP gathers (Fig. 1) for ray-trace inversion to derive

the velocity model. The ray-trace velocity model

derived from the first-arrival traveltime inversion of

these picks along with the superposition of synthetic

responses on the observed data computed for the

model derived shown for the representative example

SPs (SP2, SP5 and SP7) along the N–S trending

90-km-long Sinor–Valod profile (Fig. 3a–c) in the

Deccan Syneclise region.

3.2. Forward Modeling and Inversion of First-

Arrival Traveltime Data

The procedure for obtaining a 2D velocity struc-

ture by using refraction/wide-angle seismic reflection

data involves laborious trial-and-error ray-trace for-

ward modeling (Catchings and Mooney 1988; Zelt

and Smith 1992). The most common ray-tracing

algorithms for forward modeling are the ones devel-

oped by Červený et al. (1977), McMechan and

Mooney (1980), and Spence et al. (1984). The

theoretical response of a laterally heterogeneous

medium is repeatedly compared with observed data

until a constructed velocity model provides a good fit

between the calculated and observed response. An

experienced interpreter can often assess how the

relevant model parameters need to be adjusted to

improve the fit along one or two traveltime branches

for one or few shots simultaneously. Nevertheless,

forward modeling remains a time-consuming process,

regardless of computer speed, due to number of

iterations normally required for traveltime fit and the

necessary human interactions. For seismic experi-

ments that consist of numerous shots along a single

line, it may be impossible through trial-and-error

forward modeling to construct a velocity model that

fits the data within acceptable limit. In addition,

forward modeling cannot provide quantitative esti-

mates of model parameter uncertainty and resolution

or assess the model in terms of errors and non-

uniqueness, respectively. Finally, forward modeling

cannot assure that the data have been fit to minimize a

particular norm (Zelt and Ellis 1988; Behera et al.

2004).

In contrast to the limitations of forward modeling,

generalized linear inversion can provide estimates of

the parameter uncertainty, resolution and model non-

uniqueness as well as a certain level of confidence

that a local minimum of a particular norm of v2 ¼ 1

is achieved. Methods for the inversion of crustal

refraction/wide-angle reflection traveltimes in 2D

media have been developed by Spence et al. (1984),

Huang et al. (1986), Firbas (1987), and Lutter et al.

(1990). These methods employ ray-tracing algorithms

that were originally designed for forward modeling

only, which limits the effectiveness of the approaches

since forward modeling algorithms should be suited

cFigure 3
The observed seismic data and corresponding synthetic responses

computed for the model derived using ray-trace inversion show

typical shot points. a SP2, b SP5 and c SP7 along the Sinor–Valod

deep seismic profile. Bottom to top of each panels: ray-tracing

though the different layers indicating respective velocity values of

each layer, corresponding traveltime fit of the observed (colored

vertical bars) with synthetic responses (solid black line) for each

layer, observed data superimposed with traveltime picks (colored

dots) and modeled response (solid pink line), observed field seismic

data without any traveltime picks of respective shot points. The

observed and modeled data are plotted in reduced scale with

reduction velocity of 7 km/s
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to the special needs of the inverse problem. Hence,

flexible model parameterization that uses a minimum

number of independent model parameters is required

with a computationally efficient and robust method of

ray-tracing for traveltime inversion to derive the

velocity model.
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Zelt and Smith (1992) developed a technique for

inverting traveltimes to obtain 2D velocity and

interface structure simultaneously, in which the

model parameterization and method of ray-tracing

are suited to the forward step of an inversion

algorithm. The method is applicable to any set of

traveltimes for which forward modeling is possible,

regardless of the shot-receiver geometry or data

quality, since the forward step is equivalent to trial-

and-error forward modeling. The non-linearity of

Figure 3
continued
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traveltime inversion makes a starting model and

iterative approach necessary, thus requiring a practi-

cal and efficient forward step. The model

parameterization presented here use different layers

composed of variable-sized blocks in which a

minimum number of independent parameters are

required to represent a typical shallow velocity

model. The number and position of model parameters

(velocity and boundary nodes) specifying each layer

can be general and thereby adapted to the subsurface

Figure 3
continued
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resolution of the data, and also allows the surface

relief and near-surface velocity variations to be

incorporated into the model. The method of ray-

tracing is coupled to an automatic determination of

ray take-off angles by an efficient numerical solution

of the 2D ray-tracing equations. The instability

associated with a blocky model parameterization is

reduced by applying a smooth layer boundary

simulation. The first step of the inversion is the

analytic calculation of partial derivatives of travel-

time with respect to the model velocities and the

vertical position of boundary nodes. These partial

derivatives are calculated during ray-tracing and may

correspond to any arrival identified in the observed

seismic traveltime data (i.e., refractions, reflections,

head-waves, multiples, etc.). Traveltimes and partial

derivatives are interpolated across ray endpoints to

the receiver locations, avoiding the need for two-

point ray-tracing. Damped least-square inversion is

used to determine the updated model parameters of

those selected for adjusting both velocities and

boundary nodes simultaneously.

Techniques for determining the velocity structure

of the shallow sediments overlying the basalts have

been well developed for conventional seismic profil-

ing, assuming hyperbolic moveout of reflections

coming from the interface between two sedimentary

layers. For deeper structures down to the basement,

the variations of traveltime with offset of both

reflections and diving waves were picked manually

from every shot gathers recorded for the wide-angle

data to develop 2D velocity model along the Sinor–

Valod seismic profile in Deccan Syneclise (Fig. 1). In

the present study, the linearized ray-trace traveltime

modeling/inversion program RAYINVR of Zelt and

Smith (1992) is used to invert the first-arrival

traveltimes picked manually from each shot gathers

(SPs) recorded along the profile (Fig. 3) and derived

the velocity model. The velocity model delineate the

extent and thickness of basalt flows within the

Deccan trap, together with lower-velocity sediments

that lie beneath them and in some places, strong

reflections off the top of the underlying basement.

The shallow sediments mainly consist in recent

alluvium or weathered clastics with velocities lower

than 2.5 km/s and confined within the basinal part

located between 0 and 20 km along the profile

(Fig. 3). There is an abrupt increase in seismic

velocity at the top of the basalt flows with basalt

velocities (5.0–5.5 km/s) being well constrained by

the first-arrival diving waves. The diving waves

through the basement from strong first-arrivals at

offsets usually in excess of 10 km (Fig. 3), which

highlights the usefulness of long-offset seismic data,

since these phases are recorded only as first-arrivals

at long-offsets. Hence, the first-arrival traveltime

inversion enables us with confidence to build a well

constrained velocity model. The final ray-trace

inversion model for all the nine wide-angle SPs

along the Sinor–Valod profile in the Deccan Syne-

clise region is shown (Fig. 4) with the corresponding

first-arrival traveltime fit of the observed data show-

ing two thick sequences ([ 1.0 km) of high-velocity

basaltic layers masking comparatively thin

(\ 0.5 km) low-velocity Mesozoic sediments lying

above the basement. The total number of first-arrival

traveltime data picked from all the nine SPs (Fig. 3)

used for ray-trace inversion (Fig. 4) is 4856 with

RMS traveltime misfit 0.024 s and normalized v2

obtained is 1.01. The detail ray-trace inversion results

are presented in Table 1.

The presence of low-velocity-layer (LVL)

beneath the high-velocity-layer (HVL) is indicated

by the step-back or traveltime skips in the first-

arrivals (Fig. 3a–c) at long-offsets as observed in

different wide-angle shot gathers along the profile

(Behera and Sen 2014). In the example shown in

Fig. 3, the basalt thickness varies from 0.5 to 1.5 km,

and the basalt diving rays terminate at about

15–20 km of offset because the velocity gradient in

the basalt layer is such that diving rays cannot

penetrate deeper into the basalt without going

through its base. The range at which the basalt diving

wave terminate depends primarily on the basalt

thickness and its vertical velocity gradient (Fliedner

and White 2001; Fruehn et al. 2001). In reality,

because the seismic energy travel as waves, the

amplitude of the basalt diving waves do not drop

abruptly to zero at the far offsets, but decreases

gradually below the background noise level causing

traveltime skips as observed in different shot gathers

modeled (Fig. 3). The two sequences of LVLs

sandwiched within the thick column of HVLs formed

by basalt/trap and basement that are constrained by

2940 K. Talukdar and L. Behera Pure Appl. Geophys.



the analysis of first-arrival traveltime data (Fig. 3),

are correlative with findings coming from a well

drilled nearby Ankleswar (Fig. 1) having 5.7 km total

depth (TD) in which trap thickness obtained is

3.2 km (Roy 1991; Tewari et al. 1995; Dixit et al.

2010). This also explains the velocity inversion

documented by the ray-tracing response derived from

first-arrival traveltime data along the Sinor–Valod

seismic profile due to presence of LVLs hidden below

the HVLs (Fig. 4).

3.3. Elastic Finite-Difference Full-Wave Modeling

The first level of interpretation derived from

forward modeling and inversion of first-arrival trav-

eltime data can be strengthened by generating

synthetic seismic data using elastic finite-difference

full-wave modeling. Seismic wave propagation

through the real earth is generally expressed by wave

equations, which are based on Newton’s second law

of motion and Hooke’s law of elasticity. Here, we

consider a 2D elastic and isotropic medium with a

Table 1

Ray-trace inversion results along Sinor–Valod profile

Phases No. of data picked Data uncertainty (ms) RMS residuals (s) Normalized v2 value No. of rays traced

through the model

P1(2.5) 48 20 0.022 0.913 48

P2(5.0) 1511 20 0.019 1.062 1471

P4(5.5) 2141 30 0.029 1.094 2141

P6(6.0) 1196 30 0.028 0.981 1196

Figure 4
The ray-trace inversion model (bottom panel) along the Sinor–Valod seismic profile showing rays traced through each layer from all the shot

points recorded (SP1–SP9) along the profile. The corresponding picked first-arrival traveltime data (colored bars) for all the SPs and the

computed responses (solid black line) for each layer from the model derived are superimposed to indicate the nature of traveltime fit (top

panel) plotted in reduced scale with a reduction velocity of 7 km/s
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horizontal x-axis and vertical z-axis for model

distance and depth, respectively. The wave equations

that describe the propagation of seismic waves for

this medium are (Virieux 1986):

q
o2u

ot2
¼ ðkþ 2lÞ o2u

ox2
þ o2w

oxoz

� �
þ l

o2u

oz2
� o2w

oxoz

� �
;

ð1Þ

q
o2w

ot2
¼ ðkþ 2lÞ o2u

oxoz
þ o2w

oz2

� �
þ l

o2w

ox2
� o2u

oxoz

� �
;

ð2Þ

where u and w are horizontal and vertical displace-

ments, t is time of wave propagation, k and l are

Lame’s first and second parameters, respectively, and

q is the density of the medium. Here we have applied

the staggered-grid finite-difference scheme (Virieux

1984, 1986; Levander 1988; Graves 1996; Yang et al.

2014) for discretization of the above wave equations

(e.g., Eqs. 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 propa-

gating 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,

Figure 5
The same ray-trace inversion velocity model (Fig. 4) derived along the N–S trending Sinor–Valod deep seismic profile is used with addition of

rugosity for the bottom basalt layer (to make it more heterogeneous) lying directly above the Mesozoic sediments for generation of full-wave

synthetic seismic data using elastic finite-difference full-wave modeling approach. The average P-wave velocity (VP), S-wave velocity (VS)

and density (q) of each layer are marked with the corresponding values (i.e., 5500, 3900 m/s, 2900 kg/m3) as well as labeled according to their

lithologies with different patterns corresponding to the rock types, respectively. All the model dimensions are shown in (m) for defining the

exact grid points while making staggered-grid elastic finite-difference computations. The sources (shots) are marked as inverted triangles (red)

and receivers (geophones) are marked as dots (black) along the profile having source interval of 1 km and receiver interval of 100 m. For

clarity about the source and receiver positions, it is zoomed and displayed on the top of it as inset
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Figure 6
a Staggered-grid scheme for computation of 2D elastic wavefield. 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 b ¼ 1
q, q is the density of the medium. b 10 Hz Ricker

wavelet source time function used as input for the generation of full-wave synthetic seismic data for the velocity model (Fig. 5) and its

corresponding amplitude spectra

Vol. 175, (2018) Sub-basalt Imaging of Hydrocarbon-Bearing Mesozoic Sediments Using Ray-Trace Inversion 2943



which is an air–solid boundary and here we put shear-

stress to be zero at time t ¼ 0. The stability of this

system is given by Von Neumann’s condition:

1ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2

p þ V2
s

q� � Dt

Dx
\1; ð3Þ

where Vp ¼
ffiffiffiffiffiffiffiffi
kþ2l
q

q
and Vs ¼

ffiffi
l
q

q
, Dt and Dx are the

grid steps in time and space axes, respectively (in this

case Dx ¼ DzÞ. In order to avoid grid dispersion, we

use Dx
n \0:1, where n is the wavelength. Here, at least

10 grid spacing are used to sample the wavelength.

We have used symmetrical and compressional

point source with a dominant frequency of 10 Hz to

excite the seismic wave field because geophones with

same natural frequency are used for recording data

along the Sinor–Valod seismic profile (Behera and

Sen 2014). The source time function is the first order

derivative of the Gaussian function, which is a Ricker

wavelet expressed as:

S tð Þ ¼ ðt � t0Þe�ðpf0 t�t0ð ÞÞ2: ð4Þ

where f0 is dominant frequency and t0 is the central

time of the wavelet. The model derived along the

Sinor–Valod profile with interval velocities of each

layer (Fig. 5) has been used to generate synthetic

seismic data and snapshots of seismic wave field by

using elastic finite-difference full-wave modeling.

For this model, the synthetic seismic data have been

acquired for 91 shot gathers (SPs) with 1 km shot

intervals and 901 stationary receivers with 100 m

receiver intervals correlating the same data acquisi-

tion geometry used along the Sinor–Valod profile

except for very close SP intervals (Fig. 5). The syn-

thetic seismic data generated for the model has

sampling interval (SI) of 2 ms and record length 4 s.

We have used a robust 2D staggered-grid computing

scheme (Fig. 6a) for numerical modeling using the

10 Hz Ricker wavelet (Fig. 6b) and wave propaga-

tion through the model to penetrate the seismic

energy below the thick column of basalt layers to

image hydrocarbon-bearing sub-trappean Mesozoic

sediments hidden beneath it. The different parameters

used in the staggered-grid approach are represented at

all the grid points, e.g., normal-stresses rxx, rzz and

elastic parameters k, kþ 2l are represented by green

circles, shear-stress rxz and l are represented by blue

circles, velocity ux along x-direction and buoyancy b

are represented by red circles, velocity uz along z-

direction and buoyancy b are represented by purple

circles (Fig. 6a). For the elastic finite-difference full-

wave modeling, we have used spatial sample step of

5 m and temporal step of 2 ms for stable computa-

tions satisfying Eq. (3) of Von Neumann’s condition.

4. Full-Wave Synthetic Seismic Data for Sinor–

Valod Profile

The shot gathers generated for the model (Fig. 5)

show all the different types of phases like direct

arrivals, reflections from each interfaces, multiples,

converted waves except the groundrolls, which has

been restricted while modeling (Fig. 7). The

groundrolls significantly reduces the primary reflec-

tion energy to penetrate deep into the basalt layers

and hinders in the wave propagation and hence was

restricted from computation. The shot gathers indi-

cate significant transmission of energy below the

basalt with different types of arrivals as shown in the

example shot gather SP11 (Fig. 7a). The reflections

from each layer, multiples and other arrivals such as

converted waves, diffractions are marked in example

shot gather SP51 (Fig. 7b) with the corresponding

lithology as mentioned in the model (Fig. 5) used to

generate the full-wave synthetic seismic data along

with their amplitude spectrum (Fig. 7a–c).

The nature of wave propagation through the

model can be seen from the snapshots generated for

different shot gathers at time steps of 0.5, 1.0, 2.0 and

cFigure 7
Example of synthetic shot gathers (data) generated by the elastic

finite-difference full-wave modeling using staggered-grid comput-

ing scheme are shown for shot points. a SP11, b SP51 and c SP71

along the 90-km-long profile. The different phases obtained

through full-wave modeling are clearly seen for each shot;

however, the reflections from top and bottom basalts having large

impedance contrast with the sediments lying below have strong

amplitude build-up and polarity reversals along with presence of

other phases like direct arrivals, multiples, diffractions, scatterings

and converted waves, which are labeled on the shot gather for

clarity. The amplitude spectra (normalized) of respective shot

gathers are also shown as inset for each shot having peak frequency

near 10 Hz and plotted up to the Nyquist frequency (250 Hz) to see

the nature of variations of amplitude with respect to frequency
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3.0 s, respectively (Fig. 8a–d). The complexity of the

wavefield generated at different times within the

model indicate the nature of wave propagation with

reflections, mode-conversions, diffractions and scat-

tering at different interfaces due to the elastic finite-

difference full-wave modeling, which is presented for

the example shot gather SP11 at a distance of

10,000 m of the model (Fig. 8). The reflection and

transmission of energy through the model is governed

by the Snell’s law. When a wave encounters the

interface between two media, then part of the energy

of the incident wave is reflected back and part is

transmitted to the second media. In this case when the

P-wave encounters the high-velocity basalt layer

having very high impedance contrast of the basalt–

sediment interfaces along with rugose bottom basalt

layer, the waves reflected and transmitted becomes

very complex as shown for time of wave propagation

at 2.0 and 3.0 s of the snapshots for SP11 (Fig. 8c, d).

As a whole it is clear that significant amount of

energy has been transmitted down below the two

thick basalt layers with mode-conversion and again

reflected back from bottom of the layer without

generation of spurious numerical waves from the side

and the bottom boundaries of the model because of

the use of absorbing boundary conditions with stag-

gered-grid computing scheme (computations at both

grid points and half-grid points) while elastic finite-

difference full-wave modeling. The snapshots of the

wave propagation at different times (Fig. 8) provide a

very good insight of the elastic wave propagation

through the model, which has produced the full-wave

synthetic seismic data (Fig. 7) depicting all the pha-

ses with clear sub-basalt arrivals for imaging

sediments hidden below the basalt.

5. Full-Wave Synthetic Seismic Data Processing

To obtain a stack section of the full-wave syn-

thetic seismic data generated (Fig. 7) along the

Sinor–Valod profile, we have adopted the pre-stack

seismic data processing flow (Table 2) of Yilmaz

(1987). The multiples present in the data are very

severe and have been reduced using the predictive

deconvolution (Table 2) without affecting the

amplitude of the primary reflections from different

layer interfaces. After application of spherical-di-

vergence correction with proper gain recovery

function, filtering and deconvolution (spiking and

predictive), the shot gathers were muted for first-ar-

rivals and deeper mode-conversions (both top and

bottom mute), followed by velocity analysis and

picking of the RMS velocities from the coherency

semblance spectra generated for each gather with

bFigure 8

Snapshots of elastic wave propagation shown for the example shot

point SP11 at different times a T = 0.5 s, b T = 1.0 s, c T = 2.0 s,

d T = 3.0 s, respectively. These snapshots show the complexity of

wave propagation through the model due to scattering, mode-

conversions, diffractions, etc., when it reaches the rugose basalt

layer having uneven rough interface at T = 2.0 s simulating the real

subsurface velocity model. The inverted triangles represent the

individual shot point locations along the profile and black squares

on the surface are the receivers

Table 2

Seismic data processing workflow

Pre-stack data processing of full-wave synthetic seismic data

1. Input synthetic shot gathers (no. of shots: 91, SI: 2 ms, record length: 4 s)

2. Spherical-divergence correction (gain recovery function T2V1)

3. Band-pass filtering (5–10–40–50 Hz)

4. Spiking deconvolution (OL: 0.060 s, PL:0.002 s, PPW:0.1%)

5. Predictive deconvolution (OL: 0.040 s, PL: 0.004 s, PPW: 0.1%)

6. Velocity analysis and create RMS velocity section

7. Mute (top and bottom mute) …? Stack

8. Kirchhoff pre-stack time migration (PSTM) using the same RMS velocity values with smoothing as obtained during the above velocity

analysis …? Stack

9. Traveltime table computations for each gathers using Kirchhoff algorithm with depth step 5 m and time step 2 ms

10. Kirchhoff pre-stack depth migration (PSDM) using the above traveltime table and Dix converted smoothed RMS velocity to interval

velocity for the same model …? Stack
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normal moveout (NMO) correction and stacking

(Table 2) to obtain the conventional stack section

(Fig. 9). The stack section is the preliminary result

obtained to decipher different structural features

present along the Sinor–Valod profile in time domain.

The stack section (Fig. 9) has delineated all the

horizons along the profile correlating different layer

interfaces as shown in the derived velocity model

(Fig. 5). The stack section provides first-hand infor-

mation about the geological structures of the study

region with seismic amplitudes along the zero-offset

traces (Fig. 9). Since the subsurface of this region is

complex, it is necessary to improve the stack sec-

tion. This can be achieved by imaging the seismic

data both in time and depth domains using pre-stack

time and depth migrations because post-stack

migration could not improve the seismic image due to

the presence of thick basalts with subsurface geo-

logical complexity.

6. Pre-stack Time and Depth Migrations

Conventional seismic data processing did not

allow to image below the rugose Deccan basalts

(Fig. 9). Hence, we have applied Kirchhoff pre-stack

time and depth migration (PSTM and PSDM) tech-

niques to the synthetic seismic data (Fig. 7). The

same pre-stack processing workflow (Table 2) is used

for obtaining PSTM seismic image of the synthetic

gathers using smoothed RMS velocity picked during

semblance velocity analysis for stacking. The PSTM

image (Fig. 10) along the profile provides significant

improvement with respect to the conventional stack

section (Fig. 9) by collapsing diffractions and elimi-

nating spurious noises to make the reflections

prominent. Now it is possible to know the extension

and continuity of different subsurface geological

structures with proper positioning of the reflections in

the time domain. The top and bottom basalt layers as

well as sub-trappean top sandstone and Mesozoic

sediments along with basement reflections are also

better imaged using PSTM. The whole profile can be

divided into two different segments based on the

difference in amplitude content over the entire data

within the section toward left and right of the deep

basinal fault (Fig. 10). The amplitude difference

occurs mainly because of the presence of faults

having lower SNR in the basinal part in which there

are strong multiples/reverberations occur due to

Figure 9
Seismic stack section obtained using the conventional data processing flow (Table 2) applied to the synthetic seismic data generated along the

Sinor–Valod profile showing all the structural features of the derived velocity model (Fig. 5). The average amplitude spectra (normalized) of

the stack section is also displayed as inset
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presence of thick sediments on the top as well as

scattering due to the faults and development of fault

shadows. On the other hand, there is strong attenua-

tion due to presence of thick column of top basalt in

the right of the fault with presence of multiples and

converted waves, but relatively high SNR due to

strong impedance contrast of basalt and sediment

interfaces. Although there are presence of mode-

converted phases and base basalt multiples, which are

not eliminated by application of bottom muting to

avoid missing the reflections associated with the

target, these phases show continuity of apparent

reflections in the deeper part of the image below 2.5 s

(Fig. 10). These reflections show significant decay in

amplitude between 20,000 and 90,000 m of the pro-

file distance and are slightly affecting the seismic

image due to deeper penetration within the model. To

overcome imaging problems related to the above-

mentioned coherent noises as well as position with

focusing of the reflections corresponding to the true

subsurface geology of the model and for better

interpretation in depth domain, the computation of

the pre-stack depth migrated seismic image along the

profile is desired.

Pre-stack depth migration is the most accurate

seismic solution for imaging complex subsurface

geological structures because of its ability to focus

and position the reflections in the context of strong

velocity variations in the basalt-covered Deccan

Syneclise region of India. The key to successful

imaging using PSDM is accurate velocity model

building, because it allows migration algorithms to

account for proper seismic wave propagation and ray

path bending in the depth domain. Hence, PSDM

image provides better quality and a more plausible

geologic structure than the PSTM section. We have

employed the Kirchhoff PSDM technique (Yilmaz

1987; Zelt et al. 1998) to the same full-wave syn-

thetic seismic data displayed on Fig. 7 to obtain a

depth-converted image (Fig. 11). Migration operators

(aperture and depth step) were chosen using an effi-

cient ray-tracer for computing accurate traveltimes

(Fig. 12) through the model for all the shot gathers

along the profile. The traveltime table is used to

Figure 10
Stacked section obtained with Kirchhoff pre-stack time migration (PSTM) of the full-wave synthetic seismic data. The two flows of the basalt

are also clearly imaged with uneven interfaces indicating rugose bottom basalt layer. The sedimentary basin structure is also imaged toward

Sinor having deep basinal faults marked as the boundary between the basin and trap-covered regions along the profile. The two sequences of

sub-trappean sediments corresponding to top sandstone and Mesozoics hidden below the basalts are imaged along with the basement

correlating very well with the velocity model derived along the profile (Fig. 5)
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estimate the efficiency of the wave propagation

through the high-velocity basaltic traps and the subtle

variations of traveltime due to the presence of small-

scale uneven and rugose basalt interfaces as well as

other structural features within the model. The nature

of variation of traveltime through the model is a

measure of how the velocity variations and hetero-

geneity plays an important role for imaging these

small-scale subtle geological structures of interest

(Fig. 12). The accuracy of the computed traveltime

handles very subtle low-velocity layers (Mesozoics)

hidden below the highly rugose high-velocity basalts

along with the basement. The PSDM seismic image

(Fig. 11) is able to overcome all the imaging issues of

focusing and positioning construed in the PSTM

section (Fig. 10) as dipping reflectors and subtle

subsurface geological structures like hydrocarbon-

bearing Mesozoic sediments lying below the thick

column of basalts are now well resolved. The dif-

ferent layer boundaries are exactly matching with the

corresponding seismic image as converted phases,

diffractions, scattering and multiples that were pre-

sent in the deeper part of the PSTM image are now

eliminated. The peak frequency in the time domain is

about twice the peak wave number in the depth

domain. Hence, there is decrease in wave number

with depth due to the presence of thick high-velocity

basalt layers within the model as well as lower fre-

quency content in the PSDM section (Fig. 11) as

compared to the PSTM section (Fig. 10). The PSDM

image (Fig. 11) is indeed very accurate and allows to

clearly depict the thickness and depth extension of

the different layer geometries of the input velocity

model (Fig. 5).

7. Geological Interpretation

The PSDM seismic image (Fig. 11) has been

superimposed on the background velocity model

(Fig. 5) to facilitate geological interpretation. The

section shows good correlation between reflections

and velocities. The amplitude variation of different

layers within the section as well as phase changes

cFigure 12
The computed traveltime tables shown for example shot points.

a SP11, b SP51 and c SP71, which are used in obtaining the

Kirchhoff PSDM seismic image (Fig. 11) along the profile

Figure 11
Kirchhoff pre-stack depth migration (PSDM) seismic image obtained along the Sinor–Valod profile superimposed on the background velocity

model interfaces, which shows accurate structural details as well as different velocity layers free from most of the noises and correlated very

well with the model derived from this study indicating the rugose bottom basalt as well as the hydrocarbon-bearing Mesozoic sediments

hidden below the basalt lying above the basement
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depending upon the impedance contrasts of different

lithological units can be easily observed. The earlier

tomographic study in this region along the profile has

provided very good insight of the smooth velocity

variations with prominent subsurface geological

structures and their corresponding velocity and

thicknesses (Behera and Sen 2014). We have exten-

ded the results to build complete PSDM seismic

image along the profile with fine-scale horizons of

sub-trappean Mesozoic sediments hidden below the

thick basalts as trap, sedimentary basin as well as the

basement configuration. The dipping faults and

extension of the sedimentary basin along with all the

lithological units (Fig. 5) have been successfully

imaged (Fig. 13) with the help of robust Kirchhoff

PSDM technique applied to the full-wave synthetic

seismic data generated for the model (Fig. 5) in very

close shot intervals (1 km) to overcome the imaging

issue of very sparse data acquired for traveltime

inversion along the Sinor–Valod profile (Fig. 1). The

significant distortion happens in the basinal part

having steep faults toward Sinor of the profile along

with presence of thick column of sediments as top

layer lying above the basalt, which generates severe

noise in the data with amplitude change for different

interfaces within the model and strong attenuation of

seismic energy due to thick-column basalt layers

(Fig. 13).

8. Conclusions

The present study mainly focuses the imaging of

complex subsurface geological structures beneath

highly heterogeneous and thick column of rugose

basalt layers. These structures include very thin

Mesozoic sediments that are prospective for hydro-

carbon accumulations. The area was selected for this

analysis because of the adequate amount of geologi-

cal information available that helped to derive and

constrain a model. This model was used to apply a

tomographic imaging technique to obtain smooth and

minimum-structure velocity model using first-arrival

seismic data acquired along a 90-km-long profile

(Behera and Sen 2014) in this basalt-covered Deccan

Syneclise region (Fig. 1). We have adopted a ray-

trace inversion approach (Zelt and Smith 1992) by

taking into consideration all the constraints of

tomography and further picked the first-arrival trav-

eltime data from all the nine wide-angle shots along

the profile with proper classification of phases based

on their respective layer velocities (Fig. 3) in a layer

Figure 13
The interpreted PSDM seismic image superimposed on the background P-wave velocity (Vp) model along the Sinor–Valod profile. The P-

wave velocity variation of the model is indicated by the color scale
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stripping manner (Behera et al. 2004). This helped to

develop a ray-trace inversion velocity model along

the profile (Fig. 4) that is well constrained, complex

and realistic for generating synthetic seismic data

with the help of elastic finite-difference full-wave

modeling using staggered-grid scheme. These syn-

thetic seismic data generated (Fig. 7) along this

profile have been processed using migration tech-

niques like Kirchhoff PSTM and PSDM to image

very small-scale heterogeneities of the basalt inter-

faces and subtle hydrocarbon-bearing Mesozoic

sediments hidden below the highly rugose thick

basalts (Figs. 11, 13). It provides a very good insight

about the fact that conventional seismic data acqui-

sition using short spread and processing techniques

fails to image below the thick basalts due to scatter-

ing, absorption, mode-conversions and multiples,

hence leads to lower SNR of the seismic sec-

tion. However, depth imaging using an approach

involving elastic full-wave modeling helped to

resolve complex subsurface geological structures

with significant dip as well as highly heterogeneous

and thick rugose basalts masking the hydrocarbon-

bearing Mesozoic sediments.
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