
RICE UNIVERSITY 

Seismic Imaging with Traveltime and Waveform Inversion: 
Naga Thrust and Fold Belt, India 

by 

Priyank Jaiswal 

A THESIS SUBMITTED 
IN PARTIAL FULFILLMENT OF THE 

REQUIREMENTS FOR THE DEGREE 

Doctor of Philosophy 

APPROVED, THESIS COMMITTEE: 

MiUfic-
Colin A. Zelt, Professor, Chair 
Earth Science 

Dale S. Sawyer, Professor 
Earth Science 

Richard G. Gordon, Professor 
Earth Science 

George J. HTrasaki, Professor 
Chemical and Biomolecular Engineering 

HOUSTON, TEXAS 
AUGUST 2008 



UMI Number: 3362336 

INFORMATION TO USERS 

The quality of this reproduction is dependent upon the quality of the copy 

submitted. Broken or indistinct print, colored or poor quality illustrations 

and photographs, print bleed-through, substandard margins, and improper 

alignment can adversely affect reproduction. 

In the unlikely event that the author did not send a complete manuscript 

and there are missing pages, these will be noted. Also, if unauthorized 

copyright material had to be removed, a note will indicate the deletion. 

® 

UMI 
UMI Microform 3362336 

Copyright 2009 by ProQuest LLC 
All rights reserved. This microform edition is protected against 

unauthorized copying under Title 17, United States Code. 

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346 



ABSTRACT 

Seismic Imaging with Traveltime and Waveform Inversion: 

Naga Thrust and Fold Belt, India 

by 

Priyank Jaiswal 

I demonstrate the utility of traveltime and waveform inversion in 

depth imaging of seismic data with the help of two 2-D multichannel seismic 

lines, Reg-07 and PO-03, shot perpendicular to the trend of the Naga Thrust and 

Fold Belt (NTFB), India. I use both lines to demonstrate that a) a velocity model 

from traveltime inversion is suitable for pre-stack depth migration (PSDM) and 

can effectively serve as a starting model for frequency-domain full-waveform 

inversion; b) both PSDM and waveform inversion yield interpretable depth 

images but a combination of the two best describes the geology; and c) there still 

exists untested and unexploited hydrocarbon potential in the NTFB. 

Using the Reg-07 data I establish a working methodology for combining 

traveltime inversion with waveform inversion and PSDM. The results are 

validated using a nearby well. Using the PO-03 data I first demonstrate the 

advantages of combining traveltime inversion with PSDM for depth imaging; the 

combined method is referred to as unified imaging. Unified Imaging 



simultaneously yields a velocity model and a depth image that are consistent with 

each other. The velocity model from unified imaging is validated using an in-line 

well. The depth image from unified imaging reveals the presence of a triangle 

zone along PO-03 that was previously unknown and could be promising for 

exploration. Waveform inversion using the velocity model from unified imaging 

reveals the presence of a complex conjugate fault system in the supra-thrust 

along PO-03 which was also previously unknown and could also be promising for 

exploration. 

Traveltime inversion estimates a velocity model that is 

representative of the large scale features of the subsurface. This makes 

traveltime inversion a necessary first step regardless of the final choice of 

imaging - PSDM or waveform inversion. While PSDM uses the traveltime model 

as a whole for estimating a reflectivity image, waveform inversion enhances the 

resolution of a part of the traveltime model to yield a detailed acoustic property 

map. Even though the data and model requirements for PSDM are less stringent 

than for waveform inversion, waveform inversion appears to be resolving 

structural features that are imaged inadequately by PSDM. 

i 
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I. Introduction 

Figure 1.1. Base map. The seismic lines Reg-07 and PO-03 are shown as solid black lines, 

Wells, Lakhi and Pengri, are shown as white dots. The Naga and Margerita Thrusts are 

interpreted after Dasgupta and Biswas (2000). Location of the study area is shown in inset. 

The Naga Thrust and Fold Belt (NTFB) in the Upper Assam Shelf, India 

(Figure 1.1), has been a site of active exploration by Oil India Limited (OIL) and 

its predecessors since the turn of the last century (Visvanath, 1997). It is now 

known that several decades of exploration has seemingly discovered most of the 

large plays in the NTFB that were readily accessible and seismically "easy" to 

image. The current exploration trend therefore targets more unconventional plays 

such as those in the sub-thrust, a geological domain where seismic imaging 

remains a challenge to this date even with the latest known technology. 

Additionally, in the last decade, northeast India has seen growing geopolitical 

movements and environmental concerns that have created extra layers of 



difficulty in seismic acquisition and drilling. Demonstrating success in the NTFB 

has now become more important than ever for OIL if exploration activities have to 

be continued without political or social interference. 

Figure 1.2. PO-03 image, a) OIL image, b) Interpretation of OIL image. The topography is 

displayed on top. Horizons in (b) are interpreted with think black lines. Trajectory of Lakhi well is 

displayed with dashed white line and the sonic log is displayed along the trajectory with thick 

black line. Red dashes in the supra-thrust are the interpreted stratigraphic markers (Figure 1.3). 

Symbols have the following meaning- N: Naga Thrust, W: Lakhi, G: Girujan, U, M, and L: Upper, 

Middle and Lower Tipam, Br: Argellacious Barail. The dashed box is enlarged in Figure 1.3. 
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Figure 1.3. PO-03 well-image comparison, a) PO-03 image enlarged (dashed box; Figure 1.2). b) 
Lithological interpretation of Lakhi well (Figure 1.1) by OIL. Symbols have the same meaning as 
in Figure 1.2. Variations in the sonic log are inconsistent with the normal stratigraphy interpreted 
with the current depth image of PO-03 (see text for details). 

In 2002, seismic line PO-03 (Figure 1.1) was acquired perpendicular to the 

trend of the Naga Thrust in a reconnaissance survey by OIL. The depth imaging 

of PO-03 was accomplished though a proprietary technology (unknown to the 

author; hereafter referred to as the OIL image; Figure 1.2a) and in 2004 an 

exploratory well, Lakhi (Figure 1.1), was drilled targeting a sub-thrust structural 

play interpreted on the OIL image (Figure 1.3). Although the OIL image (Figure 

1.2a) and the interpretation (Figures 1.2b and 1.3; based on the in-house OIL 
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interpretation) and the corresponding velocity model (Figure 1.4) appear to be 

reasonable, results from the Lakhi well proved otherwise. The sonic log from 

Lakhi showed velocity variations within 3-3.8 km depths that did not appear to be 

consistent with the normal stratigraphy interpreted using the OIL image (Figure 

1.3). For example, with the current interpretation (Figure 1.2b) an explanation for 

the low velocity spike at 3.2 km depth in the sonic log could be the presence of 

free gas. However the dipping stratigraphy in the OIL image at that location 

(Figure 1.3) does not show any trap mechanism such as a pinch out or structural 

relief that would allow free gas to be accumulated. Additionally, the presence of 

free gas creates attenuation and chaotic reflection facies which are also not 

evident in the OIL image. OIL believes that the failure in depth imaging could be 

partly due to the inadequacy of the velocity model used for depth migration 

(personal communication, R. Dasgupta, 2004; Figure 1.4) and partly due to the 

proprietary technology used for depth imaging. 

D 

Figure 1.4. OIL velocity. Velocity model used to create the OIL Image (Figure 1.2). Velocity in 

km/s is labeled. D is the datum used by OIL (91.44 above mean sea level). For consistency, 

velocity model is displayed with respect to the model dimensions used in Chapter 3. 
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The ultimate goal of this thesis is to estimate velocity models that are 

representative of the subsurface geology through traveltime and waveform 

inversion. The methodology used in this thesis can be summarized as follows: a 

velocity model that is representative of the large-scale structures of the 

subsurface is first estimated through inversion of traveltimes (first and reflected 

arrivals) which is then used for imaging of the smaller-scale features using pre-

stack depth migration (PSDM) and as a starting model for waveform inversion. 

The results from PSDM and waveform inversion are jointly interpreted to 

construct a geological model. In this thesis, the methodology is demonstrated 

using seismic data from the 2-D lines Reg-07 and PO-03 (Figure 1.1) and the 

results are validated using the associated wells, Pengri and Lakhi (Figure 1.1), 

respectively. Of special interest is the Lakhi well; the consistency of the results 

from application of traveltime and waveform inversion with the sonic log and 

lithological interpretations of the Lakhi well will indicate the overall success of this 

thesis. 

Since PO-03 is acquired in a terrain with significant topographic variations 

(~120 m) and is expected to have complex subsurface geology, the methodology 

is first tested using seismic data from Reg-07 (Figure 1.1), also acquired 

perpendicular to the Naga thrust ~25 km northeast of PO-03. Reg-07 is a seismic 

line of recent vintage (2001) that was selected for the following reasons : a) it has 

large source-receiver offsets (~6 km) which facilitates application of traveltime 

and waveform inversion, and b) it is acquired in a relatively flat area (~20 m 
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topographic variation) with a simpler expected subsurface geology. To further 

simplify the application of the methodology to Reg-07, only the first arrival times 

and the coda close to the first arrivals have been used for traveltime and 

waveform inversion, respectively. 

The starting model for traveltime inversion in both the Reg-07 and PO-03 

applications are constructed by averaging regional drilling results in the foreland 

of the NTFB; it is laterally homogeneous with a linearly increasing velocity-depth 

function (1.6 km/s at the surface to 5 km/s at 5 km depth). Using results from 

traveltime inversion in applications to both lines, waveform inversion and PSDM 

yield images of small-scale subsurface features at a length scale that enables 

direct geological interpretation. While waveform inversion enhances the 

resolution of the traveltime model and yields an image in terms of a lithological 

property (P-wave velocities), PSDM utilizes the traveltime model directly to yield 

a structural (reflectivity) image. In both the applications, a combination of the 

PSDM image and the waveform model is found to be more conducive to 

geological interpretation than either of them individually. 
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2. Application: Reg-07 

Figure 2.1. Base map. Same as Figure 1.1. The area within the open box along Reg-07 is 

referred to as FTR. Northwest and southeast of FTR are referred to as FR and TBR (see text for 

details). BaraiI outcrops (Dasgupta and Biswas, 2000), to the southwest of PO-03, are shaded in 

light brown color. Data from shots A, B and C (solid red dots) are displayed in Figure 2.2. 

2.1 Introduction 

Hydrocarbon exploration in thrust belts presents geophysical challenges that 

demand innovations from acquisition to interpretation (Bachmann et al., 1980; 

Powers and Finn, 1985; Nelson, 1993; Jia et al., 2006). The NTFB in northeast 

India (Figure 2.1) is an example Where conventional exploration methods have 

yielded limited success. Initial exploration attempts in the NTFB have been 

guided by oil shows and surface anticlines, e.g. the Digboi oilfield (Visvanath, 

1997). Later, the application of improved technology led to discoveries of several 

prolific oil and gas fields in the foreland, e.g. the Nahorkatia and Moran fields, 
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and the thrust belt, e.g. the Geleki and Rudrasagar fields (Visvanath, 1997). In 

more recent times, exploration has moved towards parts of the thrust belt where 

the logistics are difficult and the surface expressions of the thrust are subtle. In 

such an area, a 2-D seismic line oriented perpendicular to the trend of the NTFB 

was acquired by Oil India Limited in 2004 in a reconnaissance survey to image 

the Naga thrust fault and related structures. Initial attempts of seismic imaging 

met with limited success largely due to a lack of a suitable velocity model for 

depth migration. 

Seismic imaging as applied to conventional multichannel reflection data 

is a two step process. The first step is determination of a background velocity 

model that describes the large-wavelength characteristics of the subsurface. The 

second step is imaging of the short-wavelength subsurface features by time or 

depth migration using the velocity model from the first step (Gray et al., 2001). 

The choice of an image in time or depth may depend on the target and 

subsurface complexities; the former is usually considered adequate for simple 

geology (Gray, 1997). Besides the inherent goal of time migration, which is to 

obtain the "best" subsurface image, depth migration also requires simultaneous 

development of a geologically valid velocity model. In complex geological terrains 

such as thrust belts where adjustments in the velocity field may span several 

iterations (Wu et al., 1998; Yan and Lines, 2001), the process of velocity-model 

building may become interpretive. This "interpretion", which is common to data-

based methods of velocity-model building, can be reduced to a certain extent by 

model-based methods such as traveltime and waveform inversion that honor the 
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physics of wave propagation. The main goal of traveltime and waveform 

inversion, as used in this application, is to be able to predict synthetic data that 

appropriately resemble the observed data; the resultant velocities are an 

automatic byproduct of the inversion process. However, due to the non-linear 

and non-unique nature of the traveltime and waveform inverse problems, a 

careful implementation is required to ensure reliability of the results. 

This application has the following structure. We first explain the 

methodology of traveltime and waveform inversion following which we 

demonstrate their application. The application is a three step process wherein we 

first apply traveltime inversion followed by PSDM, and finally waveform inversion 

to image the portion of the geology that was inadequately imaged by migration. 

At the end, we jointly interpret the waveform inversion model and the migrated 

image and discuss the significance of the results. 

2.2 Inversion Methodology 

This application utilizes the regularized Zelt and Barton (1998) algorithm for 

traveltime inversion and the Pratt (1999) algorithm for waveform inversion. Both 

algorithms solve the non-linear inverse problem through a local decent method 

which starts with an initial guess of the earth model and iteratively updates it 

based on discrepancies between the predicted data from the current estimated 

model and the observed data (Tarantola, 1987; Pica et a/., 1990). The initial 

guess of the earth model and the discrepancies are referred to as the starting 

model and data errors respectively. Reduction of data errors over successive 
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iterations is indicative of the inverse problem converging to a solution. In general, 

the inversion is halted when data errors satisfy pre-defined condition(s) specified 

in the algorithm. 

Traveltimes in the forward modeling part of the regularized Zelt and 

Barton (1998) algorithm are computed on a regular grid by solving the Eikonal 

equation using a finite difference scheme (Vidale, 1988). Raypaths, in 

accordance with Fermat's principle, are determined by following the steepest 

gradient of the time field from a receiver to a source. The forward modeling 

resembles the Vidale (1988) method modified to account for large velocity 

gradients (Hole and Zelt, 1995). The inverse modeling formulates an objective 

function which is the l_2 norm of a combination of data errors and model 

roughness (second order partial derivative; Lees and Crosson, 1989; Scales et 

al., 1990) and minimizes it to compute the model updates. For a model vector m, 

predicted data dpre, and observed data cUs, the objective function E is expressed 

as: 

E(m)=MTC}lkd + X[mTClxm + szm
TC?m\ (2.1) 

where Ad-dp^ - d0bS are the data errors, Cd is the data covariance matrix, C/, and 

Cv are model space covariance matrices that measure horizontal and vertical 

roughness, respectively, A is the trade-off parameter, and sz determines the 

relative importance of maintaining vertical versus horizontal model smoothness. 

The regularization, implemented by scaling with the inverses of the data and 

model space covariance matrices, attempts to obtain the smoothest model 

appropriate for the data errors (Scales et al., 1990). 



11 

The wavefield in the forward modeling part of the Pratt (1999) algorithm 

is computed by solving the wave equation in the frequency domain using a finite-

difference scheme and a mixed-grid approach of (Jo et a/., 1996). In this 

application a 2-D, acoustic, isotropic approximation of the wave equation has 

been made. Additionally, Gardner's relationship (Gardner et a/., 1974) between 

density and velocity is assumed and attenuation is ignored (e.g. Brenders and 

Pratt, 2007a). The objective function in waveform inversion is the l_2 norm of the 

data misfit: 

E(m) = AdTAd. (2.2) 

The symbols in equation 2 are the same as in equation 1, except the data in 

equation 1 are the first-arrival traveltimes whereas the data in equation 2 are 

frequency components of the seismic wavefield. 

Although the overall approach of both the Zelt and Barton (1998) and 

Pratt (1999) inversion algorithms towards assuring a convergence are similar, 

formulation of the decent method and halting criteria are different. As mentioned 

above, the traveltime inversion minimizes an objective function which is a 

combination of data misfit and model roughness, whereas the waveform 

inversion minimizes data misfit only. As a result, the traveltime inversion seeks a 

minimum-structure model that fits the observed traveltimes only to the level of 

their respective uncertainties, while the waveform inversion seeks a model that 

can explain as many features of the observed seismograms as possible within 

the range of the wavenumbers being accounted for. The data misfit in traveltime 

inversion is assessed using the normalized form of the misfit parameter, the chi-
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squared error (%2; Bevington, 1969; Zelt, 1999). Assuming the errors in the 

observed picks are uncorrelated and Gaussian in nature, a value of x2 equal to 1 

indicates that the observed traveltimes have been fit to within their assigned 

uncertainties and at this point the traveltime inversion is halted. Assessment of 

data misfit in waveform inversion is more qualitative in nature. Visual assessment 

of the updated model for its overall geological sensibility and the predicted data 

for their similarity to the recorded data serve as the stopping criteria. 

An important aspect of waveform inversion is its implementation using a 

multi-scale approach advocated by Bunks et al. (1995) to mitigate its non-

linearity. This approach of solving the inverse problem proceeds from low to high 

wavenumbers, using low temporal frequencies first and then refining the solution 

with higher frequency data. Although not explicitly, the traveltime inversion 

adopts a similar approach. The free parameter X used in Equation 1 determines 

the relative emphasis on model regularization versus data fitting. As a result, the 

solution of the traveltime inverse problem with a higher Rvalue, i.e. higher 

emphasis on model regularization, will only have contributions from the larger 

wavelength variations in the traveltime data. This in turn corresponds to larger 

wavelength features of the subsurface. Usually the traveltime inversion begins 

with a high value of X which is then decreased in successive iterations until the 

predicted data appropriately fit the observed data. Thus, in both waveform and 

traveltime inversion, the velocity model iteratively evolves from a larger 

wavelength approximation to a detailed and better-resolved form. 
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Waveform inversion also requires a source function to compute the 

model updates. The Pratt (1999) algorithm estimates the source function with the 

help of the current model. Thus, in this application waveform inversion begins not 

only with a starting model but also a starting source signature. For the given data 

bandwidth, the velocity model is updated using the a priori source signature, 

following which the source signature is updated using the updated velocity 

model. As the waveform inversion iteratively incorporates higher wavenumbers, 

higher frequencies are incorporated in the source signature and the resolution of 

the recovered model is enhanced. 

2.3 Application to Real Data 

Geological Setting 

The study area is the southeast-dipping continental shelf of northeast India 

overthrust by the NTFB in the southeast (Figure 2.1). The stratigraphy of the 

continental shelf traces its origin back to Lower Permian when the Indian plate 

was part of Southern Gondwanaland. Rifting, speculated in the Late Jurassic, led 

to breakup and separation of the Indian plate from Gondwanaland followed by 

the onset of its northward drifting in Early Cretaceous (Dasgupta and Biswas, 

2000). The tectonic activity of the Indian plate between the Late Cretaceous and 

the present gave rise to the major structural and stratigraphic features in the 

study area and can be divided into three distinct phases. The earliest phase in 

the Late Cretaceous through the Oligocene was characterized by block faulting 

and the development of the southeasterly dipping shelf. Southeast-dipping 
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basement-involved normal faults developed early on in this phase. The NTFB 

also originated in this phase during the late Paleogene - early Miocene collision 

of the Indian and Eurasian plates. The second phase, from the early to the mid 

Miocene, was characterized by uplift and erosion, reactivation of several 

basement normal faults as thrust faults, and the prominence of basement-

controlled structures. The third phase in the late Miocene through Pliocene was 

characterized by extensive alluvial deposition (Dasgupta and Biswas, 2000). 

The geologic setting of the study area offers a favorable combination of 

stratigraphic and structural features for hydrocarbon formation and entrapment. 

Based on the history of the basin evolution, two distinct petroleum systems have 

been identified (Dasgupta and Biswas, 2000). The shallower petroleum system, 

which is targeted by the seismic line in this application, constitutes the Naga 

thrust sheets. The oldest unit in this petroleum system is the upper Eocene -

lower Oligocene Barail Group deposited in a marginal-marine to fluvial setting 

(Acharyya etal., 1975). Regionally, the Barail group is divided into an underlying 

arenaceous unit comprising delta front sandstones and an overlying argillaceous 

unit composed of shales and coals deposited in a delta plain environment. The 

Barail argillaceous unit is considered to be the primary source rock throughout 

much of the study area. Together with the overlying mid Miocene massive deltaic 

sandstones of the Tipam formation (Shrivast et ai, 1974), the arenaceous unit of 

the Barail group comprises the most productive reservoirs in the area. The Tipam 

formation is overlaid by the Girujan formation, a flood plain clay rich unit of upper 

Miocene age that regionally serves as the seal for the petroleum systems 
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(Bhattacharya, 1980). The present day foreland of the NTFB is the alluvial plain 

of the river Brahmapurta. 

Seismic Data Acquisition and Processing 

The seismic line in this application was acquired in the northeastern part of the 

Naga thrust belt where the thrust fault deepens leaving subtle surface 

expressions (Figure 2.1). The variation in topography along the seismic line is 

~20 m. The orientation of the seismic line is perpendicular to the trend of the 

Naga thrust belt (Figure 2.1). It is ~21 km long with 50 m shot and receiver 

spacing and has a nominal fold of 60. The acquisition style is end-on11. There 

were 313 shots with maximum offsets of ~6 km. Explosive sources (2.5-5 kg , 

Class II) were placed in boreholes typically 30 m deep. The data were recorded 

with a sample interval of 4 ms with a moderate signal-to-noise (S/N) ratio. 

Based on the general data quality the seismic line is divided into three 

parts. Approximately 6.75 km distance along the seismic line around the zone of 

the extrapolated Naga thrust fault is hereafter referred to as the fault trace region 

(FTR; Figure 2.1). Northwest and southeast of the FTR are hereafter referred to 

as the foreland region (FR) and the thrust belt region (TBR), respectively. 

Representative shot gathers from the FR, FTR, and TBR (Figure 2.1) are 

displayed in true amplitude format in Figure 2.2. Data from the FR have the 

highest S/N ratio. The S/N ratio of the data from the FTR and the TBR 

deteriorates beyond 4 km offset. A pre-acquisition survey along the seismic line 

11 The shot is placed at one end of the receiver line. 
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indicated deteriorating near-surface conditions from the FR to the FTR and the 

TBR. Several shots in the FTR and the TBR had to be fired at 5-15 m depth. 

Shot-to-shot variations in the S/N ratio and the ground roll envelop are indicative 

of the inconsistent energy penetration along the seismic line (Figure 2.2). The 

FTR also has a large number of malfunctioning receivers; data recorded by these 

receivers were discarded for data processing and inversion. Data from the FTR 

are found to be contaminated by reverberations, possibly due to a combination of 

poor receiver coupling and trapped energy in the hanging wall of the Naga thrust 

belt. In general the data quality deteriorates from the FR towards the TBR. The 

data have a broad bandwidth of 5-90 Hz (assuming the background noise has 

30 dB lower power than the signal). Close to the source, the data are 

contaminated by low frequency-high amplitude ground roll (Figure 2.2). Parts of 

the data that are uncontaminated by ground roll have a dominant frequency of 

35-45 Hz. 

NW Offset (km) Offset (km) Offset (km) SE 
6 4 2 6 4 2 6 4 2 

ShotA(FR) Shot B (FTR) Shot C (TBR) 

Figure 2.2. Representative shot gathers, (a) Shot A, (b) Shot B, and (c) Shot C represent the 

general data quality from the FR, the FTR, and the TBR respectively (Figure 2.1). High-amplitude 
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low-frequency ground roll contaminate data at short offsets. In general, the data quality 
deteriorates from the foreland towards the thrust belt. Dashed red lines indicate the top and 
bottom mute applied to the data for the PSDM. 

The processing sequence consisted of trace editing (to remove noisy 

traces), followed by application of a 3-6-60-120 Hz minimum phase Ormsby filter. 

Static corrections based on the uphole times and weathering layer velocity of 

1600 m/s were applied to the data. Predictive deconvolution was applied to the 

data to suppress ghost arrivals and reverberations. Careful processing ensured 

that the arrival times of seismic events in the data were unaffected. 

Traveltime Inversion 

The processed data were used for picking first arrival times. For constraining the 

traveltime velocity model, ~6500 first arrival times were used from 67 shots 

spaced ~300 m evenly along the line. Uncertainties of 8 - 20 ms were assigned 

to the first arrival traveltime picks based on dominant frequency and ambient 

noise (Zelt and Forsyth, 1994). The final model (Figure 2.3a) evolved from the 

initial model and converged with a normalized data misfit error, %2., close to unity 

in ten iterations. 
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<— FR >\< FTR >\<~ T B R — > 

NW CMP 101 CMP 430 CMP 641 SE 

I 1—: 1 :—i 1 1 f 0 ' 1 r T r " T O """" f m " ' " ' " - | 1 -
0 1 2 3 4 5 6 - 2 0 - 1 0 0 10 20 

Source-Receiver Offset (km) Traveltime Residual (ms) 

Figure 2.3. Traveltime Inversion, (a) Ray tracing and final velocity model from traveltime 

inversion. Every 40th ray has been plotted for clarity. Velocity contours in km/s are labeled. Solid 

grey ellipses represent shot locations. Solid red triangles indicate locations at which the stacking 

velocity trends are compared with the RMS velocity profiles computed from the final traveltime 

model in Figure 2.4. Velocity model in the fault trace region (open black box) is further refined 

through waveform inversion (Figure 2.7). Also indicated are the extents of the FR, FTR, and TBR 

(Figure 2.1). (b) Traveltime residuals for model in (a) as a function of shot-receiver offset for all 

data used in the traveltime inversion, (c) Histogram of traveltime residuals, (b) and (c) indicate 

that the traveltime residuals have an unbiased distribution. 

The reliability of the final traveltime model was assessed by comparing 

the predicted and observed traveltimes. The comparison shows that the 

predicted traveltimes have uniform distribution with offset (Figure 2.3b), and are 

unbiased (Figure 2.3c). To further check the reliability of the final traveltime 

model, root-mean-square (RMS) velocity profiles were computed and compared 

with the stacking trends in semblance panels of representative common mid 
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point (CMP) gathers from the FR, FTR, and TBR. RMS velocity profile (yellow 

line; Figure 2.4) derived from the final traveltime inversion model (Figure 2.3a) at 

CMP 101, 430 and 641 are overlaid on corresponding semblance panels. The 

RMS velocity profiles appear to be consistent with the stacking velocity trends 

(Figure 2.4) suggesting that the velocity model from traveltime inversion is 

consistent with that from the conventional processing. 

Stacking Velocity (km/s) Stacking Velocity (km/s) Stacking Velocity (km/s) 

Figure 2.4. Stacking and inverted velocity profile comparison, (a), (b), and (c) are comparison 

locations from the FR, FTR, and TBR respectively (Figure 2.1). Traveltime inversion velocities 

profiles are shown in yellow lines. Black lines indicate positive (right-hand side) and negative (left-

hand side) scaling of the computed RMS velocity profile. In (a) though (c) dense black zone mark 

focusing of reflection events but not all focused events may correspond to primary reflections. 

The resolution of the final traveltime model was assessed by 

checkerboard tests (Figure 2.5; Zelt, 1999). The resolution tests indicate that 
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while anomalies with dimension 5 X 1 km are successfully resolved throughout 

the model, 1 km and 0.5 km anomalies are resolved only up to a depth of 1 km 

and 0.5 km, respectively, and anomalies with 0.25 km dimensions are barely 

resolved; this is the resolution limit of the traveltime inversion model. The 

resolution tests provide a sense of the length-scale at which features in the final 

traveltime model can be considered to be reliable. 

^ ** 

I 

-5.00 

-3.75 

-2.50 

-1.25 

1.25 

I - 2.50 

t- 3.75 

5.00 

Model Distance (km) 

Figure 2.5. Traveltime checkerboard resolution test, (a) 0.25 * 0.25 km (b), 0.5 * 0.5 km, (c) 1.0 * 

1.0 km, (d) 2.0 * 1.0 km, and (e) 5.0 * 1.0 km anomaly. Grid is indicated with black lines. 
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Pre-Stack Depth Migration 

The final traveltime inversion model was used for Kirchoff PSDM (Schneider, 

1978) of the near-normal-incident data up to a maximum offset of 2km. Prior to 

depth migration an attempt was made to mitigate the ground roll in the 

frequency-wavenumber domain. Only a minimal improvement could be made in 

the S/N ratio of the data most likely due to aliasing of the ground roll. A surgical 

mute was applied to the data to remove the direct arrivals and ground roll prior to 

PSDM (Figure 2.2). The migration aperture for PSDM was approximately 6km 

and a maximum frequency of 50Hz was migrated. 

For an appreciation of the traveltime inversion in terms of its ability to 

improve PSDM, the migrated image using traveltime velocities is compared to its 

counterpart using hand-picked stacking velocities. A comparison of the two 

velocity models (Figure 2.6) reveals that the traveltime velocity model has more 

structure in the part covered by rays. For preparation of the stacking velocity 

model (Figure 2.6b), dip-moveout corrections (Hale, 1984) were first applied to 

the data following which semblance panels were generated every 25th CMP. 

Stacking velocities as a function of time were picked using the highest 

semblances values in the panels. The stacking velocities were then converted to 

interval velocities (Dix, 1955), and smoothed on a 250 X 150 m (horizontal X 

vertical) grid prior to PSDM. The PSDM stacks with traveltime (Figure 2.7a) and 

stacking (Figure 2.7b) velocities were further processed by applying a dip-filter 

and 5-10-40-80 Hz zero-phase Ormsby filter; they are hereafter referred to as the 

TT-Mig-lmg (Figures 2.7c and e) and the Stk-Mig-lmg (Figures 10d and f). 
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CMP 

101 201 301 401 501 601 701 

5 10 15 

Model Distance (km) 

Figure 2.6. Stacking and inverted velocity model comparison, (a) Velocity model from traveltime 
inversion (Figure 2.3a). Dashed grey line marks the area covered by rays, (b) Velocity model from 
staking velocity analysis. In (a) and (b) the velocity contours in km/s are labeled. 

Overall the TT-Mig-lmg appears to have higher S/N ratio than the Stk-

Mig-lmg (Figure 2.7). An anticlinal feature at a depth of ~2 km between CMPs 

101 and 201 which is prominent in the TT-Mig-lmg is almost unidentifiable in the 

Stk-Mig-lmg (open dashed yellow box and red markers; Figures 2.7e and f). 

Reflection events in the TT-Mig-lmg compared to the Stk-Mig-lmg are more 

focused and coherent (dashed yellow box and blue markers; Figures 2.7e and f). 

Compared to the Stk-Mig-lmg, the southeast dipping reflectors between CMPs 

500 and 700 (most likely representing the hanging wall of the Naga thrust) are 
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better identified in the TT-Mig-lmg (green markers; Figures 2.7e and f). To 

ascertain the genuineness of the structures in the PSDM images, CMP gathers 

at three locations (Figure 2.7). The quality of the shallow (less than 1km) 

migrated image in general appears to be poor, especially in the area indicated by 

an open dashed white box in Figures 2.7e and f. 

CMP CMP 

101 201 301 401 501 601 701 101 201 301 401 501 601 701 
0 ... ,,!. .. ,„ l ,, I J , 1 , „„ ),,., A -,—„l,», ,„•„! ,„.„.,„ ,„l,—... ,,.,!,•,.».,. „ \ d ^ — 4 

5 10 15 5 10 15 
Model Distance (km) Model Distance (km) 

Figure 2.7. Migrated image comparison, (a) and (b) are depth migrated images with traveltime 

and stacking velocities, respectively, (a) and (b) are further improved by post-stack processing 

yielding (c) TT-Mig-lmg and (d) Stk-Mig-lmg. (e) and (f) are the same as (c) and (d), labeled to 

highlight the difference in migration. Overall the TT-Mig-lmg has a higher S/N ratio than the Stk-

Mig-lmg. The dashed yellow open boxes and the red, blue and green markers indicate 

differences between (e) and (f) (see text for details). Image gathers at CMP locations A, B and C, 

are compared in Figure 2.8. Features within the open dashed white box (FTR; Figure 1.1) in (e) 

and (f) are resolved by waveform inversion in Figure 2.9. 
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In a depth migrated CMP gather, also known as a common image gather 

(CIG), the "correctness" of velocity at a particular depth is indicated by the 

amount of flattening it provides to the reflection event from that depth (Yilmaz, 

2001). The flatness of the events in the CIG using the traveltime inversion 

velocities (Figure 2.8a, c, and e) is higher than their counterparts using stacking 

velocities (Figure 2.8b, d, and f), suggesting that traveltime inversion velocities 

are better suited for PSDM. 

Offset (km) 
-3 -2 -1 0 

Figure 2.8. Migrated image gather comparison. CMP locations are indicated in Figures 2.7 (e) 

and (f). (a) and (b), (c) and (d) and (e) and (f) are migrated gathers with traveltime and stacking 

velocities respectively. Red, blue, and green arrows indicate events that show significant 

difference after migration. The same events are indicated in Figures 2.7 (e) and (f) by the markers 

of same colors. 

Offset (km) 
3 -2 -1 

Offset (km) 
-2 -1 
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Waveform Inversion 

A part of the traveltime velocity model (open box; Figure 2.3) was improved using 

waveform inversion. The dimensions of this region are 6.75 km X 1.35 km which 

included 88 shots. Excluding the malfunctioning receivers in the shot gathers, the 

waveform inversion dataset comprised ~5000 traces. The data were further 

windowed in time (1s from the first break picks) to exclude ground roll and mode-

converted later arrivals that are beyond the realm of the acoustic wave 

approximation. Examination of the windowed data indicates 11 Hz to be the 

lowest usable frequency. Waveform inversion was performed in the offset range 

of 1-4 km where the S/N ratio in the data was observed to be high. Absorbing 

boundary conditions were applied on all sides of the model assuming that 

deconvolution during the data processing effectively suppressed the ghost 

arrivals. 

Waveform inversion began with a determination of the source signature 

using the starting model and the band-limited real data. The initial guess for the 

source signature was a minimum phase Ricker wavelet with a broad frequency 

bandwidth (1-25 Hz). Following this, forward modeling with the starting model 

(Figure 2.9a) and the initial source signatures was performed to bulk scale the 

real shot gathers such that the offset variations of the RMS amplitudes of the 

traces versus offset (ARMSVO) of the real and synthetic shot gathers have the 

same mean. This scaling accounts for inelastic attenuation, anisotropic source 

radiation patterns, variable receiver coupling, and the fact that the waveform 

inversion matches pressure synthetics with geophone data. 
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Figure 2.9. Waveform inversion, (a) Starting model (traveltime inversion model, open box; Figure 

2.3a). (b), (c), (d) and (e) correspond to models obtained by successively inverting 11-13, 13-15, 

15-17 and 17—19 Hz bandwidths, respectively. Steps (b) through (e) are characterized by 

simultaneous inversion of nine frequencies spaced 0.25 Hz apart. Inverted model from each step 

is used as the starting model for the next step. 
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The starting model with the scaled real data yielded the final model in four 

steps corresponding to successive inversions of 11-13 Hz (Figure 2.9b), 13-15 

Hz (Figure 2.9c), 15-17 Hz (Figure 2.9d), and 17-19 Hz (Figure 2.9e) frequency 

bandwidths. In each step nine frequencies spaced 0.25 Hz apart were inverted 

simultaneously. The updated model from each step was used as the starting 

model for the next step. Prior to updating the model in each step, the source 

signature was re-calculated using the updated model from the previous step. 

Successive incorporation of higher frequencies in every step yielded a higher 

wavenumber solution of the velocity. The model corresponding to 17-19 Hz 

frequency (Figure 2.9e) has sufficient spatial resolution for the interpretation, and 

was considered as the final model. The overall reduction in the objective-function 

(Equation 2.2) achieved in four steps was ~80%. 

The reliability of the final waveform inversion model was assessed by 

comparing the ARMSVO signatures of the real data with the corresponding 

synthetic data simulated using a) the starting model (i.e., the final model from 

traveltime inversion) and starting source signature and b) the final model and the 

final source signature. The RMS amplitude for each trace is computed over the 

time window used for waveform inversion. Three representative shots gathers 

from the northwest, center, and southeast end of the waveform model are 

selected for comparison (Figure 2.10). An overall improvement in the fit of the 

ARMSVO trends and the similarity in the appearance of the seismograms suggest 

that the final waveform model is reasonable. 



28 

I D 
Shot at 3 km waveform model distance 

E 

E 
F 

I 

i ' Model Distance (km) 
0 1 '21 3' 4 , 5 6 7 

-2.625 -2.125 -1.625 

m 

o 

m 

ID 

d 
o 
d 

w 
<\i 

o 

b. Predicted data from traveltime model 

-2 -1 
Source-Receiver Offset (km) 

-2.625 -2.125 -1.625 

^ ^ J l l 
- o 

d 

o 
d 

' ' ' : ' • • • • ' -

' • • f 

|c. Predicted data from waveform model 
^ - U " • • • • • - • • • » • " » • • • m i • • • • • - . • • • P ui 

Ik 

in 
-2 -1 

Source-Receiver Offset (km) 

-2.625 -2.125 -1.625 -1.125, -0.625 
Source-Receiver Offset (km) 

Figure 2.10. ARMSVO shot comparison 3, 5, and 7 km model distances, (a), (d) and (g) are the 

real data. Shot locations are shown in inset with a solid white dot. (b), (e) and (h) are the synthetic 

data from the starting model (Figure 2.9a). ARMsVO of synthetic (black curve) and real data (red 

curve) are compared in inset, (c), (f) and (i) are the synthetic data from the final model (Figure 

2.9e). ARMSVO of synthetic (green curve) and real (red curve) data are compared in inset. Solid 



red dots in (a)-(i) are the first arrival picks. For display purposes reduction velocity of 5 km/s and 

amplitudes scaling of offset05 are applied. 
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Figure 2.10. (Continued.) 
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Shot at 7 km waveform model distance 
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Figure 2.10. (Continued.) 
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Figure 2.11. Waveform checkerboard resolution tests which 200 * 100 m (horizontal * vertical) 

anomaly size, (a) Difference between starting (Figure 2.9a) and final (Figure 2.9e) model. Velocity 
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anomalies with a dimension of 200 * 100 m are indicated. The synthetic data inverted in (b), (c) 

and (d) were simulated with a broad bandwidth (1-19 Hz) minimum phase Ricker wavelet and full 

data coverage (see text for details). Inversion results using (b) full bandwidth (1-19Hz) and full 

coverage, (c) limited bandwidth (11-19 Hz) and full coverage, (d) limited bandwidth (11-19 Hz) 

and real coverage, (e) Inversion of data simulated with the final source signature from real data 

and real coverage. Dashed black line in (e) indicates parts of the model where perturbations are 

successfully recovered. Starting model for checkerboard tests is same as the one used for 

waveform inversion with real data (Figure 2.9a). Grid is indicated with black lines. 

To assess the resolution of the final waveform model, a series of 

checkerboard tests were performed. The checkerboard tests were also 

performed to understand the effect of the limited data bandwidth and the 

malfunctioning receivers on the resolution of the waveform inversion. In a series 

of tests, the traveltime velocity model (Figure 2.9a) was perturbed in a 

checkerboard pattern with anomalies of varying dimensions. Synthetic data were 

simulated with a broad bandwidth (1-25 Hz) minimum-phase Ricker wavelet and 

full acquisition coverage. The data were inverted successively, narrowing the 

bandwidth and reducing the coverage to resemble the real data and the real 

acquisition setup respectively. Besides the split spread geometry, the real setup 

also implies gaps in acquisition corresponding to the malfunctioning receivers. 

The starting model used for the inversion was the traveltime velocity model 

(Figure 2.9a). Waveform inversion was also performed with synthetic data 

simulated with the final source signature. Although the resolution of the waveform 

model deteriorates with decreasing bandwidth and coverage, it can be concluded 

that anomalies with at least 200 X 100 m (horizontal X vertical) dimension are 

well recovered in the region where the interpretation is made (Figure 2.11). 
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Figure 2.12. Final results, (a) Uninterpreted pre-stack depth-migrated data using the final 

traveltime inversion velocity model, (b) Interpretation in the hanging wall is made with the help of 

a composite of the depth migrated image in (a) and the perturbations in the waveform inversion 

model (Figure 11a). Labels have the following meaning, E: is the Miocene unconformity (dashed 

red line), G: Girujan formation. I: Intermediate horizon within the Girujan (solid red line), T: Top 

Tipam (solid red line), Th: Naga thrust fault (solid black line) and N: normal fault (solid black line). 

The Tipam top is picked with the help of the exploratory well (Figure2 1) projected along the strike 

of the Naga thrust belt (yellow cross). Interpretation is made in the foreland region indicating the 

post-mid-Miocene stratigraphy with solid yellow lines. The dashed grey line in the waveform 

inversion model indicates parts of the model that are reliably resolved according to the results in 

Figure 2.11e. 
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The final model from traveltime inversion (Figure 2.3a) appears to have 

resolved the large-wavelength characteristics of the subsurface as indicated by 

the traveltime checkerboard tests (Figure 2.5). The northwest end of the 

traveltime model, which is essentially 1-D in character (Figure 2.3a.) is indicative 

of the foreland basin. The shallow part (less than 1.8 km/s velocity contour) of the 

model with rugged structure may be representative of the weathered layer. From 

the northwest end towards the center of the model the velocity contours shallow 

most likely due to the effect of the Naga thrust. The pull-up of high velocity 

contours at ~17 km suggests the presence of the Naga thrust fault. Towards the 

southeast end, high velocity contours (2.6 - 3.0 km/s) show a deepening most 

likely representing the hanging wall (Figure 2.3a). 

A composite of the TT-Mig-lmg (Figure 2.7c) and the perturbation model 

from waveform inversion (Figure 2.11a) facilitates interpretation of small-

wavelength features (Figure 2.9). The perturbation model in Figure 2.12 is same 

as Figure 2.11a only presented in two colors where negative and positive 

perturbations with respect to the starting model (Figure 2.9a) are represented by 

darker and lighter shades. In Figure 2.12a, the near-horizontal layer-cake 

reflections from the northwest end of the line to ~CMP 400 represent the foreland 

region. The offset in the strata between 2.0 and 2.5 km depth and 11 and 15 km 

model distance suggests the presence of faults (Figure 2.12a). Around CMP 450 

at a depth of ~1.35 km, a change in the dip of the stratigraphy suggests upward 

continuation of the fault at 15 km model distance. This is interpreted as the Naga 

thrust fault and labeled Th in Figure 2.12b. The fault at 11km traveltime model 
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distance is interpreted as a normal fault and labeled N in Figure 2.12b. The 

southeast dipping horizons between CMP 600 and 700 (Figure 2.12a) appear to 

be truncated by another group of southeast dipping strata with lesser dip. The 

horizon along which the truncation occurs is interpreted as the mid Miocene 

unconformity, labeled E in Figure 2.12b. In Figure 2.9a between CMP 300 and 

600 to depth of -1.35 km, an interpretation is not possible due to the poor quality 

of the migrated image. This region roughly coincides with the FTR (Figure 2.1). 

The interpretation is furthered in this part with the help of the final waveform 

inversion model (Figure 2.12b). The interpretation of the mid Miocene 

unconformity in the migrated image appears to coincide with a coherent even 

with rugged structure in the perturbation model; between CMP 450 and 650 the 

interpretation is guided by this event. Between CMP 450 and 500, the 

perturbation model shows a faint expression of a northwest dipping feature; it is 

interpreted as the edge of the hanging wall. The interpretation of the Naga thrust 

fault in the migrated image is continued in the waveform inversion model guided 

by the edge of the hanging wall (dotted black line; Figure 2.12b). 

The stratigraphy of the hanging wall is interpreted with Pengri near the 

seismic line (Figure 2.1). The well interpretation projected along the trend of the 

Naga thrust belt onto the TT-Mig-lmg (yellow cross; Figure 2.12b) is used for the 

interpretation of the top Tipam (horizon labeled T; Figure 2.12b). The Girujan unit 

is represented by the package of reflections between the top Tipam and the mid 

Miocene unconformity. Within the Girujan unit, a strong reflection event in the 

migrated image (labeled I; Figure 2.12b) is interpreted as a sand rich horizon. 
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Such sand rich horizons have been commonly found to occur within the Girujan 

unit (Bhattacharya, 1980). The interpretation of Horizon I within the perturbation 

model is guided by the geometry of the top Tipam as it happens to fall outside 

the region resolved by waveform inversion (dotted red line; Figure 2.12b). 

2.5 Discussion 

This application demonstrates the use of traveltime and waveform inversion as 

supplements to conventional seismic imaging and interpretation. In doing so, this 

application used a portion of the recorded wavefield that is typically discarded 

during conventional processing. A smooth velocity model that describes the 

large-scale features of the subsurface is first determined through traveltime 

inversion of the wide-aperture data (up to 6 km offsets). The velocity model is 

then used for PSDM of the normal-incident data (up to 3.5 km offsets) and part of 

the model is subsequently refined through waveform inversion of the medium-

aperture data (1-5 km offsets). Thus, this application also takes advantage of the 

wide aperture of the seismic survey. 

Traveltime inversion estimates a velocity model that appears to be 

representative of the large-scale features of the subsurface (Figure 2.3a). 

Velocities from traveltime inversion appear to be better suited for PSDM 

compared to the hand-picked staking velocities (Figure 2.8): The quality of the 

TT-Mig-lmg and the Stk-Mig-lmg (Figure 2.7) corresponds to the overall 

confidence associated with the estimation of the traveltime and stacking 

velocities. The reliability of the traveltime inversion velocities is confirmed by the 
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RMS velocity comparison (Figure 2.4). This in turn is indicative of the consistency 

and high-fidelity nature of the picked traveltimes. On the other hand, the 

accuracy of the stacking velocity picks can suffer due to shortcomings in the data 

processing. Stacking velocities, that are picked based on focused events on a 

semblance panel, are used to identify primary reflections. In a CMP gather, 

besides primary reflections, the coda typically contains coherent events such as 

ground roll, multiples, and diffractions in varying proportions, not all of which are 

removed by conventional processing. As a result, when moveout corrected and 

stacked, these coherent events can produce focused events on a semblance 

panel. Furthermore, in areas of conflicting dips such as the thrust belt, 

inadequate dip-moveout and static corrections may also effect the focusing of 

stacked events. As a result, depending on the complexity of the structure and 

lithology, it may not always be possible to identify events on a semblance panel 

that correspond to primary reflections. Thus, a combination of the limitations of 

conventional processing and geological complexity increases the chances of 

stacking velocities being picked incorrectly. 

Waveform inversion further resolved the traveltime inversion model at a 

length scale that enables direct interpretation of the geological features of 

interest. It is used to image part of the subsurface (the FTR; Figure 2.1) that 

could not be otherwise resolved with depth migration (Figure 2.12). The 

interpretation of the waveform model is done at a relatively large length-scale. 

Although the traveltime model is suggestive of the interpreted features at this 

length-scale, they are better imaged in the waveform model (Figure 2.12). The 
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minimum and maximum frequencies used for waveform inversion are 11 and 19 

Hz. Between 11 and 19 Hz, the selection of frequencies for waveform inversion 

was made heuristically. Sirgue and Pratt (2004) suggest a frequency selection 

technique that makes the waveform inversion process efficient; it involves 

selection of a few frequencies based on the target depth such that the entire 

range of wavenumbers in the seismic survey are covered. Although this 

technique has successfully been demonstrated by Brenders and Pratt (2007b) 

with synthetic data and Chironi et al. (2006) with real data, others researchers 

with real data have had to explore frequency selection techniques specific to their 

datasets, e.g. Ravaut et al. (2004), Gao et al. (2006), and Operto et al. (2006). In 

the present application it was found that successively inverting frequencies in 

groups of 2 Hz, where each group comprised 9 frequencies separated by 0.25 

Hz, led to the most effective minimization of the objective function and 

maintenance of good S/N ratio in the inverted model. 

Use of the traveltime inversion model as the starting model for waveform 

inversion has been well established in literature (Pratt and Goulty, 1991; Dessa 

and Pascal, 2003). Sirgue and Pratt (2004) demonstrate that a starting model 

that predicts traveltimes to within a half-cycle of the given inversion frequency is 

adequate for waveform inversion as it is enough to avoid cycle skipping. 

Although the traveltime inversion model in this application satisfies that the 

theoretical requirement of Sirgue and Pratt (2004) (final traveltime inversion 

model has a maximum misfit of 20 ms which is equivalent to a half-cycle at 25 

Hz) it was found that starting the waveform inversion with higher frequencies 
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(e.g. 15 Hz) yielded poor results. Therefore for best results, waveform inversion 

was started with the minimum usable frequency (11 Hz) present in the data. In 

the end a series of checkerboard tests and forward modeling were performed to 

ensure that final model from waveform inversion was reliable (Figures 13 and 

14). 

Besides showing improvement in the data fit, Figure 2.10 also illustrates 

the inconsistency that remains between the real data and the synthetic data from 

the final waveform model. Rapid variations of the RMS amplitudes of the traces 

in the real shot gathers (Figure 2.10) may be indicative of a rapidly changing 

subsurface lithology. Nevertheless, the ARMsVO trends of the shot gathers can be 

correlated with the velocity structure of the subsurface obtained by waveform 

inversion. For example, in Figure 2.10a and 2.13d high RMS amplitudes at ~1.25 

and ~3.25 km source-receiver offset correspond to receivers placed above the 

high velocity anomalous feature at ~1.75 km model distance close to the 

topography. Similarly in Figure 2.1 Od, high RMS amplitudes at ~1.5 km 

correspond to the traces from receivers placed above the higher velocity features 

at model distance ~5.5 km near the topography. These high velocity features 

could be the sandy beds of numerous streams of the river Brahmaputra that cut 

into the pre-existing silty and shaly shallow subsurface. 

Besides demonstrating the utility of traveltime and waveform inversion 

for imaging and interpretational purposes, the results from this application also 

have implications for hydrocarbon exploration. The composite image in Figure 

2.12b shows the presence of an anticline in the hanging wall comprising the 
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Girujan and Tipam units. This anticlinal structure may serve as a hydrocarbon 

trap. The hanging wall also appears to be promising in terms of a reservoir (the 

Tipam unit and sand rich unit within the Girujan), and seal (the Girujan unit). The 

biggest risk however appears to be associated with the hydrocarbon migration 

direction. The oldest rocks that outcrop in the study area belong to the Barail 

argillaceous unit found in the central and southwest part of the NTFB (Figure 

2.1). In the composite image (Figure 2.12b), the Barail unit appears to be missing 

up to the imaged depth. This implies that between the outcropping Barails in the 

southwest and central part of the Naga thrust belt and the position of the seismic 

line, the displacement along the Naga thrust is reduced by at least 2.5 km. 

Seismic images across the exposed part of the Naga thrust belt show the 

presence of an antiformal structure in the hanging wall with a plunge towards the 

northeast (Kent et al., 2002; Kent and Dasgupta, 2004); it is popularly known as 

the Jaipur anticline. Local four-way closures in the Jaipur anticline, such as the 

Digboi oilfield (Corps, 1949), have been found to be prolific hydrocarbon 

producers. The hanging wall structure imaged in this application could be the 

down-dip extension of the Jaipur anticline and therefore unless bound by a 

northeast-southwest closure, the hydrocarbon potential of the structure will be 

low. 
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2.6 Conclusions 

This application suggests that a combination of first-arrival traveltime and 

waveform inversion with PSDM can be a promising approach for interpreting 

geological structures in a thrust belt. The key step in this application is the 

development of a smooth velocity model by inversion of first-arrival traveltimes 

that is representative of the large-scale subsurface structures. This model 

provides some overall geological insight and serves as input for both depth 

migration and waveform inversion. Migration results suggest that velocities from 

traveltime inversion are better suited for depth-migration than the hand-picked 

stacking velocities converted to interval velocities. The overall geological 

sensibility for the final model from waveform inversion, along with the resolution 

tests and the similarity of the simulated seismograms to the real seismograms, 

validates this approach. A composite of the migrated image and the waveform 

inversion model was used to interpret the geological structures and understand 

the hydrocarbon potential along the seismic line. Although elements of petroleum 

geology such as the source, reservoir, seal, and trap appear to be favorable for 

exploration, hydrocarbon migration has an associated risk. 
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3. Application: PO-03 Unified Imaging 

3.1 Introduction 

Depth imaging of multichannel seismic data is generally viewed as a two-

step process whereby a velocity model that describes the large-wavelength 

characteristics of the subsurface is first constructed and then used for depth 

migration to estimate the small-wavelength subsurface features (Gray et al., 

2001). In practice, seismic imaging can be compared to a one-way street that 

starts with a velocity model and ends with a geological model; the geological 

model being the interpretation of the "best" depth image from the "best" 

estimated velocity model. In general, if the available image is not satisfactory for 

interpretational purposes, the interpreter can modify the corresponding velocity 

model to see if a "better" migrated image is obtained (Wu et al., 1998). In the 

end, the geological sensibility of the velocity model along with the "correctness" 

of the migrated image constrains the overall conventional imaging process (Yan 

and Lines, 2001). 

Limitations of a depth migrated image can largely be attributed to data- or 

model-based reasons. Data-based reasons include the presence of statics, 

coherent noise such as ground roll, random noise, and ghost arrivals that are 

beyond the realm of the physics of migration. In cases where the data are 2-D, 

out-of-plane effects can also be responsible for migration artifacts. However, in 

this application the out-of-plane effects have been ignored. Model-based reasons 

include an incorrect migration velocity model that does not allow the seismic 

energy to be migrated to their correct spatial location. In this application the 
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model-based reason is addressed. The model-based reason in turn can be the 

manifestation of data-based reasons themselves in the popular methods of 

velocity model building such as migration velocity analysis (MVA; Al-Yahya, 

1989; Lee and Zhang, 1992; Cox and Wapenaar, 1992; Docherty et a/., 1997; 

Liu, 1997; Chauris and Noble, 2001). MVA measures data attributes such as 

coherency and flatness of reflection events in common-mid/image-point domain 

as a function of velocities to validate the velocities themselves; higher coherency 

and flatness imply more realistic velocities. Besides the same data-based 

reasons that affect depth migration, ambiguity in the measurement of data 

attributes can also come from the simplicity of assumptions such as hyperbolic 

moveout. In this application we collectively refer to these methods of velocity 

model building as "conventional". 

An alternative to the conventional methods of velocity model building is 

traveltime inversion which objectively estimates velocity models that reflect the 

large-wavelength features of the subsurface (Lailly and Sinoquet, 1996; Le Begat 

et al., 2004). Traveltime inversion is a model-based method of estimating 

medium properties (P-wave velocities in this application) such that the observed 

traveltimes can be closely simulated. Although traveltime inversion is typically a 

ray-based method that is theoretically limited in its resolution capabilities, it has 

been used in 2-D and 3-D for exploration at different scales by several 

researchers. Carrion (1991) and Dell'Aversana et al. (2003) inverted large offset 

reflections (~10 and ~18 km maximum offsets, respectively) in thrust belt settings 

and imaged structures that were poorly imaged with conventional processing. 
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Zelt et al. (2006a) inverted first-arrival times to build a velocity model of the very 

shallow subsurface (~15 m) and ground truthed it with the help of borehole data. 

Flecha et al. (2004) have even estimated low-velocity zones using first-arrival 

inversion of 2-D seismic data; although their estimation was qualitative in nature 

it had practical uses for the interpretation of the geology. Jaiswal et al. (2008) 

determined shallow (< 2 km) velocities in a thrust belt setting using first-arrival 

traveltime inversion and found them to be appropriate for depth migration. 

The velocity model from traveltime inversion can be reasonable for the 

following reasons. First, traveltime inversion honors the physics of wave 

propagation. Second, the data for traveltime inversion, i.e., the arrival times of 

direct and reflected events, can be weighted according to the confidence with 

which they are identified in the data, thus reducing the effect of noise. Third, 

traveltime inversion can be regularized such that the large-scale geological 

features are first imaged followed by the smaller-scale features. The extent of the 

resolution is set by the uncertainties in the traveltime picking. 

Given an appropriate velocity field, depth migration estimates the spatial 

location of reflector(s) that create the observed wavefield (Claerbout, 1971). 

Migration, as an overall process of mapping from data to model domain, has led 

several authors to reformulate it as linearized inversion (Esmersoy and Miller, 

1989). Commonality between migration and inversion has been discussed by 

authors such as Berkhout (1984), Stolt and Weglein (1985), Wapenaar (1996), 

Sexton and Williamson (1998), Desrousseaux et al. (2002), and Jones et al. 

(2003). These authors view migration and inversion as the reduction of a cost 
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function defined in terms of rock properties, reflectivity in the case of migration 

and medium contrast in the case of inversion. Attempts at merging migration and 

inversion in the geophysical literature include Berkhout (1997) who proposed an 

operator-driven simultaneous PSDM and velocity modeling scheme, and 

Clement et al. (2001) who presented a migration-based traveltime formulation for 

automatically determining background velocities using local optimization 

methods. 

The fact that migration and inversion can have similar kinematic behavior 

leads us to propose a novel method of seismic imaging by coupling both the 

methods; we refer to the coupled method as "unified imaging". Unified imaging 

implements traveltime inversion and PSDM in a cyclic manner simultaneously 

constructing a velocity model and a depth image. Traveltime inversion and 

PSDM are linked using a feed-back mechanism (see Methodology). Unified 

imaging can be of interest in geologically complex areas such as thrust belts 

where reflection events can severely deviate from hyperbolic approximations 

used in conventional processing. Although unified imaging is demonstrated using 

land data in this application, the basic work flow will remain the same for marine 

data. 

In this chapter, the reader is first familiarized with the unified imaging 

method following which the geological setting, the seismic experiment and the 

data are described. Then, unified imaging is applied and a stepwise evolution of 

the velocity model and the migrated image is demonstrated. At the end the final 

velocity model and migrated image are jointly interpreted. 
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Figure-3.1. Unified imaging flowchart. Unified imaging yields a velocity model and a depth-

migrated image that are consistent, i.e., they mutually agree on the large-wavelength subsurface 

features (see text for details). 
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Unified imaging is broadly implemented in two stages; the first stage 

estimates a preliminary velocity model which is improved in the last stage (Figure 

3.1). The first stage is similar to conventional velocity-model building (Yilmaz, 

2001) except that the velocity model from the inversion of the first arrivals, 

hereafter referred to as the shallow velocity model, plays a significant role. The 

adjective "shallow" is indicative of the fact that in a conventional industry-style 

multichannel acquisition, the source-receivers offsets do not often allow the 

deepest stratigraphy of interest to be imaged by the first arrivals. For example, in 

this application the maximum shot-receiver offsets of ~5.3 km allow the first 

arrivals to penetrate up to a depth of ~1 km while the target depth is at ~4 km. 

The shallow velocity model, besides providing geological insight into the 

subsurface early on, aids in the static corrections and also guides the stacking 

velocity picks. 

The shallow velocity model from the first stage is used for static 

corrections and datuming (Marsden, 1993). In this application, datuming is 

achieved through the pre-stack wave-equation method (Berryhill, 1984). After 

static corrections are applied, the data are processed to enhance the S/N ratio, 

sorted into the common mid-point domain and used for stacking velocity analysis 

(Yilmaz, 2001) to the deepest stratigraphy of interest. The velocity model from 

the stacking velocity analysis is used for stacking the data and is also 

transformed to an interval velocity model (Dix, 1955) which in turn is used for 

depth migration. In this application the Kirchoff pre-stack method (Schneider, 

1978) is used for depth migration. Next, the depth migrated image and the 
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stacked data are interpreted for common horizons based on their reflection 

characteristics and geological significance. Wide-aperture21 traveltimes 

corresponding to the interpreted horizons are identified in the shot records. In this 

application, three horizons have been interpreted; besides their geological 

significance, the horizons have also been chosen based on their reflection 

strength and continuity. 

Although the last stage is aimed at improving the interval velocity model 

from the first stage, whether or not a given velocity model actually requires any 

improvement is first assessed through a novel method designed in this 

application and referred to as the "congruency test". The congruency test relies 

on the fact that an interpreted horizon in the stacked data is the zero offset 

response of the same horizon interpreted in the depth migrated image. If an 

interpreted horizon in the stacked data is inverted keeping the velocity model 

stationary, and if the velocity model is the true velocity model, individual time 

picks of inverted horizons will be recovered at their true spatial location. Also, 

depth migration will migrate energy to its true spatial location if the migration is 

performed with the true velocity model. Therefore, with the true velocity model, 

the image yielded by both zero-offset inversion and migration will be close to the 

true structural image of the subsurface. While the depth migrated image will be a 

reflectivity image displaying all the interfaces that have sufficient impedance 

contrast to perturb the propagating finite frequency wavefield, the zero-offset 

inverted model will contain only those interfaces that have been interpreted in the 

stacked data. 

21 Up to maximum available offsets 
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The proximity of a given velocity model to the true velocity model can be 

assessed by measuring the root-mean-square (RMS) distance, d, between the 

interfaces from the inversion of the zero-offset reflections and the corresponding 

interfaces from the interpretation of the depth migrated image; 

" V . M 

In equation (1) z? and zv are the interpreted and inverted interfaces and n is the 

number of nodes at which the interfaces are compared. Due to the limited 

frequency bandwidth of the depth image and the presence of random and 

coherent noise, the interpreted horizons in the depth image are associated with 

uncertainties. A coefficient of congruence, ;', is therefore defined to account for 

the uncertainties and used as a measurement of the proximity of a given velocity 

model to the true velocity model; 

In equation (3.2) <r, is the uncertainty assigned at the /* node. A value of unity for 

j implies that the structural discrepancies have been fit to the level of the 

interpretational uncertainties and the unified imaging is said to have converged at 

this point. Similarly, a value of j greater than unity implies that the velocity model 

requires improvement and a value less than unity suggests that the data have 

been overfit. 
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The last stage of unified imaging iteratively updates the interval velocity 

model and the horizons depths from the first stage such that they progressively 

evolve towards their true values (Figure 3.1). The updates to the velocities and 

the horizon depths are computed from a joint inversion of the direct arrivals and 

the reflection (zero-offset and wide-aperture) traveltimes. The last stage 

comprises repeated cycles of joint inversion and depth migration; a "cycle" refers 

to a single run of joint inversion followed by depth migration. Within a cycle, the 

velocity model and horizon depths from the previous cycle (velocity and horizons 

for the first cycle are from the first stage) are first updated using the joint 

inversion. The horizons are modeled as floating reflectors (Zelt, 1999). The 

updated velocity model is then used for depth migration and zero-offset 

inversion. For the zero-offset inversion, the velocity model is maintained 

stationary. The depth migrated image is interpreted for the same key horizons as 

in the first stage. The interpreted horizons are compared with the corresponding 

inverted horizons by computing/ In case; is found to exceed unity, the updated 

velocity model from the current cycle and interpretation of the current depth 

image is used as the initial velocity model and horizon depths for the next cycle 

and updated. The cycles are repeated in a similar manner until a value of unity is 

achieved for/ In this application three cycles were required fory to converge to 

unity. 

Unified imaging utilizes two methods of traveltime inversion with three 

different datasets. In the first stage only the first arrivals are inverted; they 

constrain the shallow velocity model using the regularized Zelt and Barton (1998) 
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method. In the last stage the zero-offset reflections are inverted to constrain the 

interfaces and the first arrivals are jointly inverted with the zero-offset and wide-

aperture reflections for simultaneously constraining the velocities and interfaces 

using the Zelt et al. (2006b) method. Only a brief overview of the two methods is 

provided and the readers are guided to Zelt et al. (2006b). Traveltimes in the two 

methods are computed on a regular grid by solving the Eikonal equation using 

the finite-difference scheme of Vidale (1988) modified to account for large 

velocity gradients (Hole and Zelt, 1995). Raypaths, in accordance with Fermat's 

principle, are determined by following the steepest gradient of the time field from 

a receiver to a source. The inverse modeling part in the two methods linearizes 

the non-linear2 2 traveltime inverse problem with the help of an initial model that is 

iteratively updated based on the discrepancy between the observed and the 

predicted traveltimes. 

The inverse modeling formulates an objective function which is the L2 

norm of a combination of data errors and model roughness (second-order partial 

derivative; Lees and Crosson, 1989; Scales et al., 1990) and minimizes it to 

compute the model updates. For a given observed data vector dobs and predicted 

data vector dpre, the objective function for constraining the velocities only is 

expressed as: 

E(s) = SdTC?Sd + A[SsTC;lJ1Ss + szSsTC^&] (3.3) 

The objective function for constraining the interfaces only is expressed as: 

E(z) = 8dTC-x8d + X[SzTC;\dz] (3.4) 

22 Both the ray paths and velocities are unknown at the outset and the former is dependent on the latter. 
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The objective function for simultaneously constraining the velocities and the 

interfaces is expressed as: 

E(s, z) = 8dTC-'Sd + A{/3[5sTC^hSs + sz&
TC£&] + (1 - P)[SzT C;\dz]} (3.5) 

In equations (3.3), (3.4), and (3.5) 5d= dprB - d0bs are the data errors and Ss = s -

So is the slowness perturbation vector being solved for; s0 is the starting slowness 

vector, Cd is the data covariance matrix; covariance matrices Cs>h, and Cs,v 

measure horizontal and vertical roughness of the slowness perturbation, 

respectively, X is the trade-off parameter, and sz determines the relative 

importance of maintaining vertical versus horizontal model smoothness. In 

equations (3.4) and (3.5) Sz = z0 - z is the interface depth perturbation vector 

being solved for; ZQ is the starting interface vector and Cz,h is the covariance 

matrix that measures the interface roughness. In equation (3.5) /? determines the 

relative weights of slowness and interface regularizations. Note that equations 

(3.3) and (3.4) can be derived by substituting 0=1 and 0=0 in equation (3.5), 

respectively. Regularization in equations (3.3) - (3.5) is implemented by scaling 

with the inverses of the data and model (slowness and interface) space 

covariance matrices in an attempt to obtain the smoothest model appropriate for 

the data errors (Scales et al., 1990). The data misfit in traveltime inversion is 

assessed using the normalized form of the misfit parameter, the chi-squared 

error (%2; Zelt 1999). Assuming the errors in the observed picks are uncorrected 

and Gaussian in nature, a value of %2 equal to 1 indicates that the observed 

traveltimes have been fit to within their assigned uncertainties. 
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The cyclic approach in the last stage of unified imaging attempts to 

mitigate the non-uniqueness as a result of the limited angular coverage of the 

seismic data. As reflecting rays have narrower aperture than first-arrival rays, the 

velocity-depth tradeoff in the parts of the model that are not covered by first 

arrivals can be large. For a single depth node that is influenced by a reflecting 

ray, depending on the depth of the reflecting interface, a significantly higher 

number of velocity nodes are influenced. As a result, the overall updates of the 

velocities are more than of the interface depths. Additionally, reflection 

traveltimes from different interfaces and the first arrivals vary in count. Therefore 

to ensure that all parts of the model are appropriately updated in any given cycle, 

the free parameters, Ao(Vne initial /lvalue, p, and sz, need to be optimally chosen, 

which requires several runs of the joint inversion with different combinations of 

the free parameters. 

Due to the inherent velocity-depth tradeoff in the joint inversion, achieving 

a j? value of unity in every cycle is not the ultimate goal. Instead the overall 

geological sensibility of the updated velocity model is given more emphasis. The 

joint inversion is halted when the updates start yielding structures that appear to 

be geologically implausible even if the convergence has not been reached. For 

given updates in the velocity model, updates in the corresponding interface 

depths are sought through PSDM. As the velocity model progressively becomes 

close to the true velocity model, the migrated image also positions the interfaces 

closer to their true depth locations. Thus, the non-linear and non-unique nature of 

unified imaging as a whole calls for close monitoring. 
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Figure 3.2. Base map. Same as Figure 1.1. An exploratory well, Lakhi, in the FTR along the 

seismic line is shown as a white dot. Raw and processed data from shots A, B, and C (solid red 

dots) are displayed in Figure 3.3. 

The 2-D seismic data in this application come from the NTFB, India 

(Figure 3.2). The current exploration trend in NTFB aims at targets in the footwall 

that lie in the shadow of the Naga thrust fault. Although such sub-thrust targets 

hold great promise (Wandrey, 2004), drilling results in the last decade have 

shown otherwise. The limited success in drilling the sub-thrust targets have been 

largely attributed to the lack of a reliable seismic image which in turn is 

speculatively due to the lack of a reliable velocity model. 
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3.4 Seismic Acquisition and Data 
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Figure 3.3 Representative data, (a) and (b) shot A, (c) and (d) shot B, and (e) and (f) shot C are 

the representative raw and processed data from the FR, FTR, and TBR (Figure 2), respectively. 
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In (b), (d), and (f), reflection picks are indicated with dotted lines and are labeled according to 
their respective phases, R1, R2, and R3, used in the inversion (see text for details). In general, 
data quality deteriorates from the foreland toward the thrust belt. In (a) through (f) data are 
displayed with an AGC of 0.5 s. Data in (a), (c), and (e) suffer from high-amplitude low-frequency 
ground roll and statics. Static correction and processing in (b), (d), and (f) increase the overall 
S/N ratio. 

The seismic data were acquired in the central part of the NTFB 

perpendicular to the trend of the Naga thrust fault where the outcropping hanging 

wall culminates topographically (Figure 3.2). The variation in topography along 

the seismic line is ~70 m. The data were acquired in a split-spread23 acquisition 

style with a receiver spacing of 30 m and a nominal fold of 60. The seismic line is 

~22 km long and comprises 276 shots fired using Class II explosive sources 

placed in boreholes typically 30 m deep. The shot spacing ranges from 30-90 m, 

the minimum offset ranges from 0-30m, and the maximum offset ranges from 

5.25-5.43 km. The data were recorded with a sampling interval of 2 ms. Overall 

the data have a moderate S/N ratio and a broad frequency bandwidth of 8-80 Hz 

(the background noise has ~30 dB lower power than the signal). 

Based on the variations in the data quality, the seismic line is divided 

into three parts. Approximately 6 km distance along the central part of the 

seismic line is hereafter referred to as the FTR (Figure 3.2). Northwest and 

southeast of the FTR are hereafter referred to as the FR and the TBR (Figure 

3.2) respectively. Representative data from the FR, FTR, and TBR are displayed 

in Figure 3.3. In general, the data are contaminated with low frequency, high 

amplitude ground roll (Figure 3.3a, c, and e). Data from the FR have the highest 

23 Shots are fired with a fixed number of active receivers on either side. 
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S/N ratio (Figure 3.3a). The S/N ratio of the data from the FTR and the TBR 

deteriorates rapidly with offset (Figure 3.3c and e). A pre-acquisition survey along 

the seismic line indicated poor near-surface conditions in the FTR due to which 

several shots had to be fired at 5-15 m depth (personal communication, S. Rath, 

2007). The inconsistent energy penetration along the seismic line is indicated by 

varying shot-to-shot S/N ratio and ground roll envelop (Figure 3.3). Data from the 

FTR are found to be contaminated with reverberations (Figure 3.3c), possibly 

due to a combination of poor receiver coupling and energy trapped by the 

hanging wall of the Naga thrust. The FTR also had a large number of 

malfunctioning receivers; data recorded by these receivers are discarded for 

processing and inversion. 

3.5 Unified Imaging Application and Results 

Direct Arrival Inversion 

The first stage of unified imaging begins with an inversion of the first arrivals for 

the estimation of the shallow velocity model (Figure 3.4a). About 21,000 first-

arrival times are used from 91 shots spaced ~250 m along the line. The starting 

model for first-arrival inversion is constructed by averaging regional drilling 

results in the foreland of the Naga thrust belt; it is laterally homogeneous with a 

linearly increasing velocity function (1.5 km/s at surface to 3.0 km/s at 2.5 km 

depth). Uncertainties of 8-60 ms are assigned to the first arrivals based on the 

dominant frequency and the ambient noise. The final model (shallow velocity 

model; Figure 3.4a) evolves from the initial model and converges with a 
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normalized data misfit error, x2»c'ose to un'ty >n n i n e iterations. Data errors 

(Figure 3.4c) indicate a slightly non-uniform distribution (Figure 3.4d) and a minor 

bias towards the negative offsets suggesting that a better fit is obtained towards 

the foreland of the NTFB. 
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Figure 3.4. First-arrival inversion, (a) Shallow velocity model, (b) Datum-corrected shallow 

velocity model. The velocity model in (a) and (b) are estimated from inversion of the first arrivals 

in the raw and the datumed data respectively (see text for details). Velocity contours in km/s are 

labeled. FR, FTR, and the TBR (Figure 3.2), the topography and datum are labled. (a) and (b) 

are displayed with VE of 3. (c) Data errors for (a) as a function of shot-receiver offset, (d) 

Histogram of data errors. The width of the bars is 16 ms (the first-arrival uncertainties). 
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Data Processing and Datuming 

The first stage also comprises data processing for enhancement of the S/N ratio. 

The first step in the processing sequence is trace editing for removal of the noisy 

traces. As a result of this step, 10%, 30%, and 15% reduction takes place in the 

data from the FR, FTR, and TBR, respectively. A high reduction in the FTR is 

attributed to a large number of poorly coupled and inactive receivers. Following 

this, a 8-12.5-60-80 Hz minimum phase Ormsby filter is applied to the edited 

traces. In the FTR, an additional requirement of predictive deconvolution is 

recognized for suppressing the reverberations. In the FR and TBR however, 

deconvolution did not yield encouraging results. 

Static corrections were calculated with the help of pre-stack wave 

equation datuming using the shallow velocity model (Figure 3.4a). To ensure that 

the static correction did not introduce any artifacts in the model, the first arrivals 

in the static-corrected data were picked and inverted. The initial velocity model 

and data uncertainties remained the same as their counterparts used in the 

estimation of the shallow velocity model (Figure 3.4a). The resulting velocity 

model (Figure 3.4b), hereafter referred to as the datum-corrected shallow velocity 

model, converges with a x.2 close to unity in five iterations and appears to be 

consistent with the shallow velocity model indicating that the static corrections 

are genuine. The last step in the processing sequence was the attenuation of 

ground roll with the help of frequency-wavenumber deconvolution of the static-

corrected data. Representative data after processing from the FR, FTR, and TBR 

are displayed in Figures 3.4b, d, and f. 
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Stacking Velocity Model 
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Figure 3.5. (a) Stacking velocity model, (b) Stacked data using the stacking velocity model, (c) 

Same as (b) with interpretations of R1, R2, and R3 indicated with solid blue lines. Interpretations 
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in (c) are inverted as zero-offset reflections in unified imaging. Also shown are the extents of FR, 

FTR, and TBR (Figure 2). 

The static-corrected processed data are next used for stacking velocity 

analysis which is not only aimed at generating the "best" stack but also a 

corresponding velocity model that has minimum structure and is laterally smooth 

(Figure 3.5a). Minimum structure ensures that the stacking velocity model 

contains only those features that are required by, as opposed to merely being 

consistent with, the reflection events to be stacked. The smoothness of the 

velocity model is exploited by the PSDM (Kiyashchenkoa et al., 1995). The 

semblance method is used for picking the stacking velocities (Yilmaz, 2001). 

Stacking velocity analysis is done in an iterative manner where each iteration 

comprises velocity picking followed by normal moveout (NMO) and dip moveout 

(DMO; Hale, 1984) corrections, followed by inverse NMO corrections and re-

picking of the velocities. Velocity picking is iteratively conducted until two 

subsequent stacking velocity models are found to have minimal difference; at this 

stage the data are stacked after NMO and DMO corrections (Figure 3.5b). The 

final stacking velocity model (Figure 3.5a) is obtained after three iterations. The 

velocity picking in every iteration is guided by the datum-corrected shallow 

velocity model transformed to stacking velocities (Dix, 1955) and is performed at 

every 25th CDP (~ 375 m interval). 
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Figure 3.6 Deep velocity models, (a) VelO from the stacking velocity model (Figure 3.5a). (b) Veil, 

(c) Vel2, and (d) Vel3 are the evolving models, (b) through (d) are displayed with appropriate ray 

coverage and no vertical exaggeration. Velocity contours in km/s are labeled. Solid black and 

gray lines are the interfaces estimated by joint and zero-offset inversion, respectively. FR, FTR, 

and TBR (Figure 3.2) are labeled. 
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Figure 3.7. Depth image - data, (a) ImageO, (b) Imagel, (c) Image2, and (d) Image3 are the 

PSDM images corresponding to the velocity models in Figure 3.6. The overall S/N ratio and the 

coherency improve from (a) to (d). Images in (a) through (d) are displayed with an AGC of 0.5 s 

and no vertical exaggeration. FR, FTR, and TBR (Figure 3.2) are labeled. 
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Figure 3.8 Data in (a) though (d) are same as Figures 3.7(a) through (d). Solid blue and red lines 

respectively indicate interfaces from interpretation of the migrated images and inversion of the 

zero-offset reflections. Horizons in (a) though (d) are labeled, (a) though (d) are displayed with an 

AGC of 0.5 s and no vertical exaggeration. FR, FTR, and TBR (Figure 3.2) are labeled. 
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First PSDM and Interpretation 

The stacking velocity model (Figure 3.5a) is converted to an interval velocity 

model (Figure 3.6a; hereafter referred to as VelO) and used for PSDM. Since 

PSDM is performed in common-offset domain, the data that were initially sorted 

into the shot domain for processing and datuming are first binned according to 

their shot-receiver offset and the resulting common-offset bins are padded to 

ensure that each bin has at least one trace per receiver station. The migration 

aperture is set to ~6 km and a maximum frequency of 60 Hz is migrated. The 

resulting image is considered a preliminary depth image of the subsurface; it is 

hereafter referred to as ImageO (Figure 3.7a). 

Based on reflection characteristics, the stacked data and ImageO are 

interpreted for common horizons (blue events; Figures 3.5c and 3.8a). Three 

horizons, R1, R2, and R3, are chosen and interpreted based on their reflection 

strength and continuity as well as their overall geological sensibility. In the 

stacked data 367, 210, and 590 picks are made for R1, R2, and R3, respectively; 

these picks are considered zero-offset reflections. Based on the dominant 

frequency and the random noise, uncertainties of 6-20 ms and 10-30 m were 

assigned to the time and depth interpretation of the horizons R1, R2 and R3. 

First Congruency Test and Picking 

Using the initial velocity model, VelO, the zero-offset reflections corresponding to 

R1, R2 and R3 are inverted to constrain their respective interfaces in depth (red 

events; Figure 3.8a); VelO is maintained stationary for the zero-offset inversion. 
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The initial interfaces for the zero-offset inversion are obtained by time-to-depth 

scaling of the zero-offset picks using VelO. The inconsistency between the 

inverted and interpreted horizons in Figure 3.8a indicates that VelO requires 

improvements in the FTR and the TBR, especially in the deeper (>2 km) parts. 

The j value (Equation 3.1) corresponding to VelO for R1, R2 and R3, is 16.80, 

8.23, and 38.61, respectively; a significant deviation of j from unity confirms that 

updates in VelO are needed. 

Using the inverted interfaces and VelO, wide-aperture traveltimes are 

simulated honoring the acquisition geometry for the same 91 shots that were 

used for picking the first arrivals. The choice of the shots is made for consistency 

and ease of modeling. The simulated traveltimes are used as a guide in picking 

the reflection arrivals in the shot records. For shots located in the FR, wide-

aperture reflections could be picked to the farthest offsets in the data. However, 

in the FTR and the TBR, due to noise and waveform merger, the wide-aperture 

picking is typically restricted to ~3.5 km offset. In the end 2333, 1763, and 4118 

wide-aperture picks for R1, R2 and R3 were made. Uncertainties of 6-20 ms, 6-

10 ms, and 10-40 ms were assigned to R1, R2, and R3 wide-aperture picks 

based on dominant frequency and ambient noise. The wide-aperture and zero-

offset reflections with the first arrivals comprise the dataset for joint inversion in 

the last stage of unified imaging. 
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Figure 3.9. Reflection data errors, (a), (b), and (c) are zero-offset, and (d), (e), and (f) are wide-

aperture data errors from the initial (VelO; Figure 3.6a) and final (Vel3; Figure 3.6d) velocity 

models corresponding to R1, R2, and R3, respectively. In (a) though (c), black and gray dots 

indicate data errors from VelO and Vel3. Data errors are displayed in (a), (b), and (c) with respect 

to the model distance and in (d), (e), and (f) with respect to shot-receiver offset. FR, FTR, and 

TBR (Figure 3.2) for (a), (b), and (c) are labeled. 
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Table 3.1. Interface root mean square error (equation 1) statistics. 

R1 

R2 

R3 

VelO 

210.1 

82.3 

772.2 

Veil 

105.9 

25.0 

115.9 

Vel2 

24.8 

7.5 

57.9 

Vel3 

13.3 

3.3 

25.8 

Table 3.2./statistics. 

R1 

R2 

R3 

VelO 

16.80 

8.23 

38.61 

Veil 

8.47 

2.50 

5.79 

Vel2 

1.98 

0.75 

2.89 

Vel3 

1.06 

0.33 

1.29 



Table 3.3. Simultaneous inversion statistics. 
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Horizon 

R1 

R2 

R3 

Model 

VelO 

Veil 

Vel2 

Vel3 

VelO 

Veil 

Vel2 

Vel3 

VelO 

Veil 

Vel2 

Vel3 

Predicted / observed 

traveltimes 

2700/2700 

2700/2700 

2589/2700 

2505/2700 

1915/1973 

1913/1973 

1909/1973 

1973/1973 

4618/4708 

4583/4708 

4403/4708 

4575/4708 

Root mean square 

traveltime residual 

(ms) 

58.58 

27.41 

19.03 

20.15 

36.78 

25.78 

16.46 

14.15 

194.60 

94.97 

27.92 

23.98 

X2error 

8.58 

1.87 

0.90 

1.01 

5.96 

2.97 

1.19 

0.89 

60.69 

14.39 

1.24 

0.91 
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Joint Inversion and PSDM 

The last stage of unified imaging progressively updates VelO (Figure 3.6) 

and improves the corresponding depth image (Figure 3.7) in three cycles such 

that the discrepancy between the inverted and interpreted R1, R2, and R3 

horizons is reduced to within the interpretational uncertainties (blue and red 

events, Figure 3.8; Table 3.1). In every cycle the initial interfaces for the zero-

offset inversion are obtained by time-to-depth scaling of the zero-offset picks 

using the updated velocity model in that cycle. At the end of three cycles a value 

of near unity is obtained fory (Table 3.2) and at this stage the unified inversion is 

halted yielding the final velocity model, Vel3 (Figure 3.6d), and the final image, 

Image3 (Figure 3.7d). As the velocity model evolves from VelO to Vel3 and the 

image evolves from ImageO to Image3, the data misfit is reduced (Figure 3.9; 

Table 3.3) indicating that the evolution of the model and the image are 

reasonable. The remaining misfit in Figure 3.9 could be attributed to the residual 

static in the data (Figure 3.3) and anisotropy that has not been accounted for in 

the traveltime inversion and the PSDM. In the end, a value of 5000 for A0, 0.2 for 

sz and 0.5 for p was found to be optimal for the joint inversion in all three cycles; 

the values were determined in a trial-and-error manner. 

The reduction in misfit between the interpreted and inverted interfaces 

appears to progress from the shallower to the deeper parts of the model (Figure 

3.8), most likely because ray coverage is roughly inversely proportional to depth. 

For example, interpretation and inversion of R2 and the shallow (< 2 km) R1 gets 

aligned first (ImageO to I mage 1; Figures 3.8a and b), followed by the deeper (>2 
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km) R1 (Imagel to Image2; Figures 3.8b and c) and eventually R3 (Image2 to 

Image3; Figures 3.8c and d). At the end of three cycles, a difference between 

VelO and Vel3 (Vel0-Vel3; Figure 3.10a) indicates that updates in VelO 

predominantly occur in the deeper (> 2.0 km) subsurface as per the requirements 

indicated by the initial comparison of the interpreted and inverted interfaces. A 

comparison of the velocity profiles from VelO and Vel3 with the sonic log from the 

Lakhi well indicates that the velocity profile from Vel3 has a better match to the 

sonic log (Figure 3.10b); the comparison suggests that updates made to VelO in 

the last stage are correct. 
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Figure 3.10. Velocity updates, (a) Difference in velocities between initial (VelO; Figure 6a) and final model 

(Vel3; Figure 6d) with ray coverage from the final model, Vel3. The interfaces (solid gray lines) are the 

same as in Figure 6d. Velocity difference contours in km/s are labeled. Also shown are the extents of the 

FR, FTR, and TBR and the trajectory of well W as a solid black line. The model is displayed with no 

vertical exaggeration, (b) Comparison of the sonic log from well W with profiles from VelO and Vel3. The 

sonic log is displayed as a solid black line. The baseline average of the sonic log is displayed as a dashed 

yellow line. Profiles from VelO and Vel3 are displayed as solid blue and red lines, respectively. 
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Velocity (km/s) 
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Figure 3.11. Migrated image comparison, (a) and (b) are migrated images using VeiO (Figure 

3.6a) and Vel3 (Figure 3.6d), respectively. The dashed open boxes and red arrows indicate the 

major differences between (a) and (b) (see text for details), (a) and (b) are displayed with an AGC 

of 0.5 s and a vertical exaggeration of 5. FR, FTR, and TBR (Figure 3.2) are labeled. 

PSDM Image Comparison 

For an appreciation of the improvements in the PSDM from VelO to Vel3, 

ImageO and Image3 are exaggerated vertically and compared (Figure 3.11). 

Figure 3.11 suggests that the overall S/N ratio improves from ImageO to Image3, 

the changes being prominent in regions where the velocity updates from VelO to 

Vel3 are significant (>1.5 km depth and particularly in the FTR; Figure 3.10a). For 
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example, reflections in Image3 appear to be more coherent than in ImageO 

between CMPs 250-450 and 2-4 km depth (dashed yellow box; Figure 3.11). 

Reflections between CMP 500-700 and 2.25 - 3.25 km depth and CMP 1000-

1150 and 4.25-4.75 km depth, most likely representing the sub-thrust footwall 

stratigraphy, are better imaged in Image3 (dashed green box; Figure 3.11). 

Compared to ImageO the southeast dipping reflectors between CMPs 800-1000 

and 3-3.75 km depth, most likely representing the hanging wall, are better 

identified in Image3 (dashed blue box; Figure 3.11). The overmigrated events in 

ImageO appear to have been adequately migrated in Image3 (e.g., red arrows; 

Figure 3.11). Vel3 also appears to have image events in Image3 that were 

almost unidentifiable in ImageO (e.g., open light blue box; Figure 3.11). 

3.6 Interpretation 

The velocity model from inversion of the direct arrivals (Figure 3.4) gives a 

broad insight into the shallow (<1.5 km) geology of the subsurface. The 

northwest end of the model, within 0-5 km model distance, is essentially 1-D in 

character and indicative of the foreland of the NTFB. Pull up of the high velocity 

contours in the center of the model, between 5 and 10 km model distance, 

indicates the presence of the hanging wall ramp of the Naga thrust. Between 10 

and 14 km distance in the traveltime model the velocity contours are relatively flat 

indicating the presence of the hanging wall of the Naga thrust. The velocity 

contours shallow again towards the southeast end most likely due to the 

presence of the Margarita Thrust (Figure 3.2). 
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The deeper velocity model from joint inversion builds upon the shallow 

velocity model and provides further insight into the large-wavelength 

characteristics of the deeper (>1.5km) geology (Vel3; Figure 3.6d). The 1-D 

foreland velocity characteristic within 0-5 km model distance indicated in the 

shallow velocity model (Figure 5) extends to 2 km depth (Figure 3.6d). Between 

2-4 km depth and 0-5 km model distance presence, of a pull-up structure in 

velocities adjacent to a pull-down structure suggest a change in the stratigraphic 

dips. The hanging wall of the Naga thrust dips steeply (~30°) towards the 

southeast within 5-10 km model distance beyond which the dips declines and 

eventually gets reversed towards the southeast end of the line, most likely due to 

the adjacent Margarita thrust. A velocity pull up structure within 6-9 km model 

distance and 2-4 km depth suggests shallowing of the footwall stratigraphy and 

possibly a monocline. Within ~10-16 km model distance and ~4.5-5.5 km depth 

gently dipping velocity contours suggest the presence of layer-cake and gently 

dipping stratigraphy. 

The final PSDM image, Image 3 (Figure 3.7d) that is obtained from Vel3 

(Figure 3.6d) maps individual reflectors and provides further insight into the 

smaller-wavelength features of the subsurface; the final interpretation of the 

seismic line is done on a composite of Image3 and Vel3 (Figure 3.12). The 

reflectors in Image3 are traced within the region that has ray coverage (Figure 

3.12a) and superimposed on Vel3 (Figure 3.12b). The resulting composite image 

provides an overall structural and stratigraphic insight into the subsurface 

geology. 
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Based on the reflector geometry and associated velocity structure in 

Figure 18b, the main structural and stratigraphic features are interpreted. The 

Naga thrust fault (Feature N, Figure 3.12b) is interpreted between 5-9 km model 

distance based on the steeply dipping reflectors, within 9-11 km model distance 

based on reflector truncations, and within 11-16 km model distance along the last 

truncated reflector maintaining a constant thickness; it closely follows the R1 

horizon. Another unconformity at ~1.5 km depth in the foreland extending into the 

sub-thrust can be identified based on reflector onlaps; it is interpreted at the mid-

miocene unconformity (feature M1; Figure 3.12b) and closely follows the R2 

horizon. The same mid-miocene unconformity is interpreted in the supra-thrust 

between 9-15 km model distance based on reflector truncations (feature M2; 

Figure 3.12b). 

The unit between the datum and the mid-miocene unconformity comprises 

the mio-pliocene stratigraphy. The reflectors below the mid-miocene 

unconformity within 0-5 km model distance essentially have the same geometry 

as the mid-miocene unconformity itself. At 5 km model distance, the reflectors at 

3 km depth appear to be diverging in their dips; we interpret the presence of 

another thrust fault at this location that soles into the foreland stratigraphy within 

0-5 km model distance and underlies the northwest dipping stratigraphy in the 

subthrust (feature B; Figure 3.12b). The sense of vergence of B is opposite to the 

Naga thrust fault and it is interpreted as a back-thrust fault to the Naga thrust. 

The stratigraphy below the Naga thrust fault seems to be expanding toward the 

back thrust fault. Floor thrusts (feature F and F'; Figure 3.12b) are also 
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interpreted at the base of the wedge-shaped stratigraphy. The floor thrust 

coincides with R3, which is interpreted as the Kopili shales, in the FR. The Kopili 

shales appear to be serving as the decollement for the back-thrust fault and 

underlies the wedge-shaped southeast dipping stratigraphy below the Naga 

thrust. Thrust faults N, B, and F together constitute a triangle zone (Jamison, 

1993). 

Triangle zones are a common occurrence in thrust and fold belts around 

the world, e.g., the Canadian Cordillera (Price, 1986). Depending on the stress 

patterns, fluid pressure, and location along a mountain belt, triangle zones can 

be ephemeral or long lasting features that are significant for the interpretation of 

thrust and fold belts (Dalhen et a/., 1984; Sanderson and Spratt, 1992) as well as 

exploration of hydrocarbons, e.g. the Alberta foothills (Jones, 1982; MacKay, 

1991). The triangle zone interpreted with PO-03 data appears to be relatively 

stable. The arrangement of floor-thrusts F and F' (Figure 3.12b) can be 

interpreted as a passive-roof duplex (Jamison, 1993). The presence of a duplex 

structure suggests that the foreland advancing Naga thrust, instead of 

cannibalizing the triangle zone, can create another duplex structure that 

accommodates the displacement maintaining the overall stability of the triangle 

zone. Thus, the triangle zone interpreted in this application could be promising 

for exploration. However, more data across the Naga thrust fault needs to be 

analyzed in a manner similar to this application to image the triangle zone in 3-D 

and locate its structural culmination for exploration. 
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Figure 3.12. PO-03 Interpretation, (a) Uninterpreted depth-migrated data using Vel3. (b) 

Interpretation made on a composite of the line drawings of the depth-migrated image in (a) 

overlaid on Vel3. In (a), the dashed blue line indicates ray coverage corresponding to Vel3 

(Figure 6d). In (b), labels have the following meanings: M1 and M2: mid-Miocene unconformities, 

N: Naga Thrust, B: back thrust in the footwall of the Naga Thrust; F and F': floor thrust. Also 

displayed are the extents of the FR, FTR, and TBR (Figure 3.2), the trajectory of Lakhi (Figure 

3.2) in a solid white line, and baseline average of the sonic log (Figure 11) in a solid gray line, (a) 

and (b) are displayed with no vertical exaggeration. 
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3.7 Conclusions 

This application suggests that a combination of traveltime inversion and 

PSDM can be a promising approach for depth imaging and interpretation of 

geological structures in a thrust belt; the combined method is known as unified 

imaging. Unified imaging is successfully demonstrated with 2-D multichannel 

seismic data from the NTFB, India. 

In the first stage of unified imaging, the inversion of first arrivals yields a 

shallow (<1.5 km) velocity model that is representative of the large-scale 

subsurface structure. The shallow velocity model not only provides geological 

insight but also static solutions. The shallow velocity model effectively serves as 

a guide for stacking velocity analysis. The key in unified imaging lies in the 

identification of common horizons in the stack and the depth image and the 

corresponding wide-aperture traveltimes in the shot records. 

In the last stage, joint inversion and PSDM are cyclically executed. The 

joint inversion simultaneously inverts zero-offset and wide-aperture reflections to 

update both the velocities and the interface depths. Using a cyclic 

implementation, a stepwise improvement in the velocity model and depth image 

is observed. The similarity of the final velocity model to the sonic long from the 

exploratory well indicates that improvements in the velocity model and the depth 

image are correct. A joint interpretation of the final velocity model and the final 

depth image reveal the presence of a triangle zone. 
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4. Application: PO-03 Waveform Inversion 

Figure 4.1. Base map. Same as Figure 1.1. Area within the clashed white box is used for 

waveform inversion. Data from shots A and B (solid red dots) are displayed in Figure 4.3. 

4.1 Introduction 

Waveform inversion has increasingly gained attention in the last decades 

due to its success in geologically complex terrains where conventional 

processing has yielded limited results (Mallick, 1999; Shipp and Singh, 2002; 

Pandey et al., 2008). The aim of waveform inversion is to estimate an earth 

model that closely predicts the real wavefield. The earth model is estimated in 

terms of its medium (acoustic or elastic) properties. Though mathematically and 

computationally demanding, the ability of waveform inversion to directly image 

the medium properties is its greatest strength. 
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The usability of waveform inversion for realistic problems can largely be 

attributed to Lailly (1983) and Tarantola (1984) who laid foundations for an 

iterative method of estimating earth models using the residual (difference 

between predicted and real) wavefield. Results using this approach have been 

demonstrated by Kolb et al. (1986), Gauthier et al. (1986), and Mora (1987) in 

the time domain and by Pratt and Worthington (990), Geller and Hara (1993), 

and Song et al. (1995) in the frequency domain. In this application we apply 

waveform inversion in the frequency domain due to a) its efficiency in forward 

modeling (Marfurt, 1984), and b) the possibility of a multiscale implementation 

(Sirgue and Pratt, 2004) to mitigate the inherent non-linearity of the inverse 

problem (Bunks et al., 1995). Some recent examples of frequency-domain 

multiscale waveform inversion include Operto et al. (2004), Ravaut et al. (2004) 

and Jaiswal et al. (2008) for imaging of thrust-related features, Dessa et al. 

(2004) and Bleibinhaus et al. (2007) for imaging crustal-scale features, Hicks and 

Pratt (2001) for imaging an exploration target (gas sand) and Gao et al. (2006) 

for imaging groundwater contaminants. 

Imaging through waveform inversion requires that data's wavenumbers 

from zero to the highest value in the data be present in a continuum; the desired 

resolution dictates the choice of the highest wavenumber and vice versa. Wu and 

Toksoz (1987) demonstrated that inversion of a single frequency covers a finite 

range of wavenumbers. Following their results, Sirgue and Pratt (2004) 

demonstrated that inverting a few carefully chosen frequencies is equivalent to 

inverting all frequencies available in the seismic survey; they referred to the 
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strategy as efficient waveform inversion. The efficient inversion strategy was 

successfully demonstrated by Brenders and Pratt (2007b) with synthetic data in a 

blind test and by Chironi et al. (2006) with real data for imaging sub-basalt 

stratigraphy. In this application, although we do not use the efficient strategy as 

such, we use a similar concept while justifying the starting model for waveform 

inversion. 

In this application we first explain the methodology of multiscale 

frequency-domain waveform inversion, following which we demonstrate its 

application on a real 2-D dataset. The data in this application were acquired in 

the NTFB in the northeastern part of the Indian subcontinent (Figure 4.1). 

Processing, traveltime inversion, and depth imaging for the seismic line have 

been discussed in Jaiswal and Zelt (2008), hereafter referred to as Paper 1 (also 

presented in the previous chapter). Interpretation of the depth image in Paper 1 

provides preliminary guidelines for understanding the Naga Thrust geometry, the 

foreland and the sub- and supra-thrust stratigraphy. In this application, using the 

traveltime model as starting model, we enhance its resolution by multiscale 

waveform inversion of 4-9Hz data. A judgment call is made in halting the 

inversion based on the appearance of the evolving model. We assess the 

genuineness of the final model by checkerboard tests and by comparing the 

predicted and real wavefields. We use the final model for PSDM and jointly 

interpret the depth image with the perturbations in the final waveform model. 

Finally, we discuss the desirability of waveform inversion as an imaging tool for 

real data in light of the results. 
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METHODOLOGY 

This paper uses the Pratt (1999) method of waveform inversion. The method 

begins with an initial guess of the earth model, known as the starting model, and 

iteratively improves it based on the differences between the predicted and real 

wavefield, known as the data errors. Model updates in the Pratt (1999) method 

are estimated by correlating the back-propagating data residuals with the 

forward-propagated wavefields. The method operates in the frequency domain. A 

brief overview of the method is provided here and the reader is guided to the 

original paper for the complete details. 

The wavefield in the forward problem is computed by solving the wave 

equation in the frequency domain using the finite-difference mixed-grid approach 

of Jo et al. (1996). The wave equation used in the Pratt (1999) method 

automatically accounts for backscattering and wide-angle effects. For an 

individual angular frequency co the wave equation is expressed as: 

dpre(a>) = S-\co)f{co) (4.1) 

In equation (4.1), dpre is the predicted wavefield from the model m, S is a complex 

valued impedance matrix that contains information about the physical properties 

of m, and f is the source term. In this application a 2-D acoustic, isotropic 

approximation of the wave equation is made. Additionally, a linear relation 

between density and velocity (Gardner et al., 1974) is assumed and attenuation 

is ignored. 

The inverse problem minimizes the l_2 norm of the data errors, 

expressed in an objective function, E. 
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E(m) = -AdTAd. (4.2) 

In equation (4.2), the data errors Ad= dprB - c/rea/; d is the strength of the 

frequency components obtained by a Fourier transform of the time domain data. 

The Talyor series expansion and simplification of equation (4.2) in the 

neighborhood of the model, m, leads to the following relationship in the A* 

iteration between the starting, irf, and the updated, irf+1, model: 

m(k+l)=mk-akVEk(m). (4.3) 

In equation (4.3), V£(/w)is the gradient direction and Q is the step length that is 

chosen by a line search method. The key in the Pratt (1999) method is to 

express the gradient direction as: 

VE(m) = — = real^S'1 ]Af/}. (4.4) 

In equation (4.4), F is known as a virtual source which can be understood as the 

interaction of the real wavefield, dreai, with the perturbations in the model, m. 

dS 
Individual elements of the virtual source are defined as / ' = dobs, where 

dmi 

/ 'and m, are the fh virtual source and model parameter. Equation (4.4) is the 

mathematical expression of the back-propagated residual wavefield,JS"1]^, 

being correlated with the forward propagated wavefield, F. The time complexity in 

waveform inversion dominantly rests on the computation of S"7. For multiple 

source problems, S'1 is best solved using LU decomposition (Press et al 1992) 
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and ordering schemes such as nested dissection that take advantage of the 

sparse nature of S (Liu and George, 1981; Marfurt and Shin, 1989). 

The stopping criteria in waveform inversion are somewhat qualitative. 

The waveform inversion seeks a model that can explain as many features of the 

real wavefield as possible within the range of the wavenumbers being accounted 

for. In general, for a given frequency (or a group of frequencies), iterations are 

halted when the objective function ceases to reduce any further. In the multiscale 

implementation, the inversion process is halted when incorporating higher 

frequencies appears to make the model noisy. In the end, a visual assessment of 

the updated model for its overall geological sensibility and comparison of the 

predicted wavefield for their similarity to the real wavefield serve as stopping 

criteria. 

Waveform inversion also requires a source function to compute the 

model updates. The Pratt (1999) method estimates the source function with the 

help of the current model. Thus, waveform inversion begins not only with a 

starting model but also a starting source signature. For a given data bandwidth, 

the velocity model is updated using the a priori source signature, following which 

the source signature is updated using the updated velocity model. As waveform 

inversion iteratively incorporates higher wavenumbers, higher frequencies are 

incorporated in the source signature and the resolution of the recovered model is 

enhanced. 
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APPLICATION 

Study Area and Background 

The study area is the southeast-dipping Indian continental shelf overthrust by the 

NTFB (Figure 4.1). The stratigraphy of the continental shelf traces its origin back 

to Lower Permian when the Indian plate was part of southern Gondwanaland. 

Rifting, speculated in the Late Jurassic, led to breakup and separation of the 

Indian plate from Gondwanaland followed by the onset of its northward drifting in 

Early Cretaceous towards the Eurasian plate (Dasgupta and Biswas, 2000). The 

late Paleogene through early Miocene collision of the Indian and Eurasian plates 

gave rise to a series of thrusts, the NTFB being the youngest of them. 

The structure and timing of formation of the NTFB has been favorable for 

hydrocarbon formation and entrapment (Visvanath, 1997) since the discovery of 

the Digboi oilfield in the late nineteenth century (Corps, 1949), and the study area 

has been recognized as a potential hydrocarbon province. Although several 

decades of exploration have seemingly exhausted most of the large structural 

and foreland plays, the sub-thrust potential remains largely Untested (Kent et al., 

2002; Wandrey, 2004). The biggest challenge in sub-thrust exploration appears 

to be depth imaging, which in turn is speculative due to inaccurate velocity 

models estimated from conventional processing (personal communication, S. 

Rath, 2007). In this application we attempt to construct a realistic and reliable 

velocity model through waveform inversion that is not only suitable for depth 

imaging but also enables direct interpretation. 
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Stratigraphy 

The study area can be broadly divided into three major tectono-stratigraphic units 

(Ahmed et al., 1993; Uddin and Lundberg, 2004). The oldest is the Paleogene 

passive margin sequence, which is followed by a Miocene southern sequence. 

Both of them thin towards the north. The youngest is the Mio-Pliocene sequence 

that thickens towards the north. All three tectono-stratigraphic units are 

separated by regional unconformities (Figure 4.2). 

Figure 4.2. Regional stratigraphy compiled after Bally (1997), Dasgupta and Biswas (2000), and 

Kent and Dasgupta (2004). 
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The Paleogene sequence can be split into an overall regressive fluvial to 

shallow marine Jaintia group and an overall transgressive deltaic Barail group. 

The lower Paleogene begins with transgression on Precambrian basement in an 

essentially restricted marine setting, followed by marginal to marine mixed 

elastics and carbonates of early to mid-Eocene sediments, and finally the open 

marine Kopili Formation which is the regional seal for the system. The upper 

Paleogene begins with an Arenaceous unit comprised of shaly and sandy 

sequences followed by a massive deltaic sandy sequence and an Argillaceous 

unit on top comprising a coal-shale sequence, all belonging to the Barail section. 

The upper Paleogene hydrocarbon system is believed to be sourced by the 

Barail Argillaceous coal-shale sequence which is also speculated to be the 

decollement surface for the Naga Thrust (Dasgupta and Biswas, 2000). The top 

of the upper Paleogene system is a pronounced unconformity that separates it 

from the overlying Miocene sequence. The basal-Miocene sediments onlap the 

truncated Paleogene. Together with the overlying mid Miocene massive deltaic 

sandstones of the Tipam formation (Shrivast et al., 1974), the arenaceous unit of 

the Barail group comprises the most productive reservoirs in the area. The mid-

Miocene to Pliocene represents an overall regressive cycle. The upper Miocene 

Girujan clay formation, interpreted as a flood plain deposit, is an important 

regional seal to the petroleum system of the NTFB (Bhattacharya, 1980). 
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Seismic Survey and Data 

The seismic data were acquired in the central part of the NTFB, perpendicular to 

the trend of the Naga thrust fault where the outcropping hanging wall culminates 

topographically (Figure 4.1). The data were acquired in a split-spread1 acquisition 

style with a receiver spacing of 30 m and a nominal fold of 60. The data have a 

frequency bandwidth of 4-80 Hz (the background noise has 30 dB lower power 

than the signals). In this application ~11 km of line encompassing the thrust belt 

(open white box; Figure 4.1) is used, compared to ~20 km of line in Paper 1. The 

data in this application comprise 131 shots with minimum and maximum offsets 

of 0.25 and 5.25 km, respectively. The shots were fired using Class II explosives 

placed in boreholes typically 30 m deep. The variation in topography along the 

seismic line in this application is ~70 m. 

a) Shot-Receiver Offset (km) b) Shot-Receiver Offset (km) 

Shot A ShotB 

Figure 4.3. Representative data, (a) Shot A, and (b) shot B are representative raw data (Figure 

1 Shots are fired with a fixed number of active receivers on either side. 
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4.1). The discarded data for waveform inversion are highlighted in gray. In (a) double headed 

arrows indicate region where traces with high noise are selectively removed. In general data 

suffer from high-amplitude low-frequency ground roll and statics. The data quality appears to 

deteriorate towards the outcropping thrust. In (a) and (b), the data are displayed with a bandpass 

filter of 0-0-8-12 and an automatic gain control (AGC) of 0.5 s. 

Overall the data have moderate S/N ratio that appears to be proportional 

to the distance of a source from the outcropping thrust (Figure 4.3). In general 

the data are contaminated with low frequency high amplitude ground roll (Figure 

4.3). Poor near-surface conditions in the outcropping thrust belt forced shots to 

be placed at uneven depths (5-35 m) resulting in inconsistent energy penetration, 

indicated by varying shot-to-shot S/N ratio and ground roll envelop (Figure 4.3). 

The surface conditions in the outcropping thrust belt also led to poor coupling 

and malfunctioning of several receivers; data corresponding to these receivers 

were discarded for processing and inversion. Data are also found to be 

contaminated with reverberations of varying intensity, possibly due to a 

combination of poor receiver coupling and energy trapped by the hanging wall of 

the Naga thrust. 

Starting Model 

The starting model for this application comes from Paper 1 and was developed 

iteratively by using joint (first and reflected) traveltime inversion (Zelt et al., 2006) 

and PSDM in a cyclic manner. For the joint inversion, reflection times from three 

horizons were used (Figure 4.4a). The horizons in Paper 1 were selected based 

on their reflection strength and geological significance. The salient features of the 

traveltime model are its ability to resolve large scale subsurface features and its 
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consistency with the depth migrated image (refer to resolution and congruency 

tests; Paper 1). Key features of the traveltime model (Figure 4.4a) are, a) the 

foreland of the NTFB as indicated by the laterally homogeneous character in the 

northwest, b) the Naga thrust as indicated by the pull-up of velocity contours at 

~5 km model distance, c) the hanging wall as suggested by deepening of the 

velocity contours towards the southeast, and d) a structural high in the sub-thrust 

as suggested by the velocity anticline between model distance 7-9 km and 1.75-

4.0 km depth. 
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Figure 4.4 Starting model selection, (a) Traveltime model from Paper 1. Velocity contours in km/s 

are labeled. Also shown are the interfaces, R1 through R3, used in Paper 1 for inversion of 

reflection traveltimes. (b) Resolution test with 1.0 km anomaly. An open dashed box marks the 

region used as the starting model for waveform inversion in this application. 
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Since the real data are band-limited, waveform inversion requires the 

starting model to account for the wavenumbers corresponding to the missing 

frequencies at the lower end of the spectrum (Sirgue and Pratt, 2004). As the 

wavenumber coverage is roughly inversely proportional to depth in the traveltime 

model (resolution test; Paper 1), determination of a cutoff depth to which the 

traveltime model can be reliably used as a starting model becomes a pre

requisite. The knowledge of the cutoff depth also helps in windowing the real 

data in time such that only the necessary coda is included for waveform 

inversion. A simplistic strategy adopted in this application, and described later, 

verifies that the traveltime model has adequate wavenumber coverage to 2 km 

depth and thereby allows waveform inversion to begin at the lowest usable 

frequency, 4 Hz (Appendix A). 

Data Preparation 

The data processing sequence for waveform inversion consisted of a 0-0-8-12 

Hz minimum phase Ormsby high-cut filter, followed by a cosine taper windowing 

of 1 s starting from the first arrival with a tapering width of 100 ms. The choice of 

the upper limit of the frequency bandwidth (12 Hz) was a result of the model 

becoming noisy after inversion of frequencies up to 8Hz. The window length, 

based on our experience in Paper 1, attempts to include reflection and diffraction 

events that originate within 2 km model depth. An important aspect of the data 

preparation was to select traces with high S/N ratio. Besides noisy traces, traces 

between -0.25 and 0.25 km were excluded due to unusually high first-arrival 
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amplitudes. As the minimum frequency used in waveform inversion is 4 Hz, 

traces that had less than 1s of coda (i.e., less than four cycles) were also 

excluded. Additionally, ground roll was muted as it is beyond the realm of the 

modeling algorithm and shot gathers that were severely contaminated with 

reverberations and low frequency noise were also excluded. Exclusion of noise 

(ground roll, reverberations, etc.) was preferred over their suppression through 

processing in an attempt to preserve the original frequency spectrum of the data 

As a result of data preparation, there is a variable shot spacing (30-180 m) and 

-30% fewer traces. 

The processed data were scaled to match the synthetic data (Brenders 

and Pratt, 2007a). For scaling, synthetic data were first simulated honoring the 

real acquisition geometry using the starting model (Figure 4.4a) and a minimum 

phase Ricker wavelet with a 4 Hz dominant frequency. Next, real shot gathers 

were individually scaled such that the real and predicted amplitude-versus-offset 

(AVO) variations of the first arrivals have the same mean. Scaling accounts for 

factors that are beyond the physics included in the forward modeling such as 

inelastic attenuation, anisotropy, source radiation patterns, and variable receiver 

coupling, and the fact that waveform inversion tries to match pressure synthetics 

with geophone data. 

Source and model update 

Waveform inversion began with a determination of the source signature using the 

starting model and the scaled real data (Figure 4.5a). Following this, 4-9Hz data 
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were successively inverted in 1 Hz frequency bandwidths in 5 steps (Figure 4.6). 

In each step, 6 frequencies spaced 0.2 Hz apart were inverted simultaneously. 

The updated model from each step was used as the starting model for the next 

step. Prior to updating the model in each step, the source signature was 

recalculated using the updated model from the previous step (Figure 4.5). In 

every step, weights for individual shots were calculated by averaging the 

amplitudes of the frequencies that were being used in the source power 

spectrum. Iterations were continued in each step until the reduction in the 

objective function's value was less than 0.1%. 

20 40 60 80 100 120 20 40 60 80 100 120 20 40 60 80 100 120 

Source Number Source Number Source Number 
Amp 

i 1 1 1 i 1 1 i i 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

Figure 4.5. Source power spectrum, (a) Estimated from starting model (Figure 4.3a). (b) through 

(f) are estimated from models corresponding to inversions of 4-5 Hz, 5-6 Hz, 6-7 Hz, 7-8 Hz, and 

8-9 Hz, respectively (Figure 4.6). From (a) through (f) consistency increases from one source to 

another making the overall appearance intuitive and suggesting that updates in the source 

signatures are genuine. 
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Figure 4.6. Model updates, (a) Through (e) are perturbations with respect to the starting model 

(Figure 4.3a) from inversion of 4-5 Hz, 5-6 Hz, 6-7 Hz, 7-8 Hz, and 8-9 Hz, respectively. The 
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model after inversion of 7-8 Hz is selected as the final. Sources corresponding to inversion in (a) 
through (e) are displayed in Figure 4.4(a) though 4.4(e), respectively, (f) Resolution test using the 
real data coverage, real bandwidth (4-8 Hz), real time window (1s from first arrivals), and starting 
model prepared in a manner similar to Paper 1. In (a) through (f) the topography, labeled T, is 
shown as solid black line and the source locations are indicated with solid red dots. Also shown is 
the trajectory of Lakhi (Figure 4.1), in dotted black line in (f). 

Successive incorporation of higher frequencies in each step appears to 

have yielded a higher wavenumber solution of the velocity model (Figure 4.6). 

Inversion of the lowest frequency group (4-5 Hz; Figure 4.6a) yields a smooth 

and coherent perturbation model that appears to be representative of the 

expected thrust geology. Successive inversion of higher frequencies localizes the 

perturbations and makes it increasingly difficult to distinguish between what could 

be genuine structural complexity versus model artifacts (Figures 6b through e). 

After the 8-9 Hz inversion, the perturbations appear to have a random distribution 

(Figure 4.6e). 

Inversion also updates the source signatures. Inversion of 4-5 Hz 

frequency bandwidth yields a source signature with rapidly varying shot-to-shot 

strength (Figure 4.5a). Successive inversion runs attempt to reduce this variation 

and improve the consistency of the frequency spectrum of individual shots 

(Figure 4.5b through f). However, source updates appear to be decreasing with 

increasing inversion frequency. Similarly, objective function reduction also 

appears to be having an overall decreasing trend with increasing inversion 

frequencies (Table 4.1). Increasing non-linearity with higher frequencies and 

varying energy content of individual frequencies with shots could have 

contributed to poor convergence with increasing frequency. After inversion of 8-9 
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Hz, the waveform inversion is halted. The model from the inversion up to 8 Hz 

(Figure 4.5d) and the corresponding source (Figure 4.4e) are considered final. 

Table 4.1. Objective function reduction 

Objective function reduction 
Frequency range 

with respect to final model 
(Hz) 

from previous iteration (%) 

4-5 79 

5-6 87 

6-7 85 

7-8 95 

8-9 91 

Model Assessment 

The resolution of the final waveform model was assessed by a checkerboard test 

(Zelt, 1999). The starting model was perturbed in a checkerboard pattern with 

anomalies of varying dimensions and 10% strength. Synthetic data were 

simulated with full coverage (all channels in the split-spread survey are active) 

and a broad bandwidth (0.2-12 Hz) minimum-phase Ricker wavelet. Additionally, 

reflection times were simulated from R1, R2, and R3 (Figure 4.4a) appropriately 

placed in the checkerboard model. The first arrival times in the synthetic data 
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were picked and inverted simultaneously with the simulated reflected arrival 

times in a manner similar to Paper 1. The resulting traveltime model was used as 

a starting model for the checkerboard test. To resemble the real experiment, the 

checkerboard data were inverted using the real source-receiver coverage and 4-

8 Hz bandwidth. Besides the split-spread geometry, real coverage implies gaps 

in the acquisition corresponding to the edited traces. The result (Figure 4.6f) 

suggests that anomalies with at least 250 m dimensions are reasonably 

recovered throughout the model except at the sides and within the model 

distance 3.25-5.25 km and 0.5-0.75 km model depth. Figure 4.6f also suggests 

that the shapes of the recovered anomalies are more reliable than their 

amplitudes. 
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Figure 4.7. First arrival comparison. Relative error (percentage) in the first arrival amplitudes 

between (a) the real data and the predicted data with the starting model and the corresponding 

source, and (b) the real data and the predicted data with the final model and the corresponding 

source. Topography in meters above mean sea level is displayed on top and locations of shots A 

and B (Figure 4.1) are indicated with solid red triangle. First arrival amplitude comparison for 

shots (c) A and (d) B. Comparisons in (a) through (d) suggest that the velocity updates from 

waveform inversion have improved the similarity between the real and simulated wavefields. 

The final model was further assessed by comparing the first arrival AVO 

signatures of the real and predicted wavefield. Relative improvements in the 

predicted first arrivals using the starting model and source signature and the final 

model and source signature are presented in Figure 4.7. For absolute 

comparison of the AVO signatures, two representative shots gathers from the 

northwest (shot A; Figure 4.2), and southeast (shot B; Figure 4.2) of the 
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waveform model are also displayed in Figure 4.7. The real and predicted 

wavefield corresponding to shots A and B are compared in Figure 4.8. An overall 

improvement from the traveltime to waveform model in the first arrival AVO 

behavior and the appearance of the seismograms suggest that the updates from 

waveform inversion are reasonable. 

Pre-Stack Depth Migration 

The final model from waveform inversion (Figure 4.6d) is used for depth 

migration. As in Paper 1, we use Kirchoffs pre-stack method (Schneider, 1978). 

The processing for depth migration is done separately from waveform inversion 

and is similar to the processing sequence in Paper 1. As for waveform inversion, 

the processing for depth migration also begins with trace editing. However, trace 

editing for depth migration is not as severe and leads to an overall trace 

reduction of only ~15%. Other important steps are band-pass filtering (4-10-60-

120 Hz), predictive deconvolution, and wave-equation datuming in the shot 

domain. Since PSDM is performed in the common-offset domain, the processed 

shot-domain data are finally binned according to their offsets and the resulting 

common-offsets bins are padded to ensure that each bin has at least one trace 

per receiver station. The migration aperture is set to ~6 km and a maximum 

frequency of 60 Hz is migrated. 
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Figure 4.8. Wavefield comparison for shots A and B. (a) and (d) are real data in time domain, (b) 

and (e) are the wavefield from the starting model (Figure 4.3a) and the corresponding source 

(Figure 4a), and (c) and (f) are the wavefield from the final model and the corresponding source. 
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Figure 4.9. Velocity models and depth images, (a) and (c) are starting and final waveform models, 

respectively, (b) and (d) are PSDM images using models in (a) and (c), respectively. In (a) and (c) 

velocity contours are labeled in km/s. In (c) and (d) dashed boxes and arrows mark changes in 

the images as a result of changes in migration velocities (see text for details). 

The imaging methodology adopted in Paper 1 already ensures 

consistency between the traveltime model (starting model in this application; 

Figure 4.9a) and the corresponding depth image (Figure 4.9b). In this 

application, as the velocity model gains higher resolution from waveform 

inversion (Figure 4.9c), a better depth image is anticipated. However, 

comparison of the PSDM results from the waveform model (Figure 4.9d) with 
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results from the traveltime model suggests that overall improvements are minor. 

Improvements occur within CMPs 350-550 and 1.85-2.4 km model depth, CMPs 

600-800 and 0.75-1.25 km model depth, and CMPs 800-930 and 0.7-1.85 km 

model depth where the reflectors show an enhanced coherency (open boxes; 

Figures 9b and d). Improvements also occur at a few other places where the 

reflectors appear to be better focused (arrows; Figures 9b and d). 

INTERPRETATION 

Although waveform inversion appears to have resolved the structural features 

present in the starting model at a smaller length scale (Figure 4.9c), it does not 

appear to be conducive for interpretation by itself. Independently, it appears to 

emphasize only the large-scale structural features that were already suggested 

by the starting (traveltime) model. Similarly, although the waveform migrated 

image (Figure 4.9d) is somewhat better that its counterpart from the traveltime 

(starting) model, it does not allow interpretation of any new features by itself. 

Even with the help of well markers (personal communication, Oil India Limited, 

2007) that show good correlation with seismic horizons, regional interpretation of 

the seismic image is non-intuitive due to the discontinuous nature of the 

reflection patterns (Figure 4.10a). A combination of the perturbations from the 

final waveform inversion model and the corresponding depth image (Figure 

4.10b), on the other hand, appears to be more conducive for interpretation due to 

a) good correlation between markers and perturbations, and b) the regional 

continuity of the perturbations. 
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400 500 600 700 800 900 

Figure 4.10. Interpretation, (a) Migrated image, same as Figure 4.9d. Topography in meters 

above mean sea level is plotted on top indicating the trace of the Naga Thrust Fault with a red 

triangle, (b) Overlay of migrated image and perturbations from the final waveform model, (c) Line 

drawing interpretation of (b). The direction of motion along the thrust is indicated with half arrows. 

Labels have following meanings. N: Naga Thrust, G: Girujan base, U, M, and L: base of upper, 

middle, and lower Tipam, respectively, Arg. Brl.: Argillaceous Barail, f1 through f7: thrust faults 

comprising the fault system conjugate to the Naga Thrust, f8: thrust fault in the hanging wall, Mc: 

Miocene unconformity, and p1 though p5: foreland Pliocene stratigraphy. In (a) through (c) the 

well trajectory is shown as a solid black line and the markers are indicated by red dashes, (d) 

Geological markers from the well interpretation. The gray zone between upper and middle Tipam 

is an intermediate clay formation that is not interpreted in (b). 
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As in Paper 1, the Naga Thrust is interpreted based on the depth migrated 

image; both the traveltime (Figure 4.9b) and waveform (Figure 4.9d) models are 

equally useful in this regard. The most important feature revealed by the joint 

interpretation is a system of faults (fO through f7; Figure 4.10c) that is conjugate 

to the Naga Thrust. The base of Girujan, and upper, middle and lower Tipam, are 

identified with the well markers and extended laterally with the help of the 

combined image and perturbations. While the internal shale units of Barail act as 

the decollement surface for the Naga Thrust (Dasgupta and Biswas, 2000), the 

top/base of all interpreted units, Girujan and the Tipam, appear to be acting as 

decollement surfaces for the conjugate system (fO through f7; Figure 4.10c). The 

complexity of the conjugate system appears to increase with depth. While the 

Argillaceous Barail appears to be compartmentalized by faults f6 and f5, the 

compartmentalization of the lower Tipam appears to be in progress with the 

development of fault f3. The middle and the upper Tipam and Girujan do not 

show any interpretable signs of compartmentalization. 

The Miocene unconformity (Mc; Figure 4.10c) is interpreted primarily with 

the seismic image in Figure 4.10a based on the underlying truncations, but the 

underlying stratigraphy requires a joint interpretation. The Girujan unit below the 

unconformity shows the presence of another thrust fault (f8; Figure 4.10c) with 

the same sense of vergence as the Naga thrust. In the absence of any further 

information we are unable to correlate the stratigraphy below the unconformity to 

the stratigraphy in the conjugate system. The foreland stratigraphy is also 



106 

interpreted primarily using the seismic image in Figure 4.10a. It is interpreted to 

be Pliocene in age and is essentially laterally homogeneous in character (Figure 

4.10c). The geological interpretation is combined with interpretation in Paper 1 

and the results are compared with the original PO-03 depth image in Appendix B. 

DISCUSSION 

The use of the Born approximation in seeking a solution to the wave 

equation makes waveform inversion valid only for "weak" scattering (Aki and 

Richards, 1980), implying that the starting model must be "close" to the true 

model. The reliability of the starting model thus becomes vital for the success of 

waveform inversion. The starting model in this study comes from traveltime 

inversion which describes subsurface features at a length scale that corresponds 

to the low wavenumber solutions of the geology. As the resolution in the 

traveltime model generally decreases with depth, the deeper parts have lower 

wavenumber coverage than the shallower parts. As multiscale imaging requires 

continuous wavenumber coverage, the problem of estimating a reliable starting 

model reduces to finding the appropriate depth in the traveltime model that fulfils 

the wavenumber requirements. In this paper the wavenumber content of the 

starting model is assessed to a first order of approximation through resolution 

tests. 

The use of the traveltime inversion model as a starting model for 

waveform inversion has been well established in the literature (Pratt and Goulty 

1991; Dessa and Pascal 2003). Sirgue and Pratt (2004) demonstrate that a 
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starting model that predicts traveltimes to within a half-cycle of the given 

inversion frequency is adequate for waveform inversion as it is enough to avoid 

cycle skipping. Although the traveltime model in this paper satisfies the 

theoretical requirement of Sirgue and Pratt (2004) (traveltime model has an 

overall misfit of 20 ms which is equivalent to a half-cycle at 25 Hz; Paper 1), it 

was found that starting the waveform inversion with frequencies higher than 5 Hz 

yielded poor results. For the best results, waveform inversion was started with 

the minimum usable frequency present in the data, 4 Hz. In the end, 

checkerboard tests and wavefield predictions were made to ensure that final 

model from waveform inversion was reliable (Figures 4.6f, 4.7, and 4.8). 

The minimum and maximum frequencies used for waveform inversion are 

4 and 9 Hz. Frequencies between 4 and 9 Hz are selected heuristically. We 

found that successively inverting frequencies in groups of 1 Hz, where each 

group comprises 5 frequencies separated by 0.2 Hz, led to the most effective 

minimization of the objective function and maintenance of good S/N ratio in the 

recovered model. Our experience is similar to others researchers who have had 

to explore frequency selection techniques specific to their datasets rather than 

adopting the efficient waveform method, e.g., Ravaut et al. (2004), Gao et al. 

(2006) and Operto et al. (2006). 

The enhancement in the velocity model is not reflected proportionately by 

the migrated image. Depth imaging of multichannel seismic data is a two-step 

process whereby a velocity model that describes the large-wavelength 

characteristics of the subsurface is first constructed and then used for depth 
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migration to estimate the small-wavelength subsurface features (Gray et al., 

2001). Limitations of the migrated image can be due to reasons that are data-

based (e.g., statics, coherent noise, ghost arrivals, etc.) or model-based 

(incorrect migration velocities). In cases where data are 2-D, such as in this 

paper, out-of-plane effects can also be responsible for inadequate migration. 

While waveform inversion addresses the model-based reason, the data-based 

and other reasons that could have sprouted from conventional processing 

(binning, migration aperture, etc.) remain unchanged. Additional reasons specific 

to this paper could have included trace editing and muting that result in null 

zones in the common-offset sections. 

Disparity between the real and predicted wavefield are observed (Figure 

7). Although both wavefields exhibit a general decay in amplitude with offsets, 

absolute differences are significant. To invert data from all offset ranges, 

researchers in general have found it essential to scale the real data to match the 

variations in the AVO signature of the real and predicted wavefields (Crase et al., 

1990; Minshull et al., 1994). While Brenders and Pratt (2007a) use an 

exponential decay function with synthetic data in the shot domain, Chironi et al. 

(2006) balanced the RMS amplitudes in the receiver domain and Ravaut et al. 

(2004) apply empirical amplitude weighting computed from spectral whitening. In 

this paper we chose to bulk scale individual shot gathers for two main reasons, a) 

to preserve the AVO variations of the waveforms, and b) to balance the shot-to-

shot energy penetration. The scaling factors were chosen such the first arrival 

amplitude of the real data are similar to the synthetic data predicted using the 
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traveltime model and a uniform broadband source. To a certain extent waveform 

inversion takes care of the shot-to-shot variation inherently by individually scaling 

them during the source estimation (Pratt, 1999). Our strategy of bulk scaling 

appears to be effective as the predicted wavefield resembles the true wavefield 

reasonably well (Figure 4.8). 

The goal of waveform inversion is to estimate a subsurface image in terms 

of its acoustic/elastic properties (P-wave velocity in this paper) that is directly 

interpretable. The goal of PSDM is to yield a reflectivity image that is also directly 

interpretable. Both images (waveform and PSDM) have varying levels of noise 

and interpretational challenges. During composite interpretation, the two images 

complement each other and a realistic geological model is interpreted that is 

consistent with available well and seismic data. However, an open-ended 

question remains as to whether the geological interpretion could have been 

made using only one image at a time. Paperl and this paper, together make it 

undeniable that traveltime inversion is necessary regardless of the final choice of 

imaging, either through PSDM or waveform inversion. While data and model 

requirements for the success of PSDM appear to be less stringent than for 

waveform inversion, waveform inversion appears to have more potential than 

PSDM (Jaiswal etal., 2008). Thus, the choice of PSDM over waveform inversion, 

or vice-versa, can be a judgment call depending on factors such as seismic data 

quality, depth of investigation, and practicality of computational time. 
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CONCLUSIONS 

This study suggests that a combination of waveform inversion and PSDM 

can be a promising approach for imaging and interpreting thrust belt geology. 

The requirement of a low-frequency model for the success of both waveform 

inversion and PSDM makes traveltime inversion a necessary first step in both 

cases. The lowest frequency in the seismic data and resolution tests determine 

the part of the traveltime model that can be reliably used as a starting model for 

waveform inversion. Waveform inversion improves the resolution of the 

traveltime model. The geological sensibility of the evolving perturbations, the 

corresponding source updates, and the objective function convergence serve as 

stopping criteria. Although both waveform inversion and PSDM yield depth 

images that are directly interpretable, in this paper a composite of the two images 

appear to be optimal for interpretation. The composite interpretation reveals the 

presence of a conjugate fault system. Although PSDM images geological 

features in higher resolution than the waveform velocity model, the ability of 

waveform inversion to complement the interpretation of the PSDM image by 

providing a physical property (velocity), makes it desirable. 
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5. Conclusions 

This thesis explores the potential of traveltime and waveform inversion 

for depth imaging in complex geological terrains such as thrust belts. Improved 

consistency of the results with a sonic log and interpretation of the Lakhi well 

indicates the success of the methodology used in this thesis. The applications in 

this thesis suggest that a combination of traveltime and waveform inversion with 

PSDM is a promising approach for depth imaging in a thrust belt. The key to the 

success lies in the development of a velocity model that is representative of the 

large-scale features of the subsurface. In this thesis such a model has been 

developed by inversion of first-arrival traveltimes in the first application and 

simultaneous inversion of first-arrival and reflection traveltimes in the second 

application. When reflection times were involved in traveltime inversion, a cyclic 

combination of traveltime inversion and PSDM is found to yield a more accurate 

velocity model (unified imaging, Chapter 2). The model from traveltime inversion 

not only provided an overall geological insight into the subsurface but also served 

as input for PSDM and waveform inversion. 

Results from the first and second application (Chapters 2 and 3) suggest 

that traveltime velocities are better suited for PSDM than velocities estimated 

though conventional processing. The intuitive nature of ray-based forward 

modeling, the ease in data preparation and control of free parameters, the 

modest computational resources required, and the robustness of the results 

make traveltime inversion not only desirable but also an essential component of 

the depth imaging. 
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Results from the first and the third application suggest that traveltime 

inversion yields an appropriate starting model for waveform inversion. The overall 

geological sensibility of the final model from waveform inversion, along with the 

resolution tests and the similarity of the simulated seismograms to the real 

seismograms in both applications validates this approach. However, since the 

resolution of a traveltime model decreases with depth (resolution tests; Chapters 

2 and 3), depending on the lowest frequency involved in the waveform inversion 

only the upper portion of the traveltime model can be used. For example, with the 

Reg-07 data, due to a minimum usable frequency of 11 Hz, less than 1 km of the 

traveltime model (in depth) could be used for waveform inversion. With the PO-

03 data a minimum usable frequency of 4 Hz increased the depth of the 

traveltime model used for waveform inversion to 2 km. 

Waveform inversion estimates a subsurface image in terms of its 

acoustic/elastic properties (P-wave velocity in this thesis) that is directly 

interpretable. PSDM yields a structural (reflectivity) image that is directly 

interpretable. Both images (waveform and PSDM) have varying levels of noise 

and interpretational challenges accordingly. However, when interpreted in a 

composite manner, such as in chapters 2 and 4, the images complement each 

other. Realistic geological models that are consistent with the available well and 

seismic data could be constructed using the composite interpretation. However, 

an open-ended question remains as to whether the geological models in 

chapters 2 and 4 could have been interpreted using only one image at a time. 
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The applications in this thesis make it undeniable that traveltime inversion 

is necessary regardless of the final choice of imaging, either through PSDM or 

waveform inversion. While data and model requirements for the success of 

PSDM appear to be less stringent than for waveform inversion, waveform 

inversion appears to have more potential than PSDM. Thus, if limited to one 

option, the choice of PSDM over waveform inversion, or vice-versa, can be a 

judgment call depending on factors such as seismic data quality, depth of 

investigation, and computational resources. 

Interpretation of lines Reg-07 and PO-03 provide an insight into their 

hydrocarbon potential. Although elements of petroleum geology such as the 

source, reservoir, seal, and trap appear to be favorable for exploration, both lines 

have risk associated with hydrocarbon migration. In Reg-07 the hanging wall 

structure might be the down-dip extension of the Jaipur anticline and in absence 

of a northeast-southwest closure might not retain any hydrocarbons. The 

displacement along PO-03 is partitioned between the Naga and the floor thrusts. 

Since PO-03 is acquired at the culmination of the Naga thrust, displacement 

along the floor thrusts may be at a minimum. Consequently the triangle zone may 

have more positive structure towards the northeast along the thrust belt where 

the Naga thrust has lesser displacement. In the supra-thrust however, the 

conjugate system could be economically prospective provided the hummocky 

features that form the edge of the conjugate system are regionally extensive. It is 

likely that the culmination of supra-thrust structures corresponds to the 

culmination of the Naga thrust that lies along PO-03. 
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7. Appendix A 

Sirgue and Pratt (2004) show that the interval of vertical wavenumber coverage, 

kzmin through /czmax. 'n a seismic survey over a 1-D scatterer at depth z with a 

source-receiver half offset of hmax can be expressed as 

* , - = ^ = 7 (AD 

*zmin = * z m a x a r V ^ 2 ) 

In equation A1 and A2,a = —;= r; f, A, and c0 are respectively the 
Vi+c^/z)2 

inversion frequency, the corresponding wavelength, and the medium velocity. 

Additionally, given that the resolution from inversion of traveltimes is of the order 

of the fresnel zone (Spetzler and Snieder, 2004), the width of the fresnel zone, w, 

can be expressed as 

W = ~JAI 

(A3) In equation A3, / is the half distance covered by the ray. Combining equation 

A1 and A3 in X, the wavenumber content of the model up to a given depth can be 

related to the width of the fresnel zone at that depth as: 

* z m a x = 4 (A4) 
w 

To a first order approximation we use a checkerboard test for estimating the 

fresnel zone width following which we determine the ray path, /, geometrically. 

We use the mean source-receiver offset, 2.72 km, instead of the maximum, 5.25 

km, to account for the uneven ray coverage due to the variable spacing of the 

sources and active receivers as a result of data preparation. Next, for hmax = 1.96 
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km, in a trial-and-error manner we estimate the maximum depth, z, in the 

traveltime model which provides a continuous wavenumber coverage (Figure 

4a); medium velocity, Co, is the spatial average of the velocity field up to z. 

Frequency (Hz) 

b) „-, 

Figure A1. Starting model selection, (a) Frequency-wavenumber relation for the seismic survey. 

Red star indicates the maximum wavenumber in the starting model up to 2 km depth and the 

corresponding frequency, 3.92 km"1 and 4.91 Hz, respectively. Top inset is the histogram of 

absolute source-receiver offsets with the mean offset, 2.72 km, indicated by a solid arrow. Bottom 

inset is a cartoon of the fresnel zone and the associated ray path; gray zone and dashed line 

represent the fresnel zone and the ray, respectively, (b) Perturbation model from successive 

inversion of 5-10 Hz frequency bandwidth in a similar manner as shown in Figure 6. T is the 

topography. 
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Figure A1a presents the frequency-wavenumber relation for z = 2.0 km 

and the corresponding c0, 2.51 km/s. Resolution tests suggest that the width of 

fresnel zone at 2.0 km depth is 1.0 km (Figure 4b). Accordingly, the wavenumber 

coverage is at least 3.92 km"1 corresponding to a frequency of 4.91 Hz. Thus, 

with real data, the starting frequency for waveform inversion of 4 Hz appears to 

be reasonable. In a separate experiment with 5 Hz starting frequency, 

perturbations similar to the final model (Figure 4.6d) are recovered, further 

confirming that the selection criteria for the starting model are reasonable (Figure 

A1b). However, the above method provides only a best guess of the starting 

model as the underlying assumptions are simplistic and may not hold in real 

experiments. For example, the expression of the wavenumber range (equation 

A1 and A2) assumes a homogeneous velocity model and the presence of strong 

amplitudes over the entire offset range, and the fresnel zone calculation 

(equation A3) assumes the ray path is symmetric. 
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8. Appendix B 

The OIL velocity model (Figure B1a) and the corresponding image (Figure B2a) 

are compared to the final velocity model (Figure B1b) and the corresponding 

image (Figure B2b) from unified imaging. Although the major elements of the 

Naga thrust geology-a flat-lying foreland, a southeast dipping thrust, and a 

relatively structureless hanging wall are represented in both models, subtle 

structural difference are present throughout. In general, the model from unified 

imaging has more structure and it better represents the thrust belt geology as a 

whole. For example, the thrust (southeast-dipping feature) in the OIL velocity 

model is a constant-velocity slab as apposed to the a northwest plunging high 

velocity neck in the unified imaging model which is geologically more realistic due 

to the velocity gradients observed in the real earth (Figure B1 J, 

Figure B2 suggests that while the OIL image and unified imaging result 

are similar in the FR and TBR they strongly differ in the FTR; the difference 

occurs in both the sub- and supra-thrust regions. FTR is a part of PO-03 that has 

large topographic variations and poor near-surface conditions which can result in 

inconsistent energy penetration and rapidly varying noise levels from one shot to 

another (e.g. Figure 3.3; Chapter 3). A greater consistency between the unified 

image with the PO-03 sonic log suggests it is more realistic. Therefore, at a 

minimal, it can be concluded that unified imaging is less sensitive to noise and 

hence can perform better than the OIL technology with noisy data. However 

more work needs to be done in order to form a more conclusive opinion. Also, 
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the result from unified imaging appears to be more reliable than the OIL image 

because it is closer to the conventional processed image (Figure 3.7). 

a) NW X(km) SE 
2 4 6 \ , 8 10 12 14 16 

6 J 1 1 1 1 1 « 1 r — — i • 1 1 1 1 r 

Figure B1. (a) OIL velocity model and (b) unified imaging velocity model. In (a) and (b) solid 

arrows indicated the southeast-dipping thrust related stratigraphy, (b) appears to be a better 

representation of the thrust belt (see text for details). 

In the sub-thrust, the original OIL image shows a structural high which was 

interpreted with a normal stratigraphic sequence (Figure 1.2), while unified 

imaging shows more complicated features that are interpreted as a triangle zone 

(Figure 3.13). In the supra-thrust, the OIL image shows southeast-dipping 

layered stratigraphy, while unified imaging shows the presence of complex 

hummocky features with multiple pinch-outs. As the sonic log is absent in the 
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supra-thrust the genuineness of the structures is verified using 2-D full-waveform 

inversion (Chapter 4). Waveform inversion enhances the resolution of the 

traveltime model by trying to recreate the observed wavefield. The perturbation 

model obtained in the process is consistent with the lithological interpretation of 

the Lakhi well suggesting that the features imaged by waveform inversion are 

genuine. The consistency of the perturbation model with the PSDM image in turn 

suggests that the PSDM image in the supra-thrust is genuine. 

A complete interpretation of PO-03 (Figure B3) is achieved by combining 

and refining the interpretation in Figures 3.13 and 4.10. The interpretation in 

Figure B3 shows the relation between the conjugate system and the triangle 

zone. The displacement along the main thrust fault appears to be transferred to 

both the conjugate system and the triangle zone. Together they appear to be 

acting as a relay system. Figure B3 suggests that the NTFB has multiple 

decollement surfaces. While the lower Barail (Arenacious Barail, most likely) acts 

as a decollement surface for the Naga thrust, deeper shale units such as the 

Kopili could be acting as a decollement surface for the floor thrusts. All the major 

units such as the Girujan, the upper, middle, and lower Tipam, and the 

Argillaceous Barail units act as decollement surfaces in the supra-thrust. 
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Figure B2. a) OIL image. Anticline in the sub-thrust and southeast dipping stratigraphy in the 

supra-thrust can be interpreted, b) unified imaging. Triangle zone in the sub-thrust and 

hummocky features in the supra-thrust (see below) can be interpreted. Interpretation in (a) and 

(b) are made with dashed and solid yellow lines. Topography is displayed on top and FR, FTR, 

and TBR are marked. 
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Figure B3. a) Seismic data, same as in Figure 3.12a. b) Interpretation of PO-03. In (b) the sub-

thrust triangle zone and the supra-thrust conjugate fault system are from Figure 3.12b and 4.10 

respectively. Symbols have the same meaning as in Figures 3.12 and 4.10. 


