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Abstract 

 

A 2D seismic line located in the Foothills Thrust fold belt in Northeast British Columbia 

was reprocessed and interpreted for this thesis. The area is topographically difficult and 

structurally complex with surface carbonates, velocity inversions and steeply dipping structures 

associated with thrust faults. Data quality recorded has a low S/R, therefore the seismic 

processing called for strong noise suppression. Two different processing sequences were 

developed in order to achieve an improved image. Kirchhoff migration was chosen for its 

parameter testing flexibility and computational efficiency. Kirchhoff PSTM produced an 

improved subsurface image, showing better focus and continuous reflection events. PSDM was 

done via a Kirchhoff code and a PSDM velocity model was manually interpreted and tested 

using externally pre-processed data. The velocity model building required the integration and 

tying of geophysical and geological data. PSDM showed some reflection coherence. The best 

PSTM outcome was similar to the best PSDM outcome. 
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Chapter 1: Introduction 

 

1.1 Seismic Imaging 

Seismic imaging is a technique in exploration geophysics that uses surface methods to 

detect or infer the presence and position of subsurface geological structures. Practical 

applications of imaging methods include near-surface environmental studies, oil and gas 

exploration, long-period earthquake seismology, minerals, hydrocarbons, geothermal reservoirs 

and groundwater reservoirs. This thesis will examine the use of imaging methods as applied to a 

case study featuring complex tectonostratigraphic geology. 

Seismic imaging is the key outcome of processing seismic data to obtain the best possible 

image of the subsurface in a seismic exploration survey. Broadly speaking, a seismic survey 

consists of four parts:  

1. Seismic energy sources under control; 

2. Subsurface area of interest being illuminated by downward propagating waves; 

3. Response of the seismic wave describing the subsurface rock properties, such as 

density, velocity and porosity. 

4. Recording of seismic energy in the area of interest using geophones.  

There are many different types of seismic sources such as dynamite, weight, drops, large 

caliber guns and vibrators (operated with a swept continuous-wave signal). The vertical 

component of seismic waves is measured through conventional geophones. These are arranged in 

groups, in a specified geometry spread, along a linear (2D survey) or an area (3D survey) array. 



2 

 

The entire signal received by the group of geophones is accumulated to increase the signal-to-

noise ratio (S/R) (Kearey et al., 2002). 

The seismic images generated are used to interpret geologic formations, locate prospects, 

determine reservoir geometries and construct geologic models used to locate oil and natural gas 

traps and plays, guaranteeing the success of oil and gas exploration. The seismic data collected is 

a response of the structures beneath the surface to the seismic energy transmitted.  After 

thorough analysis of the prospect area, exploration wells are drilled (Baggs, 2012), and through 

the boreholes the real subsurface structure is ultimately known. 

However, there are many aspects that affect the quality of seismic images: low signal-to-

noise ratio in the raw records, major contrasts in elevation, formations presenting velocity 

inversion, contrasting dips, and complex geologic structures that are composed of closely spaced 

folds and faults (Fagin, 1991). Seismic data acquired in areas of complex structures, severe 

topography and near surface velocity variations, such as the Foothills of the Canadian Rocky 

Mountains, often produce poor subsurface images. Thrusting and folding of geologic layers in 

the Foothills have placed rocks of the same formation at different burial depths, causing lateral 

and vertical velocity changes, as well as steeply dipping reflectors.  

When data is recorded in the field, the reflectors are not necessarily imaged in their actual 

geological position, especially when complex structural data is involved.  The result of 

migration, ideally, is to image reflectors in their true geological position.  This is the main reason 

why migration in highly structural data plays an essential role in seismic processing. In short, 

migration collapses diffractions and returns the scatter reflection energy to its reflected position, 

rather than the zero offset equivalent (Bancroft, 2007). Migration can be carried out after 

stacking the data (poststack) and before stacking the data (prestack), in either time or depth 
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domains.  In areas with contrasting velocities due to complex geological structures, prestack 

depth migration is usually recommended.  However, a successful outcome from prestack depth 

migration (PSDM) depends on many factors, one of the most important being the development 

of an accurate velocity model.  This is a key component in seismic imaging, since uncertain 

velocity models lead to noisier seismic sections (Yilmaz, 2001). 

Scales (1997) gives a historical review of seismic imaging, in which he establishes how 

the earliest forms of imaging involved moving or migrating events around seismic sections by 

manual or mechanical means. When computers became available, the manual techniques were 

replaced by computer-oriented methods, which took into account the physics of wave 

propagation and scattering. Thereafter, all accurate imaging methods can be synthetized 

essentially as linearized inversions of the wave equation in terms of Fourier integral operators or 

the direct gradient-based optimization of the waveform misfit function (Stolt, 2012). Fourier 

integral operators (FIOs) theory is extensive, but broadly FIOs are used to find the solutions of 

differential operators with variable coefficients (Hörmander, 1971).  

1.2 Objectives 

This thesis focuses on the improvement of the subsurface seismic image of a seismic line 

by the integration and interpretation of the geological and geophysical data available for the 

studied area. To improve seismic imaging, the determination and refinement of a velocity model 

undertaken for prestack depth migration is a key component of this research. This study includes 

seismic processing, interpretation and structural analysis, by managing different software 

packages and manually generated tools (graphs and velocity model). The main objectives of this 

research are: 

1. Investigate various seismic processing and imaging strategies for achieving an 
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optimal seismic image in a complex structural area, and attempting to improve the 

image quality of a legacy seismic line from the Rocky Mountain Foothills in 

Northeastern British Columbia.  

2. Development of a structural velocity model for the seismic 2D line under study is a 

major component, as well as the major contribution of this research. 

3. Interpret the structural geometry of this section by integration of geological and 

geophysical data, and use structural analysis to improve the velocity model. 

4. Understand the origin of imaging issues and difficulties in this particular area. 

1.3 Software Packages 

Time processing of the seismic data was performed using ProMAX 2D software from 

Landmark Graphics. Refraction statics were tested with Hampson-Russell’s GLI3D. Prestack 

migration was undertaken using the Fold and Fault Research Project’s (FRP) anisotropic depth 

migration code developed by Don Lawton, professor of the Department of Geoscience at 

University of Calgary and director of FRP. The incorporation of well-log data into the analysis 

was done using Kingdom Suite software from Seismic Micro-Technology. 

1.3.1 ProMAX 2D 

ProMAX (ProMAX, 2012) is a Seismic Data Processing Software that contains a set of 

algorithms, infrastructure and productivity tools. ProMAX software technology is designed to 

process and display the seismic data with visualization tools for pre-stack and post-stack seismic 

data. This software is widely used in seismic data analysis and parameter selection for seismic 

processing sequences, and to construct seismic images of geologic targets (Halliburton, 2013). 
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1.3.2 GLI3D 

The GLI3D (GLI3D, 2004) software by Hampson and Russell (1984) is a Generalized 

Linear Inverse (GLI) interactive software designed to treat raw data from seismic images, 

generate a near-surface model and calculate static corrections of data. The approach, using 

Iterative Linearized Inversion, is an efficient method to solve large travel-time problems. The 

goal is to remove the effects of shallow subsurface. 

1.3.3 Fold-Fault Research Project (FRP) 

The Fold-Fault Research Project (FRP, 2012) group undertakes research to integrate 

geophysical and geological research to provide complete and reliable results. Members of the 

FRP work on improving seismic imaging, especially in Foothills structures, and the role of 

anisotropy in time-to-depth conversion. As mentioned, the Pre-Stack depth migration code used 

in this research was developed by Donald C. Lawton.  It consists of a variation of the Kirchhoff 

migration method based on diffraction summation. 

1.3.4 Kingdom Suite Software 

The IHS Kingdom Suite Software (IHS, 2012) is an integrated geoscientific workspace. 

The main characteristics include interpretation of data, generation of synthetic seismograms and 

the display and integration of well log data. 

1.4 Study Area 

1.4.1 Location 

The study area is located in northeast British Columbia (NEBC), in the central segment 

of the Foothills thrust belt, where deformation is mostly thin-skinned. Based on a seismic line 
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and five wells, northwest of Fort St. John (Figure 1.1), the area presents imaging challenges due 

to structurally complex structures found in the subsurface and the topographic difficulties of the 

area (Figure 1.2).  

 
Figure 1.1. Map of British Columbia. Grey box indicates the study area, northwest of Fort St. 

John. (Archer, 2007). 
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Figure 1.2. Husky line showing poorly imaged areas (Moubarak, 2008). 

 

The area is characterized by a pattern of deformation of fault propagation folds, box folds 

and multiple detachment surfaces (Moubarak, 2008). Several geological, petrophysical and 

geophysical studies have been conducted in NEBC, including the work of Archer (2007), Hua 

and Lawton (2008) and Cooper et al. (2004) among many others. 

1.4.2 Stratigraphy 

The stratigraphy of the geologic units in the Foothills foreland fold and thrust belt 

changes in consistency with its geologic deformations (Figure 1.3). Thick shale units increase 

northward where folds predominate and only a few large thrusts are found. In the eastern margin 

of the Rocky Mountain sub-province, where faults are the predominant structural feature, major 

lateral carbonate-to-shale facies transitions are found (Thompson, 1979). 

From the oldest to the youngest, the most relevant formations present in this section 

located in northeastern British Columbia start with Lower Paleozoic strata, classified by 

Ibrahimbas and Walsh (2005), according to their similarities in relation to their ages. These 
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authors broadly grouped these formations into Pre-Cambrian Metasediments, Cambrian mature 

quartzarenites, siltstones and orthoquartzites, Silurian-Ordovician siltstones and dolomites, and 

Lower-Middle Devonian interbedded shales, siltstones and dolostones. 

The Debolt Formation of the Rundle Group of Mississipian age is an important unit 

present in NEBC Foothills.  This formation is comprised mainly of bioclastic limestone at its 

base, with dolomitized areas in the east and with increased shale content in the north (Archer, 

2007). 

 



9 

 

   
Figure 1.3. Stratigraphic formations chart. The chart shows geology present in the studied area. 

Information was compiled from the Geological Survey of Canada and Husky’s data provided. 
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Moreover, important Triassic depocenters are found. Triassic sandstone and carbonate 

reservoirs were folded during the Laramide deformation of the northern Rocky Mountains 

(Hinds and Spratt, 2005).  

Reservoir traps are primarily fault-propagation and detachments folds associated with a 

lower flat in the shale-dolomite Lower Triassic strata. According to Cooper et al., (2004) the 

units with major relevance in the Triassic are: 

 Montney Formation:  This unit contains a series of dolomitic shales and silts, with 

occasional thin sands deposited in a basinal-marine setting. 

 Halfway Formation: A series of stacked shoreline sands. 

 Charlie Lake Formation: The dominant lithologies are dolomitic and anhydritic shales 

and siltstones with dolomitic sands. 

 Baldonnel Formation: A reservoir unit, which mainly consists of dolomite rocks. 

 Pardonet Formation: Consists of carbonates, which contribute to production from 

fracture networks.  

Post-Triassic formations are described according to the accretion history and the foreland 

clastic wedges of the Canadian Cordillera. The oldest clastic wedge consists of Fernie and 

Nikanassin (Monteith in studied area) formations encroaching with 850 m of clastic sediments 

east of the Foothills, to 1800 m to the west. The youngest wedge in this area is defined by the 

conglomeratic debris of the Cadomin Formation (Cooper et al., 2004). 

1.4.3 Regional Overview 

The Canadian Cordillera consists of three major tectonic subdivisions: the Pacific 

Orogen, located along the west coast of British Columbia, the central Columbian Orogen and the 
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Canadian Rocky Mountains foreland fold and thrust belt at the eastern side of the Canadian 

Cordillera (Thompson, 1979), as shown in Figure 1.3. 

 
Figure 1.4. Major tectonic subdivisions of the Canadian Cordillera within the Provinces of 

British Columbia and Alberta (from Thompson, 1979). 

 

The area of interest is located in the Rocky Mountain Belt. The surface structural 

expression of the Canadian Rockies changes from thrust-dominated in the south to fold-

dominated in the north, with a central transitional segment (McMechan, 2002). Therefore, the 

south of the foreland fold and thrust belt has been divided by Thompson (1979) into four clearly 

delimited linear belts or sub-provinces that gradually blend to the north into two sub-provinces: 

the Foothills sub-province on the east and the Rocky Mountain sub-province on the west (Figure 

1.4) 
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Figure 1.5. Major geologic subdivisions, axial traces of prominent folds, and traces of important 

thrust faults (from Thompson 1979). 

 

The tectonic structures found in northeast British Columbia are within the Foothills fold 

and thrust belt. The Foothills geologic structures are formed within an easterly tapering triangle 

zone of sedimentary rocks that comprises a passive margin and foreland basin successions 

(McMechan, 2002). 

1.4.4 Structure  

The sub-provinces of the Foothills in the East and Rocky Mountains in the West 

comprise the Rocky Foreland Fold and Thrust Belt (Thompson, 1979). In the north, there is 

usually a decrease in size of the folding and thrust displacements. The belt consists of faulted 

structures in the south. In the north, it is characterized by geologically predominant folded 

structures, also several reverse faults with moderately to steeply dipping limbs (Stockmal, 2001). 

Fault displacements generally range from 1 to about 10 km, and stretch from the Rocky 

Mountain sub-province to the Foothills sub-province in the east. These faults end within a major 



13 

 

décollement or detachment surface within the Devonian and Mississippian Besa River shale. The 

former cause complex structures containing Triassic and younger formations to fold and stack on 

top of one another (Thompson, 1979). 

The seismic survey is positioned in NEBC at the northern Foothills of the Canadian 

Rockies (Figure 1.6). This belt was formed during Cretaceous to early Eocene periods by 

horizontal compression along the eastern margin of the Canadian Cordillera. It stretches between 

the front ranges of a series of large thrust sheets of Paleozoic rock in the west and the mainly 

undeformed Western Canada sedimentary basin in the east (McMechan, 2002). The eastern 

boundary of the Foothills is a frontal monocline, a triangle zone and a few minor, west-vergent 

thrusts. The front monocline is a consequence of the accretion of a late Jurassic-Early Cretaceous 

Nikanassin (Monteith in seismic section) foreland basin megasequence. West of the triangle zone 

extends a series of low amplitude, large wavelength structures (Cooper et al., 2004). 

The Triassic is deformed by fault propagation and detachment folds. Cooper (2004) 

describes a number of local detachments in the Foothills sub-province found in Fernie 

Formation, Charlie Lake Formation, Montney Formation, and a major regional décollement in 

the Besa River shale. As a consequence, the structure of the area is subdivided into a series of 

sedimentary sequences, dominated by Triassic formations, the most rigid of which are the 

carbonates formation Charlie Lake and Baldonel, controlling the recurrence of the structural fold 

and faulted sequences (Cooper et al., 2004). 
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Figure 1.6. Surface geology and location of adjacent cross-sections (7, 8 & 9) of the seismic line of the study in red lines (Geological 

Survey of Canada, 1986) 
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Figure1. 7 Adjacent Cross-sections (7, 8 & 9) shown in surface geology map (red lines) (Whitman G.S. et al., 1986). 

Blue arrows roughly indicate limits of the neighboring areas to the seismic section. See Figure 1.6 for legend  
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1.5 Outline 

This thesis is presented in five chapters. 

Chapter One includes a brief introduction to seismic imaging as a key method in the 

research.  It presents the research objectives and identifies the location of the case study and its 

geology.  It also lists the copyrighted software used to accomplish these objectives. 

Chapter Two presents the seismic processing, including a description of acquisition 

parameters and raw data, and the processing flow developed to improve seismic data quality. It 

illustrates the processing approaches undertaken to enhance signal-to-noise ratio.  

Chapter Three addresses seismic migration processing. It develops a re-processed work 

flow and analyzes poststack and prestack time migration of the data.  It discusses Kirchhoff 

migration theory in greater detail for prestack depth and time migration, along with the initial 

velocity model, for which a set of shot gathers pre-processed externally by a company was used.  

Chapter Four involves the refinement of the velocity model by the integration and 

interpretation of geophysical and geological sources available for the seismic line, including the 

depth migration stack used to aid in identifying major structures present. It undertakes prestack 

depth of the three sets of pre-processed shot gathers now available to attempt seismic image 

improvement. 

Chapter Five discusses the results obtained by this research and looks at the imaging 

issues and difficulties found in this particular area. It ends with conclusions and 

recommendations for future research and work. 
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Chapter 2: Seismic Time Processing 

 

2.1 Introduction 

The goal of seismic exploration is to obtain structural subsurface information from 

seismic data, in order to discover reservoirs of natural resources. Seismic processing is the 

methodology that is applied to recorded seismic data to yield an improved interpretation of 

geologic structures. The most common seismic surveys undertaken in the industry are reflection 

surveys, which assume that the records contain only reflections. The physical property that 

generates a reflection from a boundary is called the seismic impedance contrast, also called 

reflectivity. Seismic impedance is the product of the wave speed (c) traversing a specific rock 

layer with the mass density (ρ) of that rock, i.e., ρc (Sheriff, 2006). 

This Chapter will provide a brief theoretical explanation of each processing step applied 

to the seismic data, and will also show the results obtained from each application for the dataset 

proposed for this study.  

2.2 Acquisition Parameters and Raw Data 

As, mentioned in Chapter 1, a seismic survey can be divided into four components: the 

source, the receivers (geophones), the area under study and the data recorded. A seismogram, 

which in the seismic industry is referred to as the trace, is registered by each receiver. In seismic 

records, traces are organized into gathers. When a group of traces are gathered for a pre-defined 

source using all receivers, this is called the common source gather. When a group of traces is 

gathered by a pre-defined receiver-group for all sources, this is called the common receiver 

gather. When a group of traces is gathered within a given distance between a source and a 
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receiver, this is called the common offset gather. And when a group of traces is gathered in a 

midpoint distance, fixed between the source and the receiver, this is called the common midpoint 

gather (Kearey et al., 2002: Figure 2.8). 

The seismic data used for this study were provided by Husky Energy. The seismic 2D 

line is about 23 km long and has 256 shot gathers. Preprocessing steps for this seismic reflection 

profile were undertaken using ProMAX, Landmark software. The acquisition parameters for this 

line are shown on Table 2.1. 

Acquisition and processing of seismic data in the Rocky Mountains is difficult, due to 

severe topography and both lateral and vertical velocity variations, especially where carbonate 

rocks outcrop or when high velocity formations are found near the surface (Gray et al., 1999). 

Often, the line has an irregular azimuth that may not be aligned with the dip of the geological 

structures.  

Table 2.1. Seismic acquisition parameters for the line 

Parameters Value 

Year acquired 1998 

Source Type Dynamite 

Channels 400 

Spread 1 --- 200 -x- 201 --- 400 

Shot Interval 90 m 

Receiver Interval 15 m 

Sample Rate 2 ms 

Shot Depth 18 m 

Fold 33 

 

Figure 2.1 shows Field File ID 35 (FFID #35) a representative, raw shot gather prior to 

the application of any enhancement. It is noticeable that coherent noise has a strong presence and 
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the reflections are hidden by noise. Ground roll noise is present, especially in the traces near to 

the shot in the centre of the records. 

 

Figure 2. 1 Raw Shot gather (FFID 35) 

 

2.3 Processing Flow 

There are standard methodologies to process seismic data.  Most of them work fairly well 

when implemented in areas with gentle topography. But in mountainous areas such as the Rocky 

Mountains, the processing techniques tend to need refinement. Consequently, it becomes 

necessary to apply extra steps to attenuate the strong effect of noise, and recover signal losses 

found in areas with velocity inversion, as in this case. Given the area structure and quality of the 

seismic data, a processing flow was developed, based on a number of tests run to obtain the best 

parameters to enhance signal. The success of a process depends, not only on the correct choice of 

parameters appropriate to a specific stage, but also on the effectiveness of the previous 

processing steps (Yilmaz, 2001). 
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Figure 2.2 shows the processing steps applied in this research. Each component will be 

described subsequently in this chapter. 

2.4 Geometry Assignment  

The raw SEG-Y data was first imported into ProMAX.  The data provided already 

contained the geometry and spread information (Table 2.1), recorded in the headers. Geometry 

definition is fundamental to the success of any seismic processing project. Assigning the field 

geometry to seismic data means that for each trace, there are values to be determined, according 

to the recording time and position in the survey. This information is saved in the specified header 

fields of the dataset in the project database. Setting up the field geometry correctly is critical in 

order to avoid many types of processing difficulties, and prevent degradation in the quality of the 

stacked section (Yilmaz, 2001). The software, ProMAX, uses the database to determine the 

geometry for each trace and to sort the traces. This procedure is faster than reading trace headers 

each time a flow is invoked (Isaac, 2008).  

Field geometry should be checked before continuing with the flow. Figure 2.3 shows the 

geometry elevation and nominal fold of the line, and therefore enables quality control of the 

input data. 
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Figure 2. 2 Poststack time processing flow diagram 
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Figure 2. 3 Visualization of: a) CDP fold profile, b) elevation profile, and c) geometry check 

 

2.5 Trace Editing 

 After the geometry is assigned, the next step in processing is editing the data by 

eliminating or reversing the polarity of abnormal traces. This means that every shot-gather is 

checked, in order to delete traces with noise spikes, as well as mono-frequency signals, and to 

correct the reverse polarity traces recorded. In this study, there were several polarity reversals, as 

well as traces with amplitude spikes (Figure 2.4). This is an important step to be undertaken 

before applying any other processing algorithm, in order to avoid undesired noise in data that 

might have an impact on the next processing stage. 

2.6 First Break Picking 

 First breaks are the onsets of the first signal arrivals, and must be picked as accurately as 

possible. In general, these arrivals are associated with the energy of refracted waves at the base 

of the weathering layer, or with the direct wave that travels directly from the source to the 

a 

b 

c 
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receiver. First break times are needed to calculate the statics correction, which removes the time 

delay caused by the weathering layer.  They are also valuable for geometry quality control. 

 
Figure 2. 4 FFID 181 example of traces killed with amplitude spikes (pink swath) 

 

First-break quality is related to the near-surface structure, source type, and signal-to-noise 

ratio conditions (Sabbione and Velis, 2010). Determining the first breaks can be a difficult task if 

the data are acquired in complex near-surface scenarios, as in this case study. Thus, the picking 

was undertaken in the common shot gather domain by combining automatic picking with manual 

editing, in order to achieve the best results. The accuracy of statics correction depends on the 

reliability of the picking. 
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2.7 Refraction Statics 

Based on the first arrivals, and an estimation of the velocity and thickness of the 

weathering layer, a first estimate of statics correction is done. Refraction statics are applied to 

seismic data to compensate for the effect of near-surface low velocity layers and differences in 

the elevation of shots and geophones (Yilmaz, 2001). This method involves construction of a 

model of the weathering layer, performed automatically by the software, given the appropriate 

parameters. 

The first breaks picked in ProMAX were input into GLI3D. Then, a pseudo datum 

(located below the deepest refractor of the weathering model), a replacement velocity (assumed 

from the geology of the area) and a datum were all entered into GLI to compute the correction.  

Long wave and short wave refraction statics methods were used for this calculation. Chapter I of 

the GLI3D overview manual describes long-wave statics as a smoothing calculation applied to 

the derived depth-velocity model; and short-wave surface-consistent statics calculation as a 

series of source and receiver time-shifts that are added to the model-based statics.  

Table 2.2 shows the parameters used to build the initial model, and Table 2.3 shows the 

statics parameters. 

Table 2.2. Parameters used to build the initial model 

Parameters Value 

Number of layers 2 

Depth Smother 600 m 

Velocity Smother 6000 m 

Cubic Patch System Rectangular Thickness Smoother 
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Table 2.3. Statics parameters 

Parameters Value 

Pseudo Datum 714.52 m 

Replacement Velocity 5000.00 m/s 

Datum Elevation 1550 m 

Statics Option Long + Short Wave + Uphole times 

 

Subsequently, the near-surface earth layered model constructed in GLI (Figure 2.5) was 

input into ProMAX, where the elevation statics corrections were applied. These latter corrections 

are based on geometry information. They compensate the traveltime differences caused by 

source/receiver variations in elevations, by converting the recorded elevations into a common 

horizontal datum (1550 m). 

2.8 Gain  

Gain is applied to scale the amplitudes in order to compensate for energy losses due to 

attenuation, spherical spreading and transmission losses. When recording seismic data, coherent 

noise can often have a stronger effect than geologic reflections in a survey. Therefore, an 

appropriate time variant function to enhance the S/N ratio is an important step before applying 

deconvolution. Amplitude gains must be used with care, since they can damage the signal 

(Yilmaz, 2001). Many types of scaling or gain correction are used in seismic processing, with 

several applications based on different criteria.  Some are better applied before deconvolution, 

and others are used more frequently for the stack display. The main gain corrections used in 

processing are a) geometric spreading correction, b) automatic gain controlled c) trace balancing. 

The following gain corrections were implemented in the processing flow researched. 
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Figure 2. 5 Refraction Statics from GLI3D: a) shot and receiver statics calculated; b) first breaks 

reduced; c) weathering layer model; and d) velocity model of the weathering layers. 

 

a 

b 

c 
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2.8.1 Geometric Spreading Correction 

Geometric Spreading Correction, or True Amplitude Recovery (TAR), as it is referred to 

in ProMAX, is a time variant correction applied before deconvolution. When recording seismic 

data, amplitude attenuation is primarily caused by geometrical spreading, or spherical wavefront 

divergence and change in rock properties.  This correction compensates for these losses of 

amplitudes.  

Yilmaz (2001) describes the basis for spherical spreading for a layered earth to be given 

by  [      ]⁄ , and the gain functions for geometric spreading compensation defined by 

(Equation 2.1): 

     
      

  
   

   (2.1) 

where  

 : Two-way traveltime  

    : Root-mean-squared (RMS) velocity function of the primary reflections 

  : Reference velocity at specified time    

Figure 2.6 shows how the earliest events of the shot gather have stronger amplitudes, 

compared to the later times on the gather, where the energy of the wave has decayed. Figure 2.7 

shows FFID 9 after applying the ProMAX TAR tool, with no inelastic attenuation correction. A 

comparison between Figure 2.6 and Figure 2.7 shows how reflections have been increased in 

strength. However, both the signal and the noise energy have also been increased at later times. 
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Figure 2. 6 FFID #9, shot gather before applying the Geometric Spreading Correction (TAR). 

 
Figure 2. 7 FFID #9, shot gather after applying the Geometric Spreading Correction (TAR). Red 

ovals indicate the accentuation of the spike amplitude after TAR. The blue ellipse shows how 

reflection amplitudes have been increased. 

Spike Noise  
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2.8.2 Automatic Gain Control (AGC) 

The second gain correction applied was AGC. It is the most common scaling type used. 

The main purpose of this tool is to normalize amplitudes to enhance weak signals, and it is 

mostly used in this survey for seismic display of stacked data. Furthermore, an AGC was applied 

as a step in the processing flow after deconvolution (Section 2.10). AGC in ProMAX consists of 

a sliding window of fixed length that computes the average amplitude within the window. The 

average method utilized was the Mean Method, which bases the “gain” scalar on the mean of the 

absolute values of the samples in the sliding time gate. This value is a scaling factor that is 

compared to a reference level, and then computed for a point in the window. The window then 

slides down one sample, and the next gain correction is computed. The process continues until 

the whole trace has been gained (ProMAX, 2008). The parameters used for this correction are 

shown in Table 2.4. 

Table 2.4. AGC parameters 

Parameters Value 

Type of AGC scalar Mean 

AGC operator length 1000ms 

Basis for scalar application Centered 

 

2.9 Noise Attenuation  

In general, any recorded energy which interferes with primary reflections can be 

considered as noise. Seismic data contains both a signal and a noise component. Efficient noise 

attenuation is important for high-quality imaging. Broadly speaking, noise can be divided in two 

categories: coherent noise, which is the noise that has a constant similar pattern along the shots, 
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and random noise, which in most cases is significantly reduced after stack, especially in a high 

fold line as in this case (fold: ~33). However, the diversity of noise types often makes removal of 

noise from the desired signal a challenging process (Kearey et al., 2002).  

Well log data shown in later chapters, aid in the analysis and interpretation of reflections 

in the seismic section, and reveal the presence of velocity inversion along the profile. Velocity 

inversion is due to high velocity formations (Carbonates of Pardonet and Baldonnel Formations, 

Triassic strata) found near the surface and interbedded with low velocity formations (Golata 

Formation and Besa River Group, Lower Carboniferous). 

Velocity variations, severe topography (Figure 2.3 b) and complex geology cause 

attenuation of the seismic signal and a strong noise component (Figure 2.8). Therefore, in 

pursuing an improved seismic image, a number of different noise attenuation tests were 

undertaken, specifically:  

 Dynamic S/N Filtering: Results show attenuation of signal. 

 Surface Wave Noise Attenuation:  Attenuates noise, but creates strong artifacts in spiked 

traces. Better results are shown when applied after the “Spike Noise Burst Edit” module. 

Velocities tested to attenuate linear noise ranged from 400 to 1600 m/sec. 

 Spike Noise Burst Edit: Efficiently suppresses swell noise and spiking amplitudes from 

the traces. 

 FX Deconvolution: When applied before running a deconvolution algorithm, generates 

noisier results, and takes away signal data. Better results are observed after 

deconvolution. 
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Figure 2. 8 FFID # 63 an example of a noisy shot gather after applying the TAR Correction 

 

In this research, a compromise between the pitfalls and the benefits of noise removal was 

considered, and the following tools were chosen to remain in the processing flow. 

2.9.1 Spike and Burst Noise Attenuation 

When executing amplitude gain, spikes energy can be accentuated (Figure 2.7). Spike 

amplitude noise along the line is generally considered a random type of noise, but despite the 

fact that some random noise can be removed from the image after stacking, now spikes can 

affect neighboring traces, once other multichannel processing tools are applied. Therefore, in 
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order avoid the boost of artifacts coming from this energy, Spike and Noise Burst Edit was the 

first noise reduction module to be applied.  

Spikes are typically originated by instrument noise or tape errors. The ProMAX tool 

detects them using a sliding window that measures the average amplitude around each sample. 

ProMAX then compares the average amplitude around 3 sample traces, based on a threshold 

value (varies for low frequency noise and high frequency noise) specified by the user. If the 

difference between the sample absolute amplitude and the average absolute amplitude is bigger 

than the threshold specified, then, this sample amplitude is linearly interpolated from the samples 

above and below it (ProMAX, 2008).  

The spike filter module was run twice, editing lower frequency noise bursts first, and the 

higher frequency noise bursts second. The parameters used are shown in Table 2.5. 

Table 2.5. Noise Burst Editing Parameter 

Parameters Value 

Spike detection threshold 3 

Operator length 50 ms 

Lower frequency of noise burst relative to data – Threshold to trip noise edit 2.5 

Higher frequency of noise burst relative to data – Threshold to trip noise edit 4 

Minimum noise block length 60 

Percentage to expand noise blocks 30 

 

2.9.2 Coherent Linear Noise Attenuation 

Land seismic data is usually contaminated with coherent and high amplitude back-

scattered noise generated from rough surface topography. As observed in Figure 2.1, the main 

linear noise found in these data is recognized as ground roll. Ground roll comes from the vertical 
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component of dispersive surface waves, and is characterized by low frequency, strong amplitude, 

and low group velocity (Yilmaz, 2001). 

Surface Wave Noise Attenuation (SWNA) was the ProMAX module used to attenuate 

ground roll. It transforms seismic records from the time-space domain to the frequency domain, 

and creates low-frequency arrays, in order to attenuate the ground roll coherent energy found 

therein. SWNA requires a surface velocity and frequency cut-off of the linear noise selected to 

be reduced and with these values builds a mix defined by (Equation 2.2) 

                                                         ⁄  (2.2) 

Frequency values above the cut-off frequency were kept unaltered. After the algorithm 

runs through all panel traces, it transforms the seismic records back to the time-space domain.  

According to the results obtained from previous test, the low cutoff frequencies used to 

filter the ground roll observed on the data ranged from 3 - 20 Hz and velocities filtered were 400, 

600, 700, 800, 900, 1000 and 1600 m/sec. This tool was used seven times, each time for a 

different surface wave phase velocity. 

2.10 Deconvolution 

Deconvolution is an essential step in seismic data processing. This process is commonly 

applied before stack. Prestack deconvolution is used to improve temporal resolution of seismic 

records (  ) by removing the filtering effect of seismic waves (  ) during their passage through 

the ground (  ). It also helps in attenuating noise energy (including reverberation, attenuation, 

and ghosting) from the section (Yilmaz, 2001). 
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Kearey et al. (2002) explain that deconvolution is the inverse process of convolution as 

described by 

           (2.3) 

The deconvolution operator is an inverse filter (  ), which when convolved with the 

seismic wave (  ), yields a spike function (  )  

          (2.4) 

 Then, logically, convolution of the same operator (  ) with the seismic trace, yields the 

reflectivity function  

           (2.5) 

In real data, obtaining the exact earth’s reflectivity (seismic impedance) from a seismic 

record (  ) through deconvolution is practically unattainable, since the input waveform (  ) and 

the impulse response of the earth filter are unknown. Therefore, the deconvolutional operator 

(inverse filter) is designed using statistical methods and/or deterministic methods (Yilmaz, 

2001). 

The method selected for this section of the research was Spiking Deconvolution, based on 

statistical analysis of the seismic time series, for which the desired output is a spiking function. 

The ProMAX Minimum Phase Spiking Deconvolution tool calculates the inverse filter via the 

Wiener-Levinson least square algorithm, and applies it through a decon window designed earlier 

(ProMAX, 2008). In a mathematical “least-square” sense, the Wiener filter transforms the known 

input signal into an output signal that comes closest to the desired earth’s reflectivity signal. A 

minimum phase source wavelet (  ) is the basic assumption in this deconvolution process. 
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Therefore, a minimum phase spiking deconvolution is equivalent to least-squares inverse 

filtering (  ) (Yilmaz, 2001).  

It is a known fact that noise is always found in a seismic record. Consequently, to ensure 

numerical stability, an artificial level of white noise is added to the amplitude spectrum of the 

input seismic record before deconvolution. This is called prewhitening and is given by a scalar, 

0≤ε<1. This is the basis of spiking deconvolution, also known as whitening deconvolution 

because the spike has the amplitude spectrum of white noise (Yilmaz, 2001). 

After several tests were done to increase the temporal resolution of the data, the 

parameters chosen to perform the prestack minimum phase spiking deconvolution are displayed 

in Table 2.6. 

Table 2.6 Spiking Deconvolution. 

Parameters Value 

Design window 
300 – 3100 ms at 60 m offset 

1000 – 3400 ms at 2400 m offset 

Type of deconvolution Spiking 

Decon operator length 100 ms 

Operator white noise level 0.1 

 

Figure 2.9 shows FFID #9 after applying Spike Noise Burst Edit and deconvolution. 

When compared with Figure 2.7, which displays the same FFID #9 with true amplitude recovery 

applied, one observes that the spikes in the deep parts of the shot disappear and signal has been 

increased in shallow areas.  However, frequency noise artifacts have also been added (Figure 

2.9), especially in deeper areas of the shot gather, hence the need to enhance seismic signal. This 

was accomplished by applying a data enhancement component from ProMAX. 
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Figure 2. 9. FFID #9 with deconvolution (AGC enhanced). 

 
Figure 2. 10 FFID #9 with F-X deconvolution applied after deconvolution (AGC enhanced). 
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2.11 Data Enhancement 

F-X Deconvolution uses predictive deconvolution in the space-frequency domain to 

identify and reduce random noise. It can be applied to stacked data or prestack ensembles. 

ProMAX Reference Guide (2008) describes the process wherein input shot gathers in this 

algorithm are Fourier transformed from time and distance to frequency (F) and distance (X). In 

this domain, a complex Wiener filter is applied in distance for each frequency in order to predict 

the waveform. The F-X Deconvolution tool classifies as noise any wavefront that diverges from 

the one predicted, and removes it from the seismic record. The prediction filter runs twice in 

opposite directions, in order to avoid prediction errors, and after this is done, the resulting 

frequencies are inverse transformed back to the time domain. Figure 2.10 shows that the output 

gathers have less random noise than the one used as input for the process (Figure 2.9) 

2.12 Filtering 

Filtering is done to make geologic reflectors more clear and remove unwanted frequency 

components from the data. It is usually undertaken in the frequency domain.  There are several 

different types of filter and filter parameters. The commonest and most used filter in seismic 

processing is the bandpass filter, which aims to decrease the level of low and high frequency 

noise at the same time, and to shape the spectrum of the trace. This may be done to remove 

frequencies above the Nyquist and remaining low frequency ground roll noise from the data.  

Tests of bandpass filters were undertaken to determine which range of frequencies 

contained most of the desired signal. The following bandpasses ran 

a. 5-10-20-30 Hz 

b. 10-20-30-40 Hz 
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c. 20-30-40-50 Hz 

d. 30-40-50-60 Hz 

e. 40-50-60-70 Hz 

The results depicted that the best suited frequency bandpass, to preserve signal and 

remove unwanted noise, was 5 – 15 – 70 – 80 Hz. The wavelet used to taper the unwanted 

frequencies was an Ormsby type. 

Figure 2.11 compares the frequency spectra of a shot gather (FFID #9) pre and post-

filtering. First Figure 2.11 a) shows the image with all processing algorithms applied to enhance 

S/R prior to bandpass, and then Figure 2.11 b) depicts the result after the frequency filtering 

(Ormsby bandpass  5 – 15 – 70 – 80 Hz). For comparative purposes, Figure 2.12 illustrates FFID 

#9 with all processing steps implemented so far in the data, i.e., refraction and elevation statics, 

True Amplitude Recovery, Spike Burst Noise Edit, Surface Wave Noise Attenuation, Minimum 

Phase Spiking Deconvolution, FX Deconvolution and Bandpass. This figure shows a more 

noticeable S/R once the low frequency noise content has been removed. 

2.13 Common Mid-Point (CMP) Sorting 

There are three main geometrical features that describe each trace recorded in a seismic 

survey: the shot position, the receiver position and, the most controversial, the subsurface 

reflection position. Figure 2.13 shows a schematic configuration of common gathers referring to 

different geometrical coordinate arrangements. The lines simulate the seismic wave ray path. 

Below each configuration their respective seismic display in time is seen.  
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Figure 2. 11 FFID9 showing the spectral analysis of following tools applied a) TAR + Spike 

Burst Noise Edit + SWNA + Deconvolution + FX Decon; and b) TAR + Spike Burst Noise Edit 

+ SWNA + Deconvolution + FX Decon + Bandpass 5 – 15 – 70 – 80 Hz. 

a) 

b) 
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Figure 2. 12 FFID #9 All previous sequence of processing with Ormsby bandpass filter (5 – 15 – 

70 – 80 Hz) applied. 

 

Before obtaining an image of the substratum, the real subsurface reflection position is 

unknown.  Nonetheless, mathematical tools in processing start with the assumption that this 

point lies vertically under the midpoint between the shot and receiver locations (Figure 2.13 d), 

hence the term common mid-point (CMP).  The traces with the same midpoint location are 

grouped together, making a CMP gather.  

Once a satisfactory improved signal-to-noise image is yielded in the shot gather, the next 

step in the processing flow is to evaluate the velocities best suited to correct the effect of Normal 

Moveout (NMO) in each CMP, and assemble the first stack of the line. Therefore, it is necessary 
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to redefine the survey geometrical display of the traces into CMP gathers, in order to find these 

velocities. 

 
Figure 2. 13 Sematic configuration of a common gathers referring to the different geometrical 

coordinates. The lower graphs represent the seismic traces associated with each ray path (Bianco, 

2011). 

 

2.14 Velocity Analysis 

Seismic velocity is keystone information that must be added to the data processing, and is 

essential to obtaining an accurate image. Velocity analysis is done to correct the effect of normal 

move out on reflection times. The appropriate stacking (or NMO) velocity is derived by the 

“Velocity Analysis” tool in ProMAX. This is done in groups of traces from a Common Offset 

super-gather of a specified number of CMP gathers, utilizing a Velocity Function Stacks (VFS) 

panel, which displays a series of stacked traces of a specified CDP (ProMAX, 2008).  

Kearey et al. (2002) defines Stacking Velocity (   ) as the root-mean-square (RMS) 

velocity value that produces the maximum amplitude of the reflection event in the stack of 

traces. The accuracy of each velocity value is assessed by a semblance panel that displays the 

optimum stack response as a function of time and velocity in a contour plot, as shown in Figure 

2.14. ProMAX (2008) computes semblances performing hyperbolic scans at a specified number 
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of constant velocities (Figure 2.14 c & 2.15 c.) between a minimum (2000 m/s) and maximum 

(8000 m/s) stacking velocity on prestack data. On the velocity spectrum plot, the     function is 

derived by picking the location of the peaks.  

In structurally complex data, as in this case, a hyperbolic analysis on CMP gathers can be 

misleading and degrade the quality of some of the velocity spectra. For example, velocity picks 

around 600 CDP and 1000 CDP were very difficult to determine. This resulted in blurred 

reflections in these areas (Figure 2.19). For example, Figure 2.15 (a) shows a semblance panel 

with low S/R in the areas with complex structure. This affects the accuracy in velocity picks. 

After selecting the velocity values throughout the CDP chosen along the line, the stacking 

velocities picked are then spatially interpolated between the CDPs analyzed, to build a velocity 

field that supplies a velocity function for all the CMP gather along the profile.  

A successful correction of normal moveout is dependent on the use of accurate velocities. 

Henceforth, the velocity analysis is repeated after completing the residual statics correction, to 

improve the resulting stacked image in this survey.      functions were picked iteratively, six 

times after the residual static step in the flow. Hereinafter, the final NMO velocity field is 

referred to as     . Figure 2.16 depicts the final velocity field interpolated after six applications 

of residual statics steps, with low velocities shown in purple in the shallow portions and high 

velocities shown in red in the deeper portion of the section. 

2.15 Normal Moveout (NMO) correction 

 As discussed above, velocity functions are derived at regular intervals along a 

CMP profile, to provide stacking velocity values for use in the reflection time correction of each 

individual trace. Thus, this calculation is numerically equal to NMO, and as such, is a function of 
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offset, velocity and reflector depth. Normal Moveout is the time difference between the two-way 

time at a given offset and the two-way zero-offset time (Yilmaz, 2001: Figure 2.17). 

 
Figure 2. 14 . CDP 154 Velocity analysis. Semblance panel (a); the red contours show the 

optimum stacking velocity. Common offset supergather (b). Velocity Function Stacks panel. Red 

line indicates velocity function picked on the semblance analysis. Orange line indicates previous 

velocity picks on previous velocity analysis.(c). 

a

) 

b

) 

c
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Figure 2. 15 . CDP 604 Velocity analysis in an area with low S/N. Semblance panel (a) shows a 

challenging velocity pick. Common offset supergather (b). Velocity Function Stacks panel Red 

line indicates velocity function picked on the semblance analysis. Orange line indicates previous 

velocity picks on previous velocity analysis (c). 
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Figure 2. 16 Final interpolated velocity ((    ) field (m/s). Lower velocities in shallow areas are 

indicated in red color and higher velocities in blue. 

 

The ProMAX (2008) tool applies NMO correction using the space-variant velocity field 

(Figure 2.16). This tool will apply any statics found in the headers, and will bring the data into a 

floating NMO datum. Given that normally, the maximum offset value ( ) is small compared to 

the reflectors depth, then the travel-time curve of reflected rays in a multilayered ground can 

resemble a hyperbola (Figure 2.17 a). Taking this into account, Normal Moveout is applied in 

accordance with Equation 2.6, based on a flat reflector: 

  
    

  
  

   
   (2.6) 

where  

    Actual reflection time of the seismic event  
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    Zero offset reflection time of the seismic event 

    Source-receiver offset distance 

    NMO or stacking velocity for this reflection event. 

A pitfall of moveout correction is that the amplitude traces are stretched in time, causing 

a lowering of their frequency content.  This is called NMO stretch (Figure 2.17 b). Frequency 

distortion increases at shallow times and large offsets (Yilmaz, 2001). Consequently, to avoid 

this effect, the amplitudes in shallow times and large offsets are muted before stacking. 

After every iteration of static correction a new velocity (     is picked, and a new NMO 

correction is performed. This iterative process is repeated until a satisfactory result is obtained. 

In this section of the research, NMO corrections were also run six times, each time utilizing the 

new improved velocity field.  

2.16 Stacking 

Stacking is another key step towards improving seismic imaging in which the volume of 

data is reduced.  In stacking, data has first to be sorted into CMP gathers. Stacking is the sum of 

NMO-corrected traces in a CMP gather, which yields one output trace.  This simulates a zero 

offset section (Figure 2.18).  The fold is the number corresponding to the traces added together 

during stacking (Drijkoningen, 2012). The ProMAX component used to stack this data set is 

called CDP Ensemble Stack. A Brute Stack is a preliminary common-midpoint stack, where final 

static and velocity corrections have not yet been applied (Sheriff, 2006). 
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Figure 2. 17 CMP gather with one reflection a) before NMO correction and b) after NMO 

correction, showing NMO stretch (Drijkoningen, 2012). 

 

 
Figure 2. 18 CMP gather with 2 primaries and 1 multiple: a) before NMO correction; b) after 

NMO correction; and c) after stacking (Drijkoningen, 2012). 

 

 

 

a b 
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2.17 Residual Statics 

The next step in obtaining a better subsurface seismic image is to account for a second 

travel time correction of the seismic ray during its path through the weathering (low velocity) 

layer and back into the non-flat topography. A first attempt at correcting this phenomenon is 

done at the beginning of the flow, by applying refraction statics (field statics) correction to the 

raw data. But since it is done at the beginning, before any other correction, it always contains 

errors or residuals, which have the effect of blurring the coherence of reflectors on the CMP 

stacks (Yilmaz, 2001). 

Therefore, to improve stacking quality, residual statics corrections are performed on the 

moveout corrected CMP gathers. This correction is empirical and accounts for rapid changes in 

topography, the base of weathering, and weathering velocity. Often reflections from CMP 

gathers depart significantly from a hyperbolic moveout (Kearey et al. 2002). Figure 2.19 shows 

ray paths and its resulting seismic traces deviating from a hyperbolic moveout, in concordance 

with surface topography and velocity layer changes. 

Although such deviations can be caused by complex structural geology and severe 

differences in elevation, a correlation type of residual statics was utilized. The ProMAX 2D/3D 

Maximum Power Autostatics was the process run to calculate the correlation type of residual 

statics in this part of the research. Maximum Power Autostatics computes source and receiver 

residual statics by maximizing the CDP stack power. This method is based on minimizing the 

difference between modeled and actual traveltime deviations associated with a reflection event 

on moveout corrected gathers (ProMAX, 2008). In order to implement 2D/3D Max Power 

Autostatics, a horizon picked along the stacked section is needed. Due to the low S/R found in 
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the brute stacked data, the residual statics were corrected relative to horizons picked in the deep 

part of the section, after the major Besa River detachment. This was done because the shallow 

structure geology found in the section is too complex to pick a continuous horizon. 

 
Figure 2. 19 Diagram of shot gathers, common midpoint gathers, stacks and ray paths and its 

resulting seismic trace in concordance with surface topography and velocity layer changes 

(Railsback, 2011) 

 

Following the first residual statics corrections, a second velocity analysis was repeated to 

update the stacking velocity, and then to run the NMO correction. Subsequently, with the “new” 

brute stacked section (using     ), a second iteration of residual statics was undertaken, and a 

second horizon was picked for this correction. Therefore, Max Power residual statics was 

undertaken iteratively two times after velocity picks and normal moveout corrections.  
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2D/3D Maximum Power Autostatics can be effective in poor S/R data. However, in 

structurally complex data, as in this case, picking a continuous horizon from reflections in the 

basement might not give accurate results, especially in the shallower, complexly faulted and 

folded areas, where continuous reflections are not found. Finally, after obtaining a satisfactory 

improvement of the seismic section, an F-X deconvolution correction was executed after 

stacking the data. 

The next step in preparing the data for migration involved the use of Trim statics, which 

is a second type of refraction statics applied onto the common midpoint gathers. These statics 

optimize trace alignment of reflections within a time shift, and correlate data to a model within a 

time window. Trim statics must be applied carefully, since it may diminish S/R by aligning noise 

as well as signal (Bancroft, J.C., 2007). Three passes of non-surface consistent trim statics were 

applied to the prestack data before inputting the corrected shot gathers into the Kirchhoff 

prestack depth migration tests. 

Figure 2.20 is a the time section stack yielded after the following tools were applied: 

Refraction and Elevation Statics, True Amplitude Recovery, Spike and Noise Burst Edit, Surface 

Wave Noise Attenuation (400 – 1600 m/s), Minimum Phase Spiking deconvolution, Bandpass (5 

– 15 – 70 – 80 Hz),       Analysis, NMO correction, Maximum Power Autostatics, Trim statics 

and F-X deconvolution. This image shows unfocused events from ~5 – 8 km and ~12 – 18 km. 

This might be due to abrupt topography in that area and/or velocity inversions. Also in the areas 

where reflections are focused some bow-tie effects are seen. Leading to the decision that 

migration on complex structural areas is an important step of seismic processing. 
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Figure 2. 20 Brute stack of the CDP ensemble after      
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Chapter 3: Seismic Migration 

 

3.1  Introduction 

Correct preparation of seismic data before it enters the migration sequence is not only 

critical, it is the foundation on which the remainder of the processing sequence is based. After a 

satisfactory seismic reflectivity image is obtained from algorithms applied to enhance signal-to-

noise ratio (S/R) from raw seismic records, data is now ready to enter one of the three main steps 

in seismic processing, Migration. In Chapter 2, an exposition of preprocessing concepts was 

given. This Chapter expands on migration, which broadly consists of the focussing process that 

ideally results in a true image of the subsurface from primary-reflection data. Migration 

algorithms are based on a solution of the wave equation (Long, 2004), and Yilmaz (2001) 

classifies them into three main categories: a) based on the integral result, b) based on the finite-

difference result and c) based on frequency-wavenumber operations. 

Before choosing a suitable algorithm to implement on the data, there are considerations 

that must be taken into account: the nature of the subsurface geology, stratigraphy of the area, 

line length and S/R. Moreover, from these three main divisions, other types of migrations are 

derived that take different approaches and are based on different assumptions to find a solution 

to the wave equation (Long, 2004). For a 2D acoustic earth model, the two-way scalar wave 

equation in the         domain is expressed as follows: 

   

    
   

     
  

     (3.1) 

Where   is the wave field,   is the frequency,   is depth, and   is velocity. 
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Table 3.1 from Yilmaz (2001) compiled a guideline of possible migration strategies for 

certain case scenarios. 

Table 3. 1 Migration strategies (Yilmaz, 2001). 

Case Migration 

Dipping events Time migration 

Conflicting dips with different stacking velocities 
Prestack time 

migration 

3-D Structures 3-D Migration 

Strong lateral velocity variations associated 

with complex overburden structures 
Depth migration 

Complex nonhyperbolic moveout 
Prestack depth 

migration 

 

The study area in this thesis presents complex structural geology and abrupt changes in 

topography, with velocity inversions and strong lateral contrasts. Prestack depth migration 

(PSDM) is a resourceful seismic technology in seismic exploration in the oil and gas industry, 

especially where geological heterogeneity such as fold - fault complexity obstructs the process of 

obtaining optimal seismic imaging. 

3.2 Migration 

The seismic sections depicted in the previous chapter illustrate reflection events that have 

been mapped directly beneath the mid-point of the appropriate CMP gather, assuming only 

horizontal reflectors. Nevertheless, the existence of steep dip reflectors in a thrust-fault area is 

highly probable.  In this case, the actual reflection point is not located directly beneath the mid-

point, but displaced along the dip direction. For this reason, migration is a cornerstone in the 

process of obtaining the most correct possible seismic image. 
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Migration repositions reflection events to their correct surface location at a corrected 

vertical position. It reconstructs an improved seismic section with better spatial resolution 

focusing the energy spread over a Fresnel zone, and by collapsing diffraction patterns produced 

by faulted geology. Migrated seismic section outputs can exist in 2 domains: time and depth. 

Time migration keeps the vertical axis in time dimension, and in depth migration, the reflection 

times are converted into reflection depth.  To accomplish a successful depth migration, the 

appropriate velocity information is needed (Kearey et al., 2002). 

Migration can be undertaken after stacking corrected seismic data, known as poststack 

migration.  This assumes that the stacked section is equivalent to a zero-offset section (Yilmaz, 

2001).  Migration can be also undertaken before stacking the same corrected pre-processed data, 

known as prestack migration.  

3.2.1 Kirchhoff Migration Theory 

This method is based on the integral (or summation) solution of the wave equation. 

Kirchhoff is the most widely used migration method of choice in seismic exploration, mainly due 

to its input and output flexibility and computational efficiency (Long, 2004). Kirchhoff migration 

was the favored method for poststack and prestack migration in this research, due to the 

computer resources available, the characteristics of the S/R of the data and the geologic 

background of the area under study. 

The Kirchhoff migration method uses the same geometric and seismic wave-front 

principles as the diffraction summation method. Figure 3.1 shows a scatter point model of a 

diffractor in a constant velocity media. It assumes that the source and receiver are located in the 

same place at the surface, and that a point diffractor located in the subsurface reflects wave 
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energy back to the receiver (zero-offset). The hyperbolic diffraction curve in Figure 3.1 b depicts 

the seismic response of a point diffractor model. The migration of this seismic section is 

achieved by collapsing the diffraction hyperbola to its origin (apex) (Bancroft, 2001). This 

constitutes the basis of the first computer algorithm: diffraction summation. Any reflector can be 

built by putting infinitely small point diffractors, having the same behaviour discussed above 

(Huygens Principle). The infinite combination of the time responses yields a cancellation of the 

hyperbolas, with some end-point effects and an apparent dip relative to the true reflector, as 

shown in Figure 3.2 (Drijkoningen, 2012). 

The Kirchhoff method, considers the apex of the diffraction curve to be the location of 

the true point reflector. Each point on the output migrated section is treated independently, and 

produced by adding all the amplitudes along the diffraction hyperbola and placing the result at its 

summit. The distance over which the summation takes place is called the migration aperture, and 

it increases with depth and dip of reflectors. The aperture width used for the amplitude 

summation is an important parameter that affects the quality and performance of the Kirchhoff 

migration. A too small aperture could cause inhibition of steeply dipping events, and a too large 

one can degrade the migration quality in sections with poor S/R (Liu et al., 2002). 
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Figure 3.1. A scatter point model (a), and its diffraction (b) (Bancroft, 2001). 

 

The difference between diffraction summation and the Kirchhoff method lies in that 

Kirchhoff corrects the amplitudes and phase for three factors before summing: it incorporates the 

obliquity, the spherical spreading and the wavelet shaping factors. The obliquity factor refers to 

the angle of incidence at which the energy from a point reflector arrives at each receiver. 

Spherical divergence is the second factor, and it accounts for the amplitude decay of the 

wavefront energy given by the inverse of the square of the distance travelled from the source 

(    ). The wave shaping correction restores amplitude and phase distortions that occur during 

wavefront propagation (Audebert et al., 1997). Kirchhoff migration is defined by: 

                         ∑                           [                  ]                  (3.2) 
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Figure 3.2. Point diffractors (left) and their seismic responses (right). Note the apparent dip from 

the hyperbolas (Drijkoningen, 2012). 

 

3.3 Kirchhoff Poststack Time Migration 

The hyperbolic equation is the migration operator in the time domain. An approximation 

of the traveltime from the source to the scatter point and back to the receiver is calculated using 
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strait rays based on Dix equation. Given the RMS velocity,      at a particular time sample   of 

a particular output trace, traveltimes for a Kirchhoff poststack time migration are calculated by 

        
  

   

    
   (3.3) 

Where   is the distance from the output trace location to that of the input trace location, 

     is the input time computed, and    is the two-way vertical travel time from    to the surface.  

Kirchhoff poststack time migration is calculated by using the integral representation of a 

wave field propagating through adjacent points at earlier times, like a superposition of waves 

from where it was measured to the given point to be imaged (Schlumberger, 2013). Bancroft 

(2002), shows the 2D integral solution to the wave-equation 

               ∫
    

√    

    ⁄

  
           ⁄      (3.4) 

“where   is the radial distance from the source receiver location to the scatterpoint, β is 

the geological dip for the appropriate position on the diffraction, and        .” In order to 

propagate the wave field, a seismic velocity model ( ) is needed.  

Figure 3.3 shows clearer reflections are observed from ~0 – 5 km and ~8 – 11 km, as well 

as around 18 – 23 km near the 3000 ms of time. Comparing this figure with the initial brute stack 

in Figure 2.19, significant improvement in S/R, data enhancement and reflection alignment is 

seen 

3.4 Kirchhoff: Prestack Migration  

Prestack migration is performed on shot or CMP ensembles, with no NMO correction and 

before any stacking step. Prestack migration is known to be good in handling conflicting dips 
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with different stacking velocities. Therefore as a next approach for improving seismic imaging 

prestack time and depth migrations were attempted on the preprocessed seismic shot gathers.  

 
Figure 3.3. Poststack Time migrated section using Kirchhoff method 

 

3.5 Re-Processing the Seismic Data 

The preparation of gathers to run a prestack migration is somewhat different than the 

preparation of data for poststack migration. Therefore, in the lofty pursuit of improving imaging 

over the previous processing, this NEBC line was re-processed utilizing the same software, but 

taking slightly different approaches and parameters. The new work flow (Figure 3.4) shows the 

new path taken to improve the imaging. 



 

60 

 

Note that the prestack migration flow is a subdivision of the poststack flow found in 

Figure 2.2, using equivalent ProMAX tools. A brief exposition of the parameters used for the 

prestack time migration steps (Figure 3.4) is given in Table 3.3  

The three main differences between the re-processing and the initial processing were that 

during the reprocessing, the following methods were used: (a) a surface consistent 

deconvolution, (b) a surface consistent residual statics, and (c) a Cadzow type of random noise 

attenuation, whereas during the initial processing, the following methods were used:  (a) 

correlation type of deconvolution, (b) correlation type of residual statics, and (c) a spike-noise 

burst edit. Surface consistent statics assumes that the weathered layer and surface relief are the 

only cause for irregularities in the travel time of rays reflected from a shallow interface (Kearey 

et al., 2002). Cadzow noise suppression applies a matrix rank of reduction random noise filters 

that uses a range of constant-frequency slices (Falkovskiy, 2011). This tool helped in attenuating 

random noise, especially the noise found in the deeper parts of the section, as well as improving 

the continuity of reflection events. 
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Figure 3.4. Prestack migration processing flow diagram performed on the seismic section for the re-

processing of the shot gathers. 
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Table 3. 2 Parameters used for the prestack time migration 

Parameters Values 

Surface Consistent Deconvolution 

Design window 
300 – 2900 ms at 60 m offset 

1600 – 3100 ms at 2400 m offset 

Type of deconvolution Spiking 

Decon operator length 80 ms 

Operator white noise level 1 

Spectral whitening 

Balancing Bandwidth 8/22-50/65 Hz 

Refraction Statics 

Datum Elevation 1550 m 

Replacement velocity 5000 m/s 

Number of layers 2 

Surface Wave Noise Attenuation 

Velocity 1500.0 m/s 

Low frequency 0.0 Hz 

High frequency 22.0 Hz 

Surface Consistent Residual Statics 

Correlation window 800-3400 ms 

Trim Residual Statics 

Traces summed into  model 7 

Maximum allowed shift 10 

Correlation window 600 – 3800 ms 

Random Noise Attenuation 

Type Cadzow for Shots and Receivers 

Time window 400 ms 

Time window overlap 200 ms 

Maximum frequency 100 Hz 

Scaler for higher frequency 0.1 

Kirchhoff PSTM 

Dip Aperture 75 degrees 

Migration half Aperture 2000.0 m 

Mute Pattern 400, 0 - 500, 400 - 3000, 1500 (offset, time) 

Bandpass Filter 

Ormsby filter 5 – 15 – 70 – 80 Hz 
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3.6 Kirchhoff Prestack Time Migration  

Time migration usually means that the output migrated image preserves the depth axis in 

units of time. However using a simple time to depth conversion it can be also output in depth. 

In Kirchhoff prestack time migration the exploiting reflector model is no longer valid; 

instead this migration is commonly based on the following one-way traveltime approximation 

(Bancroft, 2002). The double square-root equation from the source and receiver ray paths is 

given by 

         √
  
 

 
 

  
 

    
  √

  
 

 
 

  
 

    
     (3.5) 

“where    and    are the offsets from the location of the migrated trace to the location of the 

source and receiver.” 

Nowadays, PSTM is becoming less common in areas of complex geology, due to the 

inaccuracies in positioning targets correctly, both vertically and horizontally. However, when the 

velocity model is very complex and not well known, prestack time migration is the best strategic 

approach for seismic imaging. Kirchhoff prestack time migration has the advantage that NMO 

velocity is calculated by finding the hyperbola that has the best power of stacking reflections.  

Consequently, this time migration may focus energy along hyperbolas better than PSDM 

(Brooke, 2000). Another benefit of Kirchhoff PSTM is that it allows a less refined velocity field 

to be used compared to PSDM codes, where accurate interval velocity models are required. This 

quality may become an exceptional asset in seismic imaging, yielding a sharper subsurface 

image with more reflection continuity.  



 

64 

 

PSTM was attempted in this research, in order to evaluate the practical variances and 

improvements produced by the different migration approaches studied. Knowing the geological 

background of the area, and after the third iteration of residual statics, prestack velocity analysis 

was undertaken. Velocities were picked where the CDP gathers showed the best power of stack. 

Velocity analyses were done, first using 5500 m/s as the 100% velocity input, choosing 

velocities from 50% to 200% by a 4% increment of 5500 m/s. Then, in the second analysis, the 

resulting previously-picked velocity field was used as the 100% velocity input, choosing 

velocities from 80% to 120% by a 2% increment from the velocity field input.  The final prestack 

RMS time-velocity field obtained from this analysis is shown in Figure 3.5. The resulting 

velocities ranged from 2000 to 7000 m/s. 

Using the calculated velocity field (Figure 3.5), the Kirchhoff PSTM was applied. Table 

3.3-Kirchhoff PSTM, shows the parameters used in this migration approach. Figure 3.6 shows 

the resulting image from this PSTM applied in the re-processing evaluation done on this 

Foothills section. As predicted, summing the amplitudes along the hyperbola where the velocities 

showed the best power of stack, produced an improved subsurface image showing more 

continuity in reflection events. 

Time migration is equivalent to depth migration in a horizontally layered medium. In the 

case of lateral velocity variations the solution of time migration deviates from an accurate 

solution of a depth migration.  

Finding the best suited velocity model for a prestack depth migration becomes one of the 

main challenges in areas with deep complexity in their geological structures, as in the NEBC 

research area. It required a thorough examination and tying in of all data available. 
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Figure 3.5. Prestack time final RMS velocity field. Velocities ranged from 2000 m/s (red 

colour) to 7500 m/s (purple colour). 

 

3.5 Kirchhoff Prestack Depth Migration 

As Yilmaz (2001) explains, if there are significant lateral velocity changes, a time 

migration might not yield an accurate subsurface image, and as an alternative, a depth migration 

should be attempted.  

Prestack depth migration often gives a readily observable enhancement in imaging and a 

significant reduction in drilling risk compared to time imaging. Therefore, several authors 

(Audebert et al., 1997; Rastogi et al., 2009) recommend prestack depth migration as the most 
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suitable migration to be applied to data with strong lateral velocity variations associated with 

complex overburden structures. 

 
Figure 3.6. Kirchhoff prestack time migration. Resulted from re-processing seismic data. 

 

Time migration algorithms generally leave the vertical axis in time as it was recorded on 

the field, and assume that seismic waves are propagated in straight rays. In prestack depth 

migration a depth section is yielded with vertical axis in units of depth and the traveltimes are 

determined based on ray tracing by Snell’s law (Bancroft, 2002). The calculation of traveltimes, 

in depth migration, from the source to the reflection point and back to the receiver is done layer 

by layer.  
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Depth migration corrects the absolute positioning of data; the depth positioning of 

reflectors is directly proportional to the input velocity model for the migration. One of the main 

objectives of this research from undertaking a depth migration was to output a seismic depth 

section that represents the geological structures of the earth. This was accomplished by the 

construction of a geological structure velocity model.  

A successful PSDM needs the most accurate velocity information of the area under study. 

As mentioned above, PSDM is usually the best approach for imaging complex structural data, 

and specifically, Kirchhoff prestack depth migration has many advantages, including the ability 

to handle steep dips, its spatial sampling flexibility and its computational flexibility (Long, 

2004). 

3.5.1 Lawton’s Kirchhoff PSDM Code 

Lawton’s Kirchhoff migration yields a depth section via an interval velocity model and 

ray tracing following Snell’s law. First arrival traveltimes are calculated through ray tracing from 

the surface. Rays are interpolated along the interfaces of the velocity model, and then gridded 

into an output matrix (Lawton 2009), resulting in traveltime tables, which are input into the 

migration executable file. The ray paths from every source to every receiver are used to define 

the aplanatic surface. The program sums input data samples along the pre-stack diffraction curve 

and assigns the result to each image point. 

This depth migration code runs in batches, using one instruction file for each executable 

file launched (Lawton 2009). The completion of a full PSDM can be seen as a three step process: 
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a) Creation of a velocity model 

b) Computation of traveltime tables  

c) Computation of Kirchhoff depth migration  

The velocity fields were evaluated using pre-processed data, taking into account prior 

velocity estimations done on un-migrated data, integrating information from five near borehole 

logs, stratigraphic columns, and surface geology maps available. The creation of a velocity 

model called for a succession of interpretation steps followed by depth migration processing for 

constant velocities, and then, refining each layer one-by-one until the development of the fold-

thrust structures was satisfactorily defined. 

Finding the most accurate structural velocity model for the 2D line was important to the 

success of depth migration. Interpretation of structural geology and seismic data in an area with 

such a challenge in imaging was a cornerstone achievement of this research. This was done in 

order to develop the optimum velocity model. Hereinafter, this research will expand on the 

creation and evaluation of a structural velocity model. 

3.5.1.1 Velocity Model Building 

In order to perform a depth migration it is necessary to define an interval velocity field of 

the subsurface, i.e., to specify the value of velocity at all points. Seismic processing workflows 

diverge for depth migration of data. Prestack time imaging has one, or possibly two, passes of 

migration velocity model building, then final migration and post-migration processing. Depth 

imaging, on the other hand, needs many passes of migration velocity model building and 

migration before producing a final migrated section. 
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The PSDM velocity model building in this area with thrust structures was accomplished 

through an iterative method. Finding velocities in this line with such poor imaging quality 

became a challenging task.  Therefore, in order to achieve the research objective, and also for 

comparative purposes, common shots gathers pre-processed for Husky by a third-party 

processing company were now introduced into the research.  

The velocity models for Lawton’s code are built manually in a text file. Every layer along 

the profile was represented graphically through a set of points that form a closed polygon, 

containing constant parameters within each polygon (Lawton, 2009). Models created for this 

research were designed based on an isotropic layered Earth, which means, the parameter defining 

a specific formation confined by a specified closed polygon, is uniform in all orientations. From 

Lawton Kirchhoff Depth Migration Processing notes, parameters that define the geological 

velocity model used for the migration of the seismic line were:  

 Description of model 

 Percentage velocity  

 Number of polygons in model 

 Number of vertices in polygon / Isotropic or anisotropic flag  

 P-wave, S-wave and density of formation within the polygon  

 X and Z coordinates of the polygon. Z is positive down from datum 

 Min and max X coordinates in model (assigned at the bottom of model file) 

 Min and max Z coordinates in model (assigned at the bottom of model file) 

These values were set in accordance with geological information available. Figure 3.7 depicts 

an example of a velocity model ASCII file input into the PSDM code. 
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Figure 3.7. Example of an ASCII text file input for velocity model. Two-layer Velocity Model 3. 

First layer migrated using 4000 m/s and second layer using 5000 m/s. 

 

Creation of velocity models was done via a meticulous iterative process. Every 

previously migrated stack profile of the data was referenced through X and Z axis onto clear 

graph paper, in order to draft the next updated model. Desired reflectors were delineated by 

assigning distance and depth values in meters (X, Z respectively) to each inflexion point 

(vertices in polygon) found on a reflection event. A single modification in the geometry of a 

polygon required an update not only in that polygon, but also in the adjacent ones as well. The X 

and Z coordinates found graphically were then updated in the text file, resulting in a new 

velocity model. Each model was then tested to generate new traveltime tables, and consequently, 

a new migrated section. Figure 3.8 shows an example of the manual creation of a velocity model 

utilizing clear graph paper, and assigning (X, Z) values to the polygons that delineated the 

reflections. 

First, constant velocity models were tested, starting from 4000 m/s to 7000 m/s 

increasing velocity every 250 m/s.  This was done in order to generally identify which areas in 

the subsurface were illuminated by certain migration velocities. A series of constant velocity 
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migrated stacks that best yielded alignment of events is shown in Figure 3.9. Highlighted areas 

on the stacks mark the sector where the velocity fit best, showing a possible starting point for the 

subsequent velocity models 

Figure 3.8. Creation of a velocity model utilizing clear graph paper. Numbers on the graph 

indicate X and Y coordinates for distance and depth, respectively. 

 

Specific shallow areas showed better reflector definition, resulting from low velocities a) 

4000 and b) 4500 m/s), and some other areas imaged better with higher velocities c) 5250 and d.) 

5750 m/s. In the deeper parts of the section (> 5000 m), reflectors were not well defined in these 

constant velocity tests. To corroborate the validity of an iteration of migration and a particular 

velocity model, Common Image Gather (CIG) analysis was undertaken 
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Figure 3.9. Constant velocity stacks of third-party preprocessing. a) 4000; b) 4500; c) 5250; d) 

575; e) 6000 and f) 7000 m/s. Red circles highlight the areas with best stacking power   
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CIGs are derived from unstacked traces of PSDM under a fixed surface location.  These 

images are widely used to aid the process of velocity model building. In Lawton’s code, CIGs 

were constructed from migrated shot gathers. The correct velocity field will show horizontal 

events on a CIG, while a curvature in the events of a CIG means that an inadequate velocity 

choice was taken for that specific area under analysis (Mahmoudian, 2009). These criteria were 

used for the improvement of the velocity field. Taking into account the outcome from the 

constant velocity stacks and the analysis of their respective CIGs, a subsequent set of velocity 

tests was undertaken, incorporating the best-fit velocities found in the areas indicated in Figure 

3.9. A new set of velocity profiles (Appendix 1), were tested in the depth migration. The velocity 

modeled polygons were shaped into geometrical figures, in order to refine the values and design 

the next set of models to input in Lawton’s code, for prestack depth migrating the line under 

research. 

A third set of velocity field tests, that included the improvements yielded from the 

previous analysis was undertaken using a configuration that had more geological coherence. A 

general evaluation of the geologic background of NEBC Foothills, together with the imaging 

analysis of the migrated stacks, produced a sequence of velocity assemblies shown in Figure 

3.10. After numerous iterations, a semi-final velocity model was obtained by coupling clear 

seismic reflectors with the velocities of the formations known to be in the area. (Figure 3.11). 

Velocity Model 40 (Figure 3.11) was used as a benchmark for future interpretations and 

improvements of the structural model. It was later input into Kingdom Suite Software to start the 

well log and structural surface geology interpretation found in Chapter 4.  
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Figure 3.10. Sequence of the third set of velocity assemblies (m/s), to input on Lawton’s prestack 

depth migration code. 

 

 
Figure 3.11. Velocity Model 40 (values in m/s). 
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3.5.1.2 Traveltime Tables Computation 

Once a velocity model was generated, first arrival one-way traveltimes were calculated 

from surface location of the line, through ray tracing consistent with Snell’s law principles. Rays 

are smoothed and interpolated along the interfaces of the velocity model and gridded into an 

output matrix (Lawton, 2009).  

An instruction file enclosing shot and receiver coordinates, velocity model, along with 

angle of ray tracing fan and aperture for migration tables (Table 3.12) was requested in order to 

run the “migration tables” phase of Lawton’s program.   

Table 3. 3 Parameters of traveltime tables 

Parameters Value 

Output Trace Spacing  20.0 m 

Depth Sample Interval  10.0 m 

Datum Level 1550.0 m 

Half Aperture for Migration Tables  3000.0 m 

Starting Angle for Raytracing  4.0 degree 

Ending Angle for Raytracing  176.0 degree 

 

The ray paths from every source to every receiver are used to define the aplanatic surface, 

according to the velocity assigned to the polygon that the rays are crossing through. Figure 3.12 

is an example of the ray tracing through velocity model 40. Results from this executable file are 

traveltime tables which were later input into the migration executable. 

3.5.1.3 Kirchhoff Depth Migration Computation 

The migration executable file program sums the amplitude samples found in the input 

seismic data along the prestack diffraction surface, previously calculated via ray tracing, and 

assigns the result common image point.  
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Figure 3.12. Example of the ray tracing through velocity model 40 

 

Migration is embarked from the ground surface rather than datum, but the output section 

will start at depth       meter from datum (positive downwards) to the depth specified in the 

velocity model file. All output depth sections herein were migrated from surface to a depth of 

8000 m. The shot gathers were muted to remove the first breaks and refracted waves. Several 

mutes were tested in order to identify which one led to the best possible image. A similar method 

was followed to detect the best migration aperture. Table 3.13 details the final parameters used 

for the PSDM. 

Table 3. 4 Parameters for Kirchhoff PSDM 

Parameters Value 

Migration Half Aperture 3000.0 M 

Mute Pattern 0.0 50.0  3000.0 2000.0 (offset, time) 

Dip Aperture L&R 30.0 45.0 30.0 45.0 

 

Figure 3.13 shows the depth migration output from Velocity Model 40 (Figure 3.9). This 

image was used as a benchmark for further tests. By integrating well log data and surface 

geology into the research, the hunt for an improved seismic image took a further step forward 
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and a new updated velocity model was accomplished.  Chapter 4 will discuss the creation of the 

final model. 

 
Figure 3.13. Depth migration from velocity model 40 

 

CIGs for Velocity Model 40 were computed, in order to check the quality of velocities 

input into Lawton’s migration code. Figure 3.14 depicts the CIGs from several areas along the 

section. CIGs a - d (~400-1500 m) show a medium to fair grade of flatness in reflections. This 

result indicates that the velocity model is reasonable in these regions but some refinement is 

needed to improve accuracy. On the other hand, CIGs g - j (~15000- 23000 m) do not show clear 

alignment of events. These effects are most likely a consequence of the complex structure and 
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Figure 3.14. Common image gathers  of third–party PSDM with Velocity Model 40. Trace 

Number values are shown in the X axis and Distance values from shot image point are shown in 

the Y axis. 
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Figure 3.14 (continuation). Common image gathers  of third–party PSDM with Velocity Model 

40. Trace Number values are shown in the X axis and Distance values from shot image point are 

shown in the Y axis. 

 

stratigraphy seen in this part of the section. Nevertheless, at this point in the research, the need to 

incorporate all geological and geophysical data available for this cross-section is evident. This 

must be done in order to tie in all the facts and obtain an improved and more accurate velocity 

model. As mentioned above, Chapter 4 will look at integrating this data and updating the 

velocity model for the final Kirchhoff prestack depth migration.  
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Chapter 4: Updating the Velocity Model 

 

4.1 Introduction 

As mentioned in the previous chapters, Prestack Depth Migration (PSDM) can be one of 

the most powerful methods for obtaining an optimum image of a complex subsurface. Migration 

algorithms are based on the solution of the wave equation, and in PSDM, given the right velocity 

model; they focus scattered energy by placing the diffractor into its correct depth position 

(Bancroft, 2001). Hence, the estimation of an accurate velocity field is key in imaging complex 

structures, and moreover, the depth migrated section sets the standard for further geological 

interpretations. 

Improvements are probable from running a PSDM, both in terms of resolution and in 

continuity of reflections. However, due to the abrupt changes in topography and the complex 

geology found in the area, the quality of the data is quite poor. This low S/N not only 

complicates the optimal outcome from the preprocessing of the shot gathers, but also complicates 

the determination of an accurate velocity model. These facts make velocity model building a 

challenging and ambiguous task (Lines et al., 2000). 

In this research, the velocity model building method was divided into two parts: the 

development of the initial model, and then its updating. Chapter 3 explained the preparation of 

this initial model, which broadly describes the velocity trend and geologic structures found along 

the profile. This Chapter describes the elaboration of a more detailed velocity field, which was 

accomplished by the analysis of CIGs, the interpretation of seismic reflection data, the tying of 

borehole information and a thorough structural analysis of geologic and structural maps. 
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4.2 Integration of well log data and surface geology 

Given the challenge in imaging this seismic line, it is very important for this research to 

resort to all data available in order to truly aim for the best structural velocity model for the 

PSDM.  Data from five well logs drilled near and on the line were uploaded into Kingdom Suite 

interpretation software. Surface geology, along with structural maps and adjacent cross sections 

were downloaded from the Geological Survey of Canada. Information was also collected from 

Husky in order to accomplish the ultimate objective of this thesis: improving seismic imaging.  

The analysis and interpretation of all data was done in three phases, each one tied hand-

in-hand with the next, i.e., one phase led to another and ultimately to a refinement of the velocity 

field, until a suitable model was achieved. Initially, a structural analysis of both maps and 

reflection events found in the section was done.  Subsequently, these reflections were tied with 

the borehole and stratigraphic formations known to be in the area, and finally, the velocity model 

was evaluated through the analysis of CIGs. 

4.2.1 Structural Analysis  

The main application of the structural analysis was to interpret the reflection event 

geometries in the seismic section. This was accomplished by studying geological maps and 

manually producing a geological cross-section. 

Surface geology and structural geology maps of the area (Figure 4.1 and 4.2, 

respectively) were uploaded into Kingdom Suite.  Five boreholes and the semi-final migrated 

section (Figure 3.13) were geographically positioned onto those maps. A thorough examination 

of geological units, contacts, fault, symbols and elevation contours was done in both maps. 
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Figure 4.1 shows how the seismic section traverses units from the Triassic, Jurassic and 

Cretaceous periods: specifically, Triassic formation: Toad – Grayling (TLG), Jurassic and 

Cretaceous formations: Beattie Peaks (KBB) and Monteith (JKM) then Lower Cretaceous 

formation: Gething (KG) and Cardomin (KCd). In accordance with the acknowledged background, 

such diversity in geologic unit periods present in one profile is most likely due to compressional 

kinematics, thus resulting in thrust fold and faulted stratigraphic sequences on the terrain. 

Many factors had to be considered in order to manually build this cross section. Taking 

into account previous estimations of velocity and all the resources available, the first task was to 

match the scale of all data that needed to be printed out, i.e.,  the structural map, the geological 

map and the length of the depth migrated section.  Then, since the map units were in feet and the 

section in meters, the units were normalized to meters. 

After the minor details were fixed, the actual drawing of the structural cross-section was 

commenced. The first step was to build the topographic profile by going over the elevation 

contours that cross the line (Figure 4.3) and projecting these elevations, without vertical 

exaggeration, onto a piece of paper. Subsequently, the geologic formation contacts from Figure 

4.1 were marked on the topographic profile.  

Strike, dip, dip direction, fault type and hanging wall direction bedding features were 

extracted from the structural map onto the cross-section. Strike and dip values within a radius of 

500 m from the line were projected onto it and then transferred onto the topographic profile 

(Figure 4.4). The seismic line was recorded along the dip direction (perpendicular to the strike). 

Thus, apparent dip calculations were not needed. 
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Figure 4. 1 Surface geology map. Red stars indicate location of wells. Red lines indicate location 

of adjacent cross-sections 7, 8 & 9. See Figure 1.6 for legend. (G.S. Whitman, et al., 1986) 

 

 
Figure 4. 2 Surface structural geology map and Symbol legend. Red stars indicate location of 

wells (Geological Survey of Canada et al., 1950 - 1963) 
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Figure 4. 3 Recognition of topographic contours. Elevation contours were colored to differentiate the elevations. See 

Figure 4.2 for symbol legend. (Modified from Geological Survey of Canada et al., 1950 - 1963) 

 

Next, an evaluation of the faults on both maps was undertaken. The geologic map from 

Figure 4.1 shows three major west-verging faults crossing the line, whilst the structural map 

from Figure 4.2, shows three major faults and one local thrust fault, also verging west. 

From the structural information gathered, two thrust-fault scenarios were considered. 

Appendix 2 shows the thrust-fault scenarios along with structural drafts of the velocity models. 

Once all information was transferred onto the section (Figure 4.4), the interpretation process 

began. A diagram was drawn using the Busk method of construction. The seismic cross section 

was placed below a clear paper containing all the details mentioned above.   
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Figure 4. 4 Transfer of structural information onto paper. See Figure 4.2 for symbol legend. Elevation contours were colored to differentiate the elevations  
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This analysis was done in order to tie the structural interpretation with the events seen on 

the seismic section. An attempt was made to keep the thickness of the bedding sequences 

constant, but it is important to remember that dip measurements were taken on the surface, and 

therefore, the dip and dip direction of the contacts most likely vary in a thrusted subsurface, 

causing the thickening of the folded layers. At this point, the geological nature of the reflectors 

was expected to be recognized by tying the reflection events with the formation tops included in 

the well log data. 

Due to the length of the seismic section under study, the interpretation of the deeper parts 

of the profile was achieved by sketching the general structural trend of the area. This was done 

using the background geological knowledge and the analysis of three adjacent cross-sections 

(Figure 1.7 in Chapter 1). A major regional detachment was identified in the Devonian and 

Mississippian Besa River shale formation (Thompson, 1979).  Therefore, the sedimentary 

sequence of the Lower Carboniferous to Cretaceous formations was repeated along this 

detachment, and in concordance with the surface location of the thrust faults. These sequences 

were interpreted even in the areas with poorly imaged reflectors. Guided by the adjacent Cross-

sections 7, 8 & 9 (see Figure 4.1 for geographic location); formations from the Ordovician to 

Devonian period were interpreted as flat reflectors. 

4.2.2 Stratigraphic Analysis  

Once the structural geometry of the section was defined, the next step in achieving an 

accurate velocity model was to perform stratigraphic analyses and tie the well records. Five 

boreholes were uploaded into Kingdom Suite. From east to west, the first two wells are located a 

few meters north of the section.  Therefore, these two were projected onto the line and last three 
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wells were drilled on the actual line (Figure 4.1). Figure 4.5 shows the wells on the migrated 

profile achieved with Velocity Model 40.  

 
Figure 4. 5 Cross-sectional view of the wells on the migrated profile using Velocity Model 40 

 

Formation tops along the five logs were now integrated into the structural analysis by 

tying the interpreted layers to an existing stratigraphic control. Only four of the five wells 

included density (RHOB), Gamma Ray (GR), Vp velocity (vel) and sonic logs. The images in 

Figures 4.6–4.9 depict the well logs gathered from the four boreholes and indicate veneer width. 

A regional formation chart for the study area containing depth ( ), density (ρ) and 

compressional wave velocity (Vp) information was also available to complete the 

interpretational analysis. Table 4.1 shows the values gathered from the well logs and formation 

chart of the area under study. Depth records and well ties also aid in the assigning of layer 

widths. Subsequently, a draft of the cross-section was achieved. 
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Figure 4. 6 Borehole 2 located north of the profile, with density (RHOB), Gamma Ray (GR), Vp velocity (vel) & sonic logs showing. 
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Figure 4. 7 Borehole 3 with density (RHOB), Gamma Ray (GR), Vp velocity (vel) and sonic logs showing. 
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Figure 4. 8 Borehole 4 with density (RHOB), Gamma Ray (GR), Vp velocity (vel) and sonic logs showing 

b) 
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Figure 4. 9 Borehole 5 with density (RHOB), Gamma Ray (GR), Vp velocity (vel) and sonic logs showing 
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Then the final structural cross-section (Figure 4.10) was created by making an integral 

compilation of all data gathered: maps, formation tops, charts, well tops and the previously 

undertaken empirical analysis of the stacked section (Figure 3.11). The geometry of buried 

contacts located below 2000 m was defined by using adjacent cross-sections (Figure 1.7). 

4.3 Velocity Model Updating 

The velocity estimation process is a key task in depth imaging. Due to the challenges in 

imaging structurally complex data, interpreting the schematic cross-section from surface geology 

becomes a very resourceful tool. This type of analysis not only aids in the construction of the 

velocity model for the PSDM, but also adds geological validity to it. 

Once all the reflector geometries were translated onto the clear graph paper, everything 

was ready to build the ASCII velocity model file. The velocity models for this isotropic PSDM 

are based on compressional wave velocity (Vp) and density (ρ) of the formations found on the 

subsurface, shaped according to their geologic structure. Therefore, given all the velocity data 

assembled (Figure 4.11) and the structural knowledge gathered; the next phase of the research 

was to generate a new velocity model. 

Using the data from Figure 4.11, mean values of Vp and ρ were calculated for each 

geologic unit. These values were assigned to the polygons on the model, according to the 

geologic geometry established previously. The updated velocity model, i.e., Velocity Model 65 

(Figure 4.12), was achieved in the same manner as previous models, by modifying the sketched 

cross-section fold shapes to match the seismic reflectors visible on the stack 
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Figure 4.10 Structural analysis of the cross-section. Numbers on the graph indicate X and Y coordinates for distance and depth, respectively 
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Figure 4.11 Formation chart with depth (z) m, density (ρ) kg/m3 and compressional wave velocity (Vp) 

m/s data gathered from the for the four boreholes and data provided by Husky Energy. 
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Figure 4.12 Updated Velocity Model 65 
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In the process of obtaining Velocity Model 65, a set of models was first tested, dividing 

the geometry building of the ASCII file in several stages before achieving the final result 

(Appendix 3). Flat stratigraphy was assumed in areas where reflector continuity was not 

interpretable either from seismic or by geologic deduction. 

The “symbol” column on Figure 4.11 refers to the legend utilized to tag the layers in 

Velocity Model 65, according to their respective geological value. Note that the acronym Fms. 

refers to the Fernie, Nordegg, Pardonet and Baldonnel formations from the Triassic and Jurassic 

periods. Despite their velocity differences, these formations were merged into one layer, due to 

the difficulties in the manual creation of a very thin layered velocity model.  

4.4 Kirchhoff Prestack Depth Migration using the Updated Velocity Model 

As mentioned in Chapter 3, PSDM velocity estimation and model building was 

undertaken using pre-processed shots gathers generated in this research, as well as those 

provided by a third-party seismic processing company. This was done for comparative purposes 

and to achieve the best possible outcome for the velocity models research. After the structural 

velocity model was satisfactorily defined, shot gathers from different pre-processing origins were 

then ready for depth migration.  

Three shot gather sets were tested using Velocity Model 65 (Figure 4.12). These common 

shot gathers are derived from three different preprocessing paths. The first was undertaken at the 

beginning of this research, the second was built to refine pre-processing parameters in pursuit of 

improved imaging, and the third came from a processing company based in Calgary. First, 

Figure 4.13 depicts the depth migration evaluated using the initial processed shot gathers 

(Chapter 2), Figure 4.14 shows the PSDM stack of re-processed shot gathers (Chapter 3) and 
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finally Figure 4.15 shows the prestack depth migrated section from the shot gathers from the 

processing company. The parameters chosen for the migration of the three data sets were the 

same ones depicted Chapter 3 (Table 4.1). 

Table 4.1 . Parameters of Kirchhoff PSDM 

Parameters Value 

Migration Half Aperture 3000.0 m 

Mute Pattern 0.0 50.0  3000.0 2000.0 (offset, time) 

Dip Aperture L&R 30.0 45.0 30.0 45.0 (degrees) 

 

 

Figure 4.13 PSDM of initial process shot gathers with Velocity Model 65 
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Figure 4.14 PSDM of re-process shot gathers with Velocity Model 65 

 
Figure 4. 15 PSDM of third–party process shot gathers with Velocity Model 65 
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CIGs for the first data set were computed (Figure 4.16) in order to perform a quality 

check of the velocities input into Lawton’s migration code.  In areas with complex geology like 

the NEBC in the Canadian Foothills, CIGs can be strongly affected by artifacts, even when an 

accurate velocity model is used for PSDM (Mahmoudian, 2009). Common image gathers a), b), 

c), d) and e) calculated between 200 and 1000 m, reflect where the final section showed best 

imaging. These exhibit reflector alignment, especially on the first 5000 m of depth. The 

horizontal alignment of events, on all CIGs is not perceptibly forthright.  However, some CIGs 

exhibit a reasonable validation of the quality of the velocity background chosen. 

  

  

Figure 4. 16 Common image gathers of third–party PSDM with Velocity Model 65. Trace 

Number values are shown in the X axis and Distance values from shot image point are shown in 

the Y axis. 
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Figure 4.16 (continuation) Common image gathers of third–party PSDM with Velocity Model 

65. Trace Number values are shown in the X axis and Distance values from shot image point are 

shown in the Y axis. 

 

The main objective of this research was to improve the imaging on this seismic line 

located in a complex structured zone in the Canadian Foothills near Fort Saint John at NEBC, as 

well as interpreting the structural geology of the area and creating a structural velocity model for 

this 2D line. Many challenges were encountered in attempting to achieve this objective, and 

several evaluations were tested. Chapter five will expand on the discussion and comparison of 

the final results, arriving at conclusions and making future recommendations for imaging 

complex geology. 

  

e) f) 

g) h) 
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Chapter 5 Discussions and Conclusions 

  

5.1 Discussions 

Embarking on this research, located in a complex techno-stratigraphic area with strong 

topographic variations meant coping with numerous challenges, starting with the fact that 

seismic data acquisition in mountainous areas can introduce several difficulties. Outcrops of 

strata of Cretaceous and Triassic age have P wave velocities around ~4500 m/s and are hard 

rocks to drill for the dynamite holes used as the shooting source. In a similar manner, firmly 

planting the geophones in these rocks, as well as the effect of differences in elevation can be 

challenging. Furthermore, when recording seismic data, pronounced differences in elevation can 

cause the wavefront energy to scatter, producing a low coherent signal response. Also, energy 

coming from the 3D-type structures found in the Foothills is likely to be recorded by the 2D 

spread geophone array. These characteristics were found in the research while processing the 

data. 

Due to the quality of the raw seismic records, processing this data required knowledge of 

the geological background, together with the skills to detect the challenging characteristics 

present in the seismic shot records. Abrupt topography may cause gaps in these records, making 

it difficult to obtain quality imaging in migration. Refraction statics calculation plays an 

important role in the pre-processing of land data. In mountainous areas like the Canadian 

Foothills, the weathering layer tends to be less compact and uniform than in flat basin areas. 

Figure 2.5 (c) in Chapter 2 shows the uneven thickness of the weathering layer found along the 

line. This characteristic may generate errors in the calculation of the statics, and moreover an 
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uneven propagation of the source energy throughout the subsurface, causing some shot gathers to 

have better S/R than others. 

The noisy nature of these data required numerous noise attenuation and data enhancement 

tests. Many parameters were tried in each processing tool, but only those that yielded the best 

results in the shot records, and ultimately the stacked data, were the ones applied. Some data 

enhancement and noise attenuation algorithms varied between the first processing and the re-

processing of the seismic data, as well as in time and depth processing. The main attenuation and 

data enhancement tools applied in all the migration tested were (Table 5.1)  

Calculation of residual statics also played an essential role in the seismic data processing. 

In the first processing, 2D Maximum Power Autostatics was applied.  This is a trace-by-trace 

type of statics, whereas in the re-processing, a surface consistent residual static tool was applied. 

Trim Statics corrections were calculated in both cases, three times on the first process and only 

one pass on the subsequent re-processing. Trim statics must be applied with caution since it can 

align noise as well as signal.  

To select the best migration algorithm, several facts were taken into account. From the 

geological point of view, an algorithm with good handling of steep dips typically found in thrust 

belt tectonics and a fair handling of lateral velocity variations related to overburden structures 

was needed. From the computational point of view, and in agreement with the geological facts, 

the ideal characteristics needed in the algorithm were: (a) its ability to test parameters, (b) its low 

sensitivity to velocity errors, and (c) its short computational times. 
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Table5. 1 Noise attenuation and data enhancement tools applied 

Corrections Tool Applied 

Inicial processing - Poststack Time 

Geometric Spreading Correction True Amplitude Recovery 

Random Noise Attenuation Spike Noise Burst Edit 

Ground Roll Attenuation SWNA 400 – 1600 m/s 

Random Noise Attenuation FX Noise Suppression 

Frequency Filtering Ormsby Bandpass 

Re-processing - Prestack Time 

Geometric Spreading Correction True Amplitude Recovery 

Ground Roll Attenuation SWNA 1600 m/s 

Frequency Correction Spectral Whitening 

Random Noise Attenuation Cadzow for Shots and Receivers 

Random Noise Attenuation FX Noise Suppression 

Frequency Filtering Ormsby Bandpass 

Inicial processing – Prestack Depth 

Geometric Spreading Correction True Amplitude Recovery 

Random Noise Attenuation Spike Noise Burst Edit 

Ground Roll Attenuation SWNA 400 – 1600 m/s 

Random Noise Attenuation FX Noise Suppression 

Frequency Filtering Ormsby Bandpass 

Re-processing – Prestack Depth 

Geometric Spreading Correction True Amplitude Recovery 

Ground Roll Attenuation SWNA 1600 m/s 

Frequency Filtering Spectral Whitening 

Random Noise Attenuation Cadzow for Shots and Receivers 

Frequency Filtering Ormsby Bandpass 

 

Kirchhoff poststack time migration was first evaluated. This migration was chosen for its 

special sampling flexibility using the stack velocity field (Vst 6) picked in the semblance analysis 

(Chapter 2). Result (Figure 5.1) shows fair-to-good continuity and focus in dipping reflectors, as 

well subhorizontal reflections in the shallow part of the profile (0 - 1800 ms). Migration of the 

deeper layers, at reflection times greater than 2200 ms was not as successful as the results seen in 
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the shallow areas of the section. Kirchhoff poststack time migration yielded “smile” artifacts in 

the areas where the thrust faults were interpreted, i.e. around 6, 12 and 17 km of distance. These 

artifacts could be a consequence of inaccuracies in the calculation of residual statics. Max. Power 

Autostatics corrects data relative to a horizon. Due to the poor quality of the image, the horizon 

chosen was from the Devonian age (~3000 ms), below the Besa River detachment and the thrust-

fold structures. Picking a subhorizontal horizon for structural data could introduce false 

structures to the profile and diminish the imaging quality of steep dips in the shallower section. 

Another cause of these artifacts might be due to contrasting dips related to thrust faults; this 

characteristic is better handled by prestack migration. 

A poststack time migration in accreted terrains such as the Foothill thrust fold belt with 

rapid lateral velocity changes showed a fair-to-medium image quality. Migration artifacts often 

are the effect of strong noise content in the shot records.  For that reason, the data was re-

processed and Kirchhoff prestack time migration was then tested. On this second time 

processing, surface- consistent residual statics were tested, allowing structural data to be 

corrected more accurately, without introducing artificial structures or flattening reflections. 

During the re-processing, in addition to applying FX noise suppression, a Cadzow random noise 

attenuation program that aids reflector continuity was run.  As a result, shot gathers from the 

second re-processing undertaken showed better reflection continuity and less random noise 

(Figures 5.2 – 5.4). Kirchhoff migration was chosen because of its computation efficiency and its 

flexibility dealing with velocity variations and conflicting dips, thus making Kirchhoff an ideal 

migration method for geologically complex areas. 
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Figure5. 1 Kirchhoff poststack time migrated section, a) b) & c) focused reflections on the 

shallow part of the section. 
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Figure5. 2 Shot gathers of FFID #9 located in the eastern part of the seismic line. a) Fist processing b) Second re-processing and c) 

Third-party preprocessed gathers 
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Figure5. 3 Shot gathers of FFID #122 located in the middle part of the seismic line. a) Fist processing b) Second re-processing and c) 

Third-party preprocessed gathers 
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Figure5. 4 Shot gathers of FFID #248 located in the western part of the seismic line. a) Fist processing b) Second re-processing and c) 

Third-party preprocessed gathers 

 



 

109 

 

 

Figure 5.5, which resulted from the Kirchhoff PSTM, exhibits significant improvement in 

the shallow areas compared to the poststack migration. Dipping reflections in the first 5 km and 

1400 ms are visible in this image, as well as the shallow areas between 8-12 km and 19-22 km. 

corresponding to the Mesozoic strata sequence repeated along the thrust fault from the Besa 

River detachment Deeper events from Ordovician – Devonian age are also better imaged here 

compared with the poststack time migration. On the other hand, imaging is quite poor where the 

thrust faults are located, especially between 12 and 17 km. Over this region, two faults and 

compressed, steeply dipping geologic sequences are known from surface geology. Another thrust 

fault was interpreted around the 6 km mark in the profile, also showing poor imaging. The final 

step in attempting to improve imaging was to run prestack depth migration.  

In areas of rapid lateral and vertical velocity changes, as the ones found here, found in the 

study area for this research project, PSDM generally offers better focussing of the scattered 

energy by moving it to a proper subsurface position when an accurate velocity model is used in a 

migration. The velocity estimation process is the main task in depth imaging. Both data - the 

initial processing and subsequent re-processing - were tested using a Kirchhoff PSDM code 

developed by Lawton. In addition, external pre-processed shot gathers were introduced into the 

research for comparative purposes, as well as to aid in the task of velocity model building. 
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Figure5. 5  Kirchhoff PSTM of re-processed data. a) Reflections beneath carbonates outcrops, b) 

& c) Mesozoic clastic sequences and d) Paleozoic strata. 
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Building a velocity model that accurately represented the subsurface was a laborious task. 

The determination of the reflection geometries derived from the structural and geological and 

geophysical analysis constituted an important input to this and further researches, aiding in the 

understanding of challenges in imaging of the area.  

The migration code required the manual creation of a velocity ASCII file describing each 

layer found in the profile as a closed contour (polygon), making this process time consuming. 

The velocity model was based mostly on the knowledge gathered from the formation chart and 

the structural cross-section assembled by projecting surface geology information onto a clear 

graph paper and tying that information to the stack section, along with the time migration RMS 

velocities. Due to low S/R, the completion of the velocity model required a good deal of 

interpretation, for which the adjacent cross-sections and the PSDM of the externally pre-

processed shot gathers proved invaluable (Figure 5.9). A consequence of building the velocity 

model was that resolution of thin layers was impossible to accomplish, and therefore, most of the 

layers in this model were defined by formation groups, and their velocities were averaged.  

Figure 5.7 shows the result from prestack depth migration of the shot gathers yielded 

from the first processing. This section is affected by strong artifacts, and almost no reflection 

events were visible. Only slight definitions were seen within the top part of the first 10 km of the 

profile.  Inaccurate calculation of the statics for the weathering layer was the mostly likely cause 

of these artifacts. Proper calculation of statics in highly structural data was therefore another 

challenge faced.  

Figure 5.8 shows the result from PSDM of the re-processed shot gathers. This section 

shows some improvement over the image shown in Figure 5.7. The best imaged events are again 

found in the upper part of the eastern 10 km of the section. However, even though surface 
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consistent residual statics were applied during the re-processing, strong artifacts were still 

present similarly to what occurred in the migration of previous data. 

Finally, Figure 5.9 shows the result from Lawton`s Kirchhoff PSDM code of the shot 

gathers processed externally by a third-party processing company. Migration of this data set also 

depicts better imaging in the upper eastern half of the profile, i.e., the Mesozoic stratigraphic 

sequence, but deep reflections from the Ordovician to Devonian strata show poor definition in 

this section.  

The surface geology map shows that the eastern 15 km of the line at the ground surface, 

are dominated by the Gething and Beattie Peaks Formation of Cretaceous age. These formations 

are composed of marine fine-grained sandstone, whereas the western 8 km of surface formations 

are composed of carbonate rocks of the Toad Grayling Group of Triassic age. Imaging below 

surface carbonate rocks is a known challenge (Hua, 2009). Source wavefield energy scatters 

within high velocity carbonate rocks (Toad Grayling ~4700 m/s), adding reverberating noise into 

the data.  Therefore, the seismic response of reflections coming from underneath the carbonate 

units are recorded as weak signal, as well as presenting velocity pull-up effects. Also, carbonate 

units are rigid, more so than the surrounding clastics (i.e. fine-grained sandstone). They tend to 

fold and fault, generating steep and rapidly changing dips, causing raypath distortion. (Hua, 

2009). When carbonate units are interbedded with lower velocity clastic units, as in the case 

studied, this causes velocity inversion. Moreover, the above characteristics - weak signal and 

velocity pull-up - not only occur in the surface but in the subsurface as well.  All the above issues 

prevent clear imaging, and in these cases, migration algorithms have difficulty in enhancing the 

subsurface image. 
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Figure5. 6  Final velocity model resulted from tying all geophysical and geological data. 
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Figure5. 7  PSDM of initial processed data. a) &, b) Reflections of Mesozoic clastic sequences 
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Added to this scenario is the fact that the geological structures found in this area are 3D.  

During data acquisition, the signal recorded by geophones most likely stems from the 3D 

structures surrounding the line.  But this signal is treated and processed as 2D energy, thereby 

creating a discrepancy, which is another factor explaining the presence of strong artifacts in the 

three migrated sections.  So, even when having an accurate velocity model for this 2D profile, 

the migration of energy coming from 3D structures can only be done accurately by undertaking a 

full 3D survey and 3D migration.  

On the other hand, of all the migration methods used, Kirchhoff PSTM (Figure 5.5) 

showed the best handling of steep dips and subhorizontal deep reflections. In this profile, seismic 

events were found to be more focused and horizons to have more continuity. Figure 5.10 

compares the original Husky PSTM section with the resulting PSTM profile produced by this 

research, clearly showing that the stated objective i.e., to improve seismic imaging, was achieved 

by applying the Kirchhoff prestack time migration. 



 

116 

 

 

 
Figure5. 8  PSDM of re-processed data. a) & b) Reflections from Mesozoic clastic sequences 
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Figure5. 9 PSDM of third-party processed data. a) Reflections beneath carbonates outcrops, b) & 

c) reflection from Mesozoic clastic sequences 
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Figure5. 10 Comparison of a) Husky original PSTM data with b) Kirchhoff PSTM of re-processed shot gathers. 

a 

b 



 

119 

 

 

5.2 Conclusions  

Imaging areas with complex structural geology is a challenging task. The results obtained 

in this research led to the following conclusions:  

 Acquiring seismic data in the Canadian Foothills is challenging, and data quality is often 

poor, presenting low S/R. Seismic processing of this data required careful use of noise 

suppression and signal enhancing tools. 

 Statics corrections were a key step when processing this land data in such a complex area. 

The weathering layer along the profile is uneven, increasing the difficulty of determining 

correct statics values, which ultimately resulted in artifacts in the migration.   

 Selecting the optimum migration algorithms in fold thrust belts where conflicting dips, 

lateral velocity variations and velocity inversions occur due to the accretion of terrains 

and overburden of structures, proved an ambiguous task. 

 Kirchhoff poststack time migration yield a fair image quality. Artifacts were found whre 

thrust fault were interpreted. Poststack time migrations are not recommended in areas 

with conficting dips and rapid velocity variations.   

 The Kirchhoff method for both prestack time and depth migration was chosen for its 

computational efficiency, its parameter testing and spatial sampling flexibility. 

 The result obtained from Kirchhoff prestack time migration showed significant 

improvement in imaging. Continuity in reflection events was appreciable in most parts of 

the section, and energy was better focused in the eastern part of the section, where 

Mesozoic sediments outcrop, as well as from deep Lower Paleozoic strata. 

 Creation of a structural velocity model of the seismic 2D line constituted in one the major 

contribution of this research, from which further geological or seismic research on the 
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area should be taken into consideration. Finding the best suited velocity model for 

prestack depth migration in this area with complex tectonostratigraphic structures was 

one of the main outcomes of the research. It required a thorough examination and tying of 

all available sources of geophysical and geological data. The final velocity model 

constituted the best possible outcome from seismic interpretation of CIGs and structural 

geologic interpretation of surface geology and well data. But the manual construction of 

this velocity model may have compromised its accuracy thus inserting errors into the 

PSDM. 

 Generally speaking, PSDM of all three processed data sets showed poor-to-medium 

imaging quality and migration artifacts.  Only a certain degree of definition was found in 

the top right Mesozoic sequence. The migration artifacts could be due to (a) interbedded 

and surface carbonate units found in the area, causing poor S/R in the record, (b) 

problems in statics calculation, (c) 3D energy processed and interpreted as 2D seismic, 

and ultimately (d) lack of accuracy in the velocity model. 

 Finally, the best improvement of the seismic image of the seismic 2D line was achieved 

through applying Kirchhoff prestack time migration to the second data set, the re-

processed shot gathers. Summing the energy along the hyperbola by selecting only the 

velocities that displayed the best power of stack produced the best possible outcome of 

the signal available in the records.  

5.3 Future work 

Throughout this research, numerous tests were done and all available resources were 

integrated to achieve the best possible outcome from the seismic data on hand. To further 
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improve seismic imaging in complex tectonostratigraphic areas, the following recommendations 

should be considered: 

 Acquire more data on the area, designing a geometry spread that takes into account the 

thick and uneven effects of the weathering layer. This should be done in order to reduce 

future statics problems. 

 Undertake a 3D survey acquisition on the area with a view to more effectively imaging 

3D thrust folded structures present in the Canadian Foothills.   

 Undertake a 3D prestack depth migration. 

 Refine the velocity model for PSDM using interactive software. Velocity tomography by 

layers may produce a refined velocity model and improve the flatness of CIGs from 

seismic data with low S/R. 
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Appendix 1 

 

 

Appendix 1 Figure 1. 1 Velocity Model 7 

 

 

Appendix 1 Figure 1. 2 Velocity Model 8 
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Appendix 1 Figure 1. 3 Velocity Model 9 

 

 

 

Appendix 1 Figure 1. 4 Velocity Model 10 

 



 

124 

 

 

Appendix 2 

 
Appendix 2 Figure 2. 1 Cross-section structural draft 1 

 
Appendix 2 Figure 2. 2 Cross-section structural draft 2 
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Appendix 2 Figure 2. 3 Cross-section structural draft 3 

 
Appendix 2 Figure 2. 4 Thrust-fault scenario 1. Three regional west verging thrust faults and one 

local thrust fault 
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Appendix 2 Figure 2. 5 Thrust-fault scenario 2. Three regional west verging thrust faults 
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Appendix 3 

 
Appendix 3 Figure 3. 1 Velocity Model 50 

 

 
Appendix 3 Figure 3. 2 Velocity Model 51 

 
Appendix 3 Figure 3. 3 Velocity Model 52 
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Appendix 3 Figure 3. 4 Velocity Model 58 

 

 
Appendix 3 Figure 3. 5 Velocity Model 59 

 

 
Appendix 3 Figure 3. 6 Velocity Model 60 
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