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ABSTRACT 

Lateral ramps have been recognized as a common means of 

accommodating the along-strike transfer of displacement in thrust belts, and are 

associated with structural complexities arising from out-of-plane strain. A three-

dimensional (3-D) numerical depth model was constructed using results from the 

analog centrifuge modelling of a tear fault with the purpose of imaging the 

complex structures through 3-D ray tracing methods. The acquisition of two-

dimensional (2-D) synthetic seismic data over the model demonstrates that false 

structures can be imaged and interpreted when out-of-plane reflection energy is 

assumed to originate from within the vertical plane of acquisition. The acquisition 

of 3-D synthetic seismic data over the model illustrates that in areas of complex 

structure the acquisition and processing of 3-D seismic data are required to 

properly account for out-of-plane energy. The structural interpretation of 2-D 

data from the Tarata Thrust Zone, Taranaki Basin, New Zealand, delineated a 

displacement transfer zone between a simple emergent thrust and a triangle 

zone, interpreted to be accommodated by a lateral ramp and tear fault. The 

location and orientation of the lateral ramp was constrained through the 

numerical seismic modelling of the out-of-plane events present in the 2-D seismic 

data. 
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CHAPTER 1: INTRODUCTION 

1.1 General Introduction 

The purpose of this thesis is to develop a better understanding of imaging 

issues related to complex geological structures in fold-thrust belts such as the 

Canadian Rocky Mountain Foothills. Lateral ramps, in thrust faults that cut up-

section along strike, have been recognized to be a common means of 

accommodating the transfer of displacement in thrust belts. Structures 

associated with the deformation of thrust sheets over lateral ramps are of interest 

to the explorationist as they are related to the compartmentalization of 

hydrocarbon reserves. In this thesis a series of three-dimensional (3-D) 

numerical depth models with lateral ramp geometries were used as the basis for 

seismic ray trace-based modelling experiments, designed to study the implication 

of out-of-plane imaging effects on the structural interpretation of two-dimensional 

(2-D) seismic data. 

Seismic data collected along 2-D lines are commonly processed and 

interpreted under the assumption that the events originate from reflection 

horizons located directly below the line. In areas with considerable variations in 

along-strike structure a significant amount of energy may originate from reflectors 

located outside of the vertical plane below the 2-D line (out-of-plane events), and 

a 2-D seismic section does not correctly represent the reflector geometry. The 

solution to this out-of-plane problem is to acquire and process 3-D seismic data 

under the assumption that the energy arriving at the receivers may originate from 

anywhere in the subsurface. However, in the absence of a 3-D seismic data 

volume, the subsurface structural geometry in complex environments can be 

constrained by considering 3-D or out-of-plane effects in 2-D seismic data. 
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1.2 Research Objectives 

The objectives of this thesis include: 

• defining the 3-D geometry of regions with along-strike variation in structure, 

using examples from centrifuge structural modelling and through the 

interpretation of a 2-D field data set. 

• rendering of 3-D numerical depth models with lateral ramp geometries using 

GoCAD. 

• acquiring 3-D synthetic seismic data over a 3-D numerical depth model using 

ray tracing techniques to demonstrate the significance of out-of-plane imaging 

effects on structural interpretations. 

• evaluating the implications of acquiring zero-offset vs. multi-offset synthetic 

seismic data over numerical depth models to investigate the seismic 

response of complex structural geometries. 

• using the presence of out-of-plane reflection events in 2-D data to constrain 

the location and orientation of a subsurface lateral ramp structure, employing 

3-D numerical seismic modelling techniques. 

1.3 Relevance of Lateral Ramp Geometry 

1.3.1 Geometry of Lateral Ramps 

Thrust faults generally propagate along a ramp-flat trajectory, where a flat is 

the portion of a fault that has propagated parallel to bedding, and a ramp is 

where the fault cuts across the bedding from a lower to a higher stratigraphic 

level (Dahlstrom, 1970). A frontal ramp is oriented such that the dip is parallel 

and the strike is perpendicular to the transport direction. A lateral ramp strikes 

parallel to the transport direction, and cuts up-section through the stratigraphy 

along the strike of the thrust belt (Figure 1.1). A tear fault is a lateral ramp that 

has a near-vertical dip, and an oblique ramp is a lateral ramp that strikes 
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obliquely to the transport direction (McClay, 1992). Structures in the hangingwall 

and footwall are diagnostic of the geometry of the fault ramp system, specifically 

the prominent structural culminations that develop in the hangingwall over the 

leading and trailing frontal ramps (Figures 1.1 and 1.2). These culminations are 

shown to terminate at the location of the lateral ramp or tear fault where the 

associated folds plunge off the end of the culmination. 

Analog centrifuge structural modelling at the Queen's University 

Experimental Tectonics Laboratory was performed to delineate the geometry of 

structures associated with deformation over a tear-fault ramp system (Dixon et 

al., 1998; Dixon et al., 1999). The results of this modelling study revealed the 

phenomenon of out-of-plane transport and deformation in the region surrounding 

the tear fault. The 3-D strain was revealed through the rotation of the tear fault 

out of the transport direction and accompanied by the along-strike propagation of 

the frontal fault ramps (Dixon et al., 1998; Dixon et al., 1999). The incidence of 

3-D strain documented in both the hangingwall and footwall poses an interesting 

challenge to the seismic imaging of these structures, as the out-of-plane bedding 

reflection events are themselves rotated out of the plane of transport. 

Some well-known structural features in the Canadian Rocky Mountains and 

Alberta Foothills have been attributed to the deformation of thrust sheets over 

lateral ramps and tear faults. For example, the steep southward plunge of the 

Brazeau thrust sheet and the northward plunge of the Panther Culmination have 

been interpreted to be indicative of a buried tear fault on the order of 50 km in 

length (Dahlstrom, 1970; Begin et al., 1996; Begin and Spratt, in press). Similar 

structures in fold and thrust belts are more difficult to identify due to the smaller 

scale and irregular geometry of the faults, which introduces complexities for 

seismic imaging. For example, at the south end of the Turner Valley structure, 

the Turner Valley thrust fault cuts up-section to the south through Paleozoic 

carbonates as a lateral ramp (MacKay, 1991). A subsurface lateral ramp was 

imaged and identified in a 3-D seismic data set in the Racehorse Creek area 
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(b) 

Figure 1.1. (a) Frontal, lateral, and oblique ramps in of a thrust fault, with arrows 
indicating the direction of transport. A tear fault is a lateral ramp with a vertical 
dip. (b) Frontal, oblique and lateral culminations resulting from thrust 
displacement over the footwall ramp configuration in (a) (modified from McClay, 
1992). 
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Figure 1.2. Structures in a thrust sheet that arise due the presence of a tear fault 
in the underlying thrust geometry (from Dahlstrom, 1970). 
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of southwestern Alberta (Deline and Dixon, 2000). Structures associated with 

transversely varying geometries are currently of interest as potential hydrocarbon 

traps in the Alberta Foothills, particularly the localized culminations associated 

with the lateral ramps. 

1.3.2 Imaging Complex Structures 

The term complex structure is used to describe a structural configuration 

that is not easily imaged by conventional seismic imaging techniques. 

Traditionally, these complex structures are associated with regions that feature 

salt domes, extensional basins, and fold and thrust belts. There is significant 

interest in getting a correct picture of the subsurface in these regions as there are 

active interests in hydrocarbon exploration in such environments. Some of the 

tools commonly used to improve the resolution of complex geometries include 

the acquisition of 3-D seismic data, depth migration and pre-stack migration 

techniques. Numerical seismic modelling is also used to aid the structural 

interpretation, as the theoretical response of the subsurface geometry to a 

seismic experiment can be predicted, with the aim of identifying patterns in the 

modelling results and drawing comparisons with field data. 

Imaging issues that are common to fold and thrust belts include the 

presence of lateral seismic velocity variations, anisotropic velocities in some 

Foothills formations, statics associated with topography and the near-surface 

geology, and the effects of 3-D structure on 2-D acquired data. Due to increased 

cost of acquiring and processing 3-D seismic data in the presence of extreme 

topography, 2-D seismic data is acquired and exploited to its full extent to 

delineate the subsurface geometry. However, one of the biggest limitations of 2-

D seismic data is that in areas with complex geometry the 3-D effects (such as 

sideswipe and raypath bending) often hinder the interpretation of the true 

structure. The seismic section contains reflections derived from outside the 
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plane of section, and is not the actual image of what lies vertically beneath the 2-

D line. 

1.4 Methodologies 

1.4.1 Software 

Several commercially available software packages were used in 3-D model 

building and ray tracing. SeisX by Photon Systems Ltd was used for the seismic 

interpretation of 2-D and 3-D seismic data. 3DMove by Midland Valley is a 3-D 

structural balancing program that was used to create and deform geological 

horizons. GoCAD, by T-Surf, is a 3-D model builder that can integrate data from 

a wide array of geological and geophysical sources and was used to create and 

edit the numerical models. Norsar3D is a 3-D seismic ray tracing program by 

Norsar Seismic Modelling. 

1.4.2 Data 

The data used in the ray tracing experiment in Chapter 3 are based on 

results from analog centrifuge structural modelling done at the Queen's 

University Experimental Tectonics Laboratory (Dixon et al., 1998; Dixon et al., 

1999). The ray tracing experiment in Chapter 4 uses time-migrated 2-D seismic 

lines and VSP well data from the Tarata Thrust Zone, Taranaki Basin, New 

Zealand, made available by the New Zealand Ministry of Commerce and Fletcher 

Challenge Energy, New Zealand, respectively. The methodologies used in the 

construction of the 3-D numerical models are described in Chapter 2. 

1.4.3 Seismic Modelling 

In this study 3-D numerical seismic modelling techniques were used to gain 

an understanding of the seismic response to complex geologic structures, 

particularly those associated with lateral ramps. Forward seismic modelling 

involves the computation of synthetic seismic data over a parameterized 
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subsurface geological model. The benefit of modelling is that the seismic 

response to geology can be predicted without the artifacts associated with field 

acquisition and processing limitations, since both the results (synthetic seismic 

data) and the solution (geological model) are known a priori. 

The use of 2-D seismic modelling techniques to investigate structurally 

complex geometries is well documented (May and Hron, 1978; Lingrey, 1991; 

Mourse, et al., 1991), although it inherently contains the assumption that all of 

the seismic energy originates from within the plane of acquisition. The primary 

advantage of using 3-D over 2-D modelling techniques is in the simulation of 

sideswipe or out-of-plane effects (Fagin, 1991). 

Given the availability and cost-effectiveness of 2-D seismic data, it is 

desirable to understand the magnitude of out-of-plane events so that they can be 

identified and accounted for in the 2-D structural interpretation. There are many 

numerical seismic modelling studies that use 3-D geological models to both 

illustrate the out-of-plane effect in 2-D seismic data, and to demonstrate the 

effectiveness of 3-D seismic modelling techniques. For example, Houck et al. 

(1996) describe a methodology used to place additional constraints on the 

gridding of 3-D structure using 2-D seismic data. Pearson (1996), quantified the 

time structure errors caused by along-strike variations in structure by calculating 

the differences between 2-D migrated horizons from 2-D and 3-D ray tracing 

results. Fagin (1991) suggests that the magnitude of the sideswipe error in 2-D 

dip lines can be gauged from the variation in dip perpendicular to the line. 3-D 

seismic modelling is also a valuable tool used to aid the interpretation of complex 

structures (Mufti et al., 1989; Lingrey, 1991). Through the acquisition and 

processing of 3-D model data, several modelling studies have demonstrated that 

3-D migration techniques are able to eliminate many of the out-of-plane effects 

(French, 1974; Morse et al., 1991; Rudolph and Greenlee, 1991). When the 

same 3-D data are processed using 2-D migration, the true structures are shown 

to be distorted and false structures are "imaged". 
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There are three common methods of modelling the seismic response to 

geological structures: ray tracing, full-wavefield modelling, and scaled physical 

modelling. Ray tracing methods assume that the propagation of the wavefront 

can be described by the propagation of the rays traveling normal to the 

wavefront. The model is based on geological horizons with properties assigned 

to the intervals between the horizons; the basis of the seismic response is on the 

impedance contrast at these geological boundaries. Ray tracing methods are 

most applicable to structural problems where amplitude responses are not 

critical. Full-wavefield or wave equation methods model the propagation of the 

wavefront directly. The geologic model is represented by a parameterized grid 

(instead of layers) and the seismic response is measured as a function of 

pressure and particle displacement. Wave equation methods are best suited to 

problems where amplitude variations, event continuity, and observing the full-

wavefield response (such as diffractions) and are important. Unlike ray tracing 

methods, wave equation methods make no association of reflection points with 

shot or receiver points (Fagin, 1991), something that is of great use to the 

structural interpreter. 3-D physical modelling experiments employ scaled, solid, 

geological models (French, 1974; Zimmerman 1991; Isaac and Lawton, 1992). 

Physical models are valuable for collecting large data volumes over complex 

structures and for when the whole wavefield seismic response is desired. 

One disadvantage of ray tracing methods is that full-wavefield events, such 

as diffractions, must be calculated separately and added into the seismic 

response. Another disadvantage is in the possibility of developing a shadow 

zone in a reflector when using zero-offset modelling techniques versus multi-

offset techniques. A shadow zone is the portion of a reflector from which 

reflections are not observed, as the raypaths do not reach the surface. The 

overlying horizons may have dips and impedance contrasts resulting in the 

refraction of raypaths, either to or from the shadow zone reflector, out of the 

range of the receiver array (Sheriff, 1991). Multi-offset modelling samples the 

surface multiple times with various source-receiver combinations and raypath 
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geometries, and hence increases the probability of imaging the portion of the 

reflector in the shadow zone. 

1.5 Structure of Thesis 

The material reviewed in this introductory chapter aims to provide the 

reader with some background information on the content of the research 

presented and also to introduce the main objectives of this thesis. A discussion 

of the general methodologies used to construct 3-D numerical models is 

presented in Chapter 2 using examples from centrifuge structural modelling, 

seismic interpretation, and 3-D structural balancing. A tear fault model, 

constructed from physical centrifuge modelling results, is the basis of 3-D ray 

tracing experiments in Chapter 3, using 2-D and 3-D migration techniques to 

illustrate out-of-plane imaging effects on structural interpretation. Chapter 4 

describes a ray tracing experiment that uses the presence of out-of-plane 

reflection events in 2-D data to constrain a 3-D interpretation. A summary of the 

results discussed in the previous chapters is presented in Chapter 5 along with 

the conclusions drawn from those findings. 
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CHAPTER 2: 3-D NUMERICAL MODEL BUILDING 

2.1 Introduction 

This chapter describes three methodologies, with respect to software 

applications, that were used to construct 3-D numerical models for ray tracing 

using Norsar-3D Seismic Modelling Software. The basis of the model geometry 

and the steps in the model building procedure are outlined for the three 

examples. The specific geometry of the models and the ray tracing experiments 

are discussed in Chapters 3 and 4. 

The structures of interest in this research are those associated with lateral 

ramp geometries, such as the localized structural complexities that surround the 

lateral ramp region (Dixon et al., 1999). This geometry is often difficult to model 

numerically as the geological surfaces may be steeply dipping to overturned. 

These complex structures have two consequences with respect to ray tracing 

experiments. The first is in the development of shadow zones in the resulting 

synthetic data beneath steeply dipping reflector horizons. The second concern is 

the inability of most ray tracing code to handle surfaces with multiple values in 

depth (e.g. overturned horizons); most software programs use a grid-based 

algorithm that inherently assign one Z value to each XY grid location on a 

surface. 

The aim of this research is to acquire synthetic seismic data over models of 

thrust faults to gain a better understanding of how these structures are imaged by 

2-D and 3-D seismic reflection surveys. This chapter describes three 

methodologies by which 

2.2 Topics in Model Building 

Models of thrust faults including lateral ramps are used in this study and 

include vertical and overturned limbs in the thrust sheets. In numerical modelling 

this configuration may cause problems when such surfaces are digitized, as they 
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will have multiple z-values at single x-y locations. There are two modelling 

packages that were considered for use in this study, both of which are available 

to the University of Calgary - GXIII (Version 1.1) from GX Technology's 

EarthWave and Norsar-3D (Version 2.1) from Norsar Seismic Modelling. 

Several numerical models were built for use in both GXIII and Norsar-3D. 

GXIII uses a grid-based system for defining surfaces, where there is one z-value 

assigned to each x-y location. The resolution of the surfaces is directly 

proportional to the resolution of the specified grid. Multi-valued surfaces are 

accounted for by creating two single-valued surfaces, a non-ideal procedure that 

requires extensive editing. GXIII can accept data in regular gridded or freepoint 

formats if the surface is single-valued in depth. The freepoint data is mapped 

onto a user-specified grid, although the algorithm does not enable the user to 

control the extent of the resulting gridded surface. 

Several attempts were made to import the GoCAD model into GXIII. The 

main problem was that GoCAD uses a triangular mesh-based system of spatially 

defining the model and GXIII uses a grid-based system (discussed further in 

Section 2.3.4). The main differences between the two are in the ability of multi

valued surfaces to be defined using triangular meshes, and that in using a grid 

system the resolution of the surfaces is limited. Two methods were used to 

import the GoCAD triangulated mesh surfaces into GXIII. First the surfaces were 

imported in freepoint format and then gridded in GXIII, and then the points were 

manually edited to limit the areal extent of the surface. The GoCAD data were 

also mapped onto a grid using MATLAB, and then imported into GXIII as a grid. 

It was found that the process of mapping the GoCAD data onto a linear grid 

system resulted in a surface with poor resolution in complexly varying areas. 

Since this study aims to investigate the effects of these complex structures on 

imaging the resulting GXIII model was found to be inadequate. 

The main advantage of using Norsar-3D is that multi-valued surfaces can 

be defined, which is useful in a structural setting with overturned limbs. Another 



13 

advantage is that GoCAD models can be imported directly into Norsar-3D, as 

GoCAD has model-building tools and visualization capabilities that are efficient to 

use. Norsar-3D can also accept data in regular gridded or freepoint formats if the 

surface is single-valued in depth. The freepoint data can also be mapped onto a 

grid with the extent of the imported surface, a convenient feature that lends a 

considerable amount of flexibility in data import formats. Given the benefits 

outlined above, Norsar-3D was selected as the most appropriate and efficient 

tool for this research. However, the overall model-building process is non-trivial 

and is hence documented in detail for the benefit of future applications. 

2.3 Model Building Procedure 

The procedure used to create a 3-D numerical depth model suitable for ray 

tracing is outlined in a flow chart in Figure 2.1. Several commercially available 

software packages were used in model building: SeisX (a seismic interpretation 

package by Photon Systems Ltd.), 3DMove (a 3-D structural balancing program), 

GoCAD (a 3-D model builder that can integrate data across geo-domains), and 

Norsar-3D (a 3-D ray tracing program by Norsar Seismic Modelling). 

Three types of model data were acquired: surfaces were digitized from 

photographs of serial sections of a centrifuge physical model, reflection horizons 

were interpreted from seismic data using SeisX, and simple surfaces were 

created and then deformed over various lateral ramp geometries in 3DMove. 

The following sections describe the model building procedure within each of the 

three software packages in more detail. 

2.3.1 Analog Physical Centrifuge Models 

One of the aims of this research is to use the results from analog centrifuge 

structural modelling performed at the Queen's University Experimental Tectonics 

Laboratory to investigate imaging problems that are associated with the particular 

structural geometry. Centrifuge structural modelling is used to demonstrate 
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Figure 2.1. Flow chart illustrating the 3-D model build ing procedure. 
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mechanisms by which a thrust sheet accommodates itself to displacement over 

various ramp geometries (Dixon et al., 1998; Dixon et al., 1999). 

The model used in this study, named model M028, is based on a series of 

analog centrifuge structural models that consist of two frontal ramp segments 

linked by a vertical tear fault. Two analog models were created and deformed 

under identical conditions for the given geometry for the purpose of taking 

transverse and longitudinal sections through the model. The footwall 

configuration of the tear fault model M028 is illustrated in Figure 2.2. Figure 2.2 

also shows the footwall configurations of the lateral and oblique ramp systems 

used in Dixon, et al.'s (1998) MO series of physical modelling studies (MO30 to 

M035). These models are not used in this research, but are included to illustrate 

various permutations of ramp systems. The physical model consists of a 

sequence of four stratigraphic units, internally laminated with layers of alternating 

competency, composed of plastering and silicone putty, which represents part of 

a foreland stratigraphic section at a scale of 1:1,000,000 (i.e. 1mm = 1km). 

The thrust ramp system was pre-cut into the physical model to ensure the 

desired structure developed during deformation (Figure 2.2). Deformation of the 

model is accomplished by the gravitational collapse and spreading of a 

"hinterland wedge" of plasticine. The model was progressively deformed at 2500 

to 4000 g in a centrifuge to simulate horizontal shortening as shown in Figure 2.3 

(Dixon et al., 1998; Dixon et al., 1999). 

To better constrain the structures in 3-D, a series of transverse slices were 

cut through the model and several stratigraphic units were digitized from 

photographs (Figure 2.4). The interpolation between the transverse slices was 

primarily linear away from the location of the tear fault, and although only the 

transverse sections were used in the model, insights gained from the longitudinal 

sections were incorporated into the interpretation. As well, there was a 

considerable amount of interpretation required to constrain the digital GoCAD 

model in the tear fault region (Dixon et al., 1998; Dixon et al., 1999). A near-
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Figure 2.2. Schematic plan views showing the footwall configuration of the ramp 
systems used in Dixon et al.'s (1998) MO series of physical modelling studies. 
The solid lines represent the top of the ramp and the dashed lines the base of the 
ramp (modified from Dixon et al., 1998). 
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Figure 2.3. Top surface views of centrifuge physical model M028 after three 
stages of deformation (a) stage I, (b) stage II, and (c) stage III. Black lines in (c) 
mark the location of the transverse sections shown in Figure 2.4. Model labels 
are 1 cm square and are marked with 1 mm by 1 mm divisions for scale (from 
Dixon et al., 1998). 
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Figure 2.4. Transverse sections from the final stage of deformation through 
model M028 in the region surrounding the tear fault with locations given in 
Figure 2.3. These serial sections were digitized to construct the GoCAD 
rendering (From Dixon et al., 1998). 
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surface competent unit was also included in the original model, but as it was 

deformed with relatively short-wavelength folds and minor faults (Figure 2.4) and 

was left out for the purposes of simplifying the seismic modelling response. The 

digitized sections were imported into GoCAD and rendered in a 3-D model 

(Dixon et al., 1998) that was directly imported into Norsar-3D. A thorough 

discussion of the model building procedure for M028 can be found in Dixon et al. 

(1998). 

The above describes the methodology used to create the GoCAD rendering 

from scratch using the physical modelling results as constraints. For this thesis, 

model M028 was already in GoCAD format, and GoCAD was used primarily as a 

tool for editing the model for the purposes of importing it into a commercial 

seismic modelling software program. This method of numerical model building 

was used in the ray tracing study outlined in Chapter 3. A more detailed 

discussion of this model geometry is presented in Section 3.2. 

2.3.2 Seismic Interpretation Models 

A 3-D numerical model was based on the structural interpretation of 2-D 

seismic data in SeisX, and it can be noted that the same procedure applies to 3-

D seismic data. The interpreted horizons were exported from SeisX as ASCII 

files containing XY and time coordinates for each 2-D line. The data files were 

edited to conform to GoCAD line file format by adding a parameter to define 

connectivity between the individual nodes. 2-D horizons were then used as a 

framework for constructing 3-D surfaces in a triangulated mesh format. The time 

model was then depth-converted in GoCAD using interval velocities obtained 

from well information. Finally, the model surfaces were exported in a triangulated 

mesh format and imported directly into Norsar-3D. 

This method of numerical model building was used in the example shown in 

Chapter 4. A more detailed discussion of this method and a description of the 

resulting numerical model are presented in Section 4.4.6. 
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2.3.3 Deformed Hangingwall Models using 3DMove 

3DMove is a structural balancing program that allows the user to balance 3-

D structural models and to create a stratified model to be deformed. Models 

were constructed in 3DMove based on the lateral ramp geometries used in the 

Dixon et al. (1998) MO series of centrifuge experiments, namely a tear fault, a 

lateral ramp, and an oblique ramp striking at 30° to the transport direction (Figure 

2.2). The XY and depth (Z) coordinates of a footwall horizon, hangingwall 

horizon, and fault surface were calculated from the models of Dixon et al. (1998), 

entered into ASCII file format, and imported into the program. Triangular meshes 

were then constructed using the control nodes as constraints. The hangingwall 

surfaces were transported 1000 m in the dip direction using 3DMove software, 

assuming simple shear deformation. The deformed model was then exported in 

triangulated mesh format for direct import into GoCAD for editing. 

The simple models created with 3DMove were not used in this thesis, as 

the scope of the research did not allow for this study to continue beyond the 

model-building process. This technique was included to highlight another option 

for 3-D numerical model building. 

2.3.4 Manipulating Numerical Surfaces in GoCAD 

Norsar-3D is able to import data in triangulated mesh, gridded, or freepoint 

format, but it is only the triangulated mesh format that can handle the multi

valued surfaces (such as an overturned horizon). GoCAD creates and deals with 

triangulated surfaces and serves as both the model builder and model editor for 

horizons bound for Norsar-3D. 

In general, horizon data not already in a triangulated mesh format can be 

exported from any software program in XYZ format and reformatted into "Atomic 

data" that assigns each XYZ point to a data node. If the data can be organized 

into lines (such as with the digitized serial sections) then connectivity is assigned 

to the nodes to construct a line (GoCAD User Manual, 2000). All data imported 
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into GoCAD must be formatted according to specific ASCII-based file formats 

that fit into the hierarchy of GoCAD objects (such as individual point sets, 

connected points, triangulated surfaces, etc.). Triangulated GoCAD meshes 

were then created using either the points set or lines as constraints, and edited to 

create a reasonably smooth surface. 

GoCAD is an application that allows the user to import, create, modify, 

integrate, view, and export objects in a 3-D environment. It is an extremely 

functional and flexible editor that allows objects to be manipulated with ease in 3-

D space. For example, a surface can be scaled, translated, cut, merged, 

extended, and smoothed. Edits can also be made to the individual triangular 

units of the surface mesh - they can be reduced in number, added, removed, 

and equilateralized. 

Once created, the triangulated surfaces may require editing before being 

imported into Norsar-3D to reduce the number and size of the triangles within the 

surface (for computational and graphical efficiency), and also to eliminate any 

artifacts created when surfaces are computed. Given the methodology of 

defining material properties in Norsar-3D (described in detail in Section 2.3.3) it 

was also necessary to divide the fault surface into sections according to its 

intersection with the footwall and hangingwall horizons. The surfaces have also 

been smoothed to remove any short-wavelength structural variations that may 

cause problems when ray tracing. 

2.3.5 Assigning Rock Properties in Norsar-3D 

The surfaces were introduced directly into the model assembler as GoCAD 

triangulated meshes, as all of the required editing was completed before being 

imported into Norsar-3D. The distribution of material properties (density, P-wave 

and S-wave velocity) was defined in the model by the creation of individual 

blocks, to which properties were then assigned. These blocks are closed 

volumes that are defined according to the surface normals of the interfaces. An 



interface can 'point' to only two blocks as it has a positive and a negative surface 

normal. For example, the fault surface intersected several horizons as it cut up-

section through the hangingwall strata, and was subdivided into smaller 

segments at the intersections with the footwall and hangingwall horizons. This 

division of continuous horizons into components for modelling did not result in 

any significant loss of traveltime data from around the suture region where the 

interface was divided. 

P-wave and S-wave velocities, and density values were assigned to the 

model layers. P-wave interval velocities were assigned according to either well 

data or using reasonable approximations of velocities in Foothills-type 

stratigraphy. For example, an overburden velocity of 3000 m/s and the velocity 

of a thrust sheet of 4000 m/s at a depth of 1000 m are not unreasonable 

(Pearson, 1997). The S-wave function was calculated as 4/7 of the P-wave 

velocity. Density values were assigned to the models as increasing with depth 

from 2.0 g/cm 3 with a gradient of roughly 0.5 g/cm 3 per 500 m. 
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CHAPTER 3: 3-D RAY TRACING, MODEL M028 

3.1 Introduction 

The ray tracing study described in this chapter is based on a numerical 

model, constructed from a physical structural model, to examine the seismic 

response of lateral ramps and tear faults. The model is scaled from the 

centrifuge physical modelling results to cover a 10 km by 10 km area (Figure 

3.1). The fault is located at a depth of approximately 1.5 km and the model 

extends to a depth of 2.0 km. Given the dimensions of the structure, the model 

width was sufficient to obtain large enough source-receiver offsets to image the 

steeply dipping surfaces. Seismic velocities were assigned to be consistent with 

formations found in similar structures (Figure 3.2). 

Out-of-plane imaging is an important consideration when interpreting two-

dimensional (2-D) seismic data from areas with complex subsurface structure, 

such as the southern Alberta Foothills. In these situations a significant amount of 

energy originates from out-of-plane reflectors and a 2-D seismic section often 

does not correctly represent the geometry of the reflectors. The results of this 

work illustrate some effects of out-of-plane imaging on the structural 

interpretation of 2-D data acquired in regions containing lateral ramps and other 

along-strike variations in structure. The effectiveness of 2-D and three-

dimensional (3-D) time and depth migration techniques, with examples from 

zero-offset and multi-offset numerical seismic modelling, was also evaluated. 

The approach used in this study of imaging complex 3-D structural 

geometries involved acquiring 3-D zero and multi-offset, multi-azimuth synthetic 

seismic data over the numerical model based on the analog centrifuge model, 

M028, described by Dixon et al., (1998). Areal coverage of the 3-D surveys over 

this model is shown in Figure 3.1. The location of an inline (#93) and a crossline 
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Figure 3.1. Map view of model M028 3-D seismic surveys with area underlain by 
fault outlined with a dashed line, (a) Zero-offset survey with every fifth 
source/receiver location shown (shot/receiver spacing is 25 m). (b) Multi-offset 
survey with source and receiver lines shown (shot and receiver spacings are 
50m. Shot and receiver line spacings are 500 m). Locations of inline and 
crossline sections extracted from the 3-D volumes are indicated. 
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Figure 3.2. 2-D extractions from 3-D velocity volume, locations shown in Figure 
3.1: (a) inline #93 (y=5300 m) and (b) crossline #135 (x=4800 m). The fault is 
shown in black, dashed black lines indicate fault surfaces located out of the plane 
of section. 
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Figure 3.3. GoCAD renderings of model M028. (a) Strike or parallel view 
looking north, (b) Oblique view looking southeast showing the footwall strata and 
thrust fault system. Depth structure contours are given in black to enhance fault 
surface geometry. Note the vertical tear fault linking the frontal ramps 
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(#135) are shown, along which the fidelity of the numerical raw and processed 

seismic data were evaluated. 2-dimensional structural sections along these lines 

are shown in Figure 3.2. The data were 2-D and 3-D migrated to illustrate a 

pitfall of interpreting 2-D seismic data in areas of complex subsurface geometry. 

Time slices through the migrated data volume, along with time and depth 

structure maps of the model horizons, were employed to evaluate positioning 

errors. A comparison of zero and multi-offset synthetic seismic data was used to 

assess the applicability of the two ray tracing techniques when modelling 

structures typically found in fold and thrust belt. 

3.2 Geometry of Tear Fault Numerical Model M028 

Numerical model M028 was constructed in GoCAD based on a centrifuge 

physical structural model, a procedure described in Section 2.3.1. The GoCAD 

rendering consists of four horizons - two footwall horizons, the top of the 

hangingwall thrust sheet, and the fault surface, including the tear fault (Figure 

3.3a). The base footwall surface is the equivalent of the basal fault detachment 

horizon (the base of the green unit in Figure 3.2). The top hangingwall and top 

footwall surfaces represent the top of the green unit (Figure 3.2) that is offset by 

the fault. 

An oblique view of the GoCAD rendering of model M028 showing the ramp 

system is shown in Figure 3.3b, which can be compared with the schematic plan 

view of the tear fault and ramp configurations in Figure 2.2. The tear fault is a 

vertical lateral ramp that and strikes parallel to the direction of transport and 

connects the leading and trailing frontal ramps. The frontal ramps have a dip of 

30° and strike perpendicular to the transport direction. The distance between the 

two frontal ramps, i.e. the length of the tear fault, is approximately 1.0 km. 

Physical centrifuge model M028 was originally rendered as a 3-D GoCAD 

model (Dixon et al., 1998) and revised (Dixon et al., 1999) to investigate patterns 
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Figure 3.3. GoCAD renderings of model M028. (a) Strike or parallel view 
looking north, (b) Oblique view looking southeast showing the footwall strata and 
thrust fault system. Depth structure contours are given in black to enhance fault 
surface geometry. Note the vertical tear fault linking the frontal ramps. 
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of thrust sheet deformation associated with tear fault geometries. The revised 

GoCAD tear fault model used in this study (Figure 3.4) demonstrates how the top 

hangingwall has been draped over the tear fault and internally deformed into an 

overturned fault-propagation fold, which has arisen by the along-strike 

propagation of the trailing frontal ramp (Dixon et al., 1999). This demonstrates 

mass flow perpendicular to the shortening direction. 

3.3 Ray Tracing Theory 

Norsar-3D Seismic Modelling was the software platform used to acquire 

synthetic seismic data over the M028 model, using the ray tracing technique of 

wavefront construction. Wavefront construction is a method of ray-field 

propagation where the entire wavefield is propagated instead of individual rays 

from a source to a receiver (Vinje et al., 1999). The wavefront is represented as 

a triangular mesh with a ray positioned at each node, and standard dynamic ray 

tracing is used to propagate the rays between successive time steps of the 

wavefronts. The spatial sampling of the wavefront is maintained by the 

interpolation of new rays between nodes (Figure 3.5) as the wavefield diverges 

beyond criteria defined by the distance between rays and the angular difference 

between their tangents (Vinje et al., 1996; Vinje et al., 1999). 

Interfaces are represented as triangular meshes that contain information 

about spatial position, curvature, and surface normals. Volumes on either side of 

an interface are assigned different material properties (Figure 3.5). When a ray 

reaches an interface the departing ray is calculated using the interpolated 

intersection point, ray tangent, and Snell's law. The event attributes at a given 

receiver position are calculated by linearly interpolating the values from the ray 

nodes on the wavefront as it intersects the receiver horizon (Norsar-3D User 

Manual, 2000.) These event attributes are used to generate synthetic 

seismograms. 
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(a) 

(b) 

Figure 3.4. GoCAD renderings of model M028. (a) Oblique view looking 
northwest, (b) Oblique view looking southeast. Horizons are as labelled in Figure 
3.3. 



30 

(a) 

Volume 1 
P-velocity 
S-velocity 
Density 

I n t e r f a c e 

Volume 2 

(b) 

P-velocity 
S-velocity 
Density 

Volumel 

Interfacel 

Volume3 

(C) 

Figure 3.5. Diagrams illustrating method of wavefront construction, (a) 
Propagation of 2-D wavefront illustrating the interpolation of a new ray at a point 
where the difference between two rays becomes too large, (b) Relationship 
between interfaces and volumes in a model, (c) The "normals" (shown 
schematically) to individual interfaces "point" to two volumes, each with an 
assigned set of material properties (from Vinje et al., 1999). 
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Both zero-offset and multi-offset (or common shot) data were acquired 

using this method of wavefront construction. The zero-offset geometry was 

simulated using the exploding reflector method where the reflector horizon is 

converted to a wavefront and propagated upwards to a set of shot/receiver 

positions at the surface. The resulting data can be considered to represent a 

stacked volume of synthetic seismograms, although the stacking of reflections 

with non-hyperbolic moveout will cause differences between the zero-offset and 

stacked event traveltimes (Fagin, 1991). Multi-offset data is collected by the 

simulation of one source pulse with the seismic data collected over a grid of 

receivers; the resulting data volume simulates a 3-D field survey. 

3.4 Procedure 

The following is a discussion of the procedures used for data acquisition, 

processing and interpretation of the zero-offset and multi-offset synthetic seismic 

data sets collected over numerical model M028. 

3.4.1 Acquisition Parameters 

3-D ray tracing was performed using Norsar-3D over the 3-D model for both 

the zero and multi-offset cases, resulting in the equivalent of stacked and 

unstacked data volumes, respectively. The acquisition parameters are outlined 

in Table 3.1. A maximum source-receiver offset of 6.0 km was selected to allow 

for a more than adequate migration aperture for each of the target horizons with 

a maximum depth of 2.0 km, and for the steep dips in the thrust sheet. 

The geometry for the 3-D zero-offset survey is presented in Figure 3.1 with 

the extent of the fault surface indicated to demonstrate the survey coverage of 

the complex area surrounding the tear fault. The source/receiver interval for the 

survey was 25 m, with 241 crossline nodes (x-direction) and 161 inline nodes (y-

direction), covering a surface area of 24 km 2 with a total of 29,161 traces. The 

acquisition layout for the 3-D common-shot survey is shown in Figure 3.2 with the 
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survey grid overlaying the fault surface. The survey consists of 9 rows of east-

west oriented shot lines (inlines), at a 500 m spacing, and 13 north-south 

oriented receiver lines (crosslines), also at a spacing of 500 m. Each inline 

contains 81 receivers spaced at intervals of 50 m and each crossline contains 

241 shots spaced at intervals of 50 m. The survey grid covers an area of 24 km 2 , 

identical to that of the zero-offset survey, and the data set contains a total of 

1,146,717 traces. 

3.4.2 Ray tracing Parameters 

The ray tracing survey parameters were identical for both zero-offset and 

multi-offset surveys. Using Norsar-3D wavefront interpolation (parameters 

described in Section 3.3), the maximum distance between rays in the 

triangulated wavefront was set at 0.25 km, and the maximum angle of ray 

divergence at 10°, and the maximum angle for the incidence/departure rays as 

75°. The data were recorded with full spherical wavefront spreading and the 

wavefront was propagated over time steps of 0.05 s. These parameters were 

assigned to be slightly more conservative than the recommended default values 

to ensure full data coverage. 

The normal incidence survey was executed in less than 15 minutes with an 

Ultra-10 processor given the above parameters. The common-shot survey took 

approximately 20 CPU hours to complete over approximately 35 hours of clock 

time, and run in batch processes over 4 Ultra-10 processors. 

3.4.3 Synthetic Seismic Data Generation 

Synthetic seismograms were created using two-way traveltimes and 

amplitude information calculated from the event attributes. The seismograms 

were generated using a 30 Hz zero-phase Ricker wavelet, with amplitudes 

calculated using only the reflection coefficients at horizon interfaces. No 

amplitude corrections were applied, e.g. geometrical spreading, attenuation, or 
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transmission losses. An example of a shot gather from the multi-channel data 

set is presented in Figure 3.6. The data are of constant amplitude and there are 

gaps in the traces attributed to shadow zones. 

3.4.4 Processing Flow 

The processing flows for both synthetic data sets are given in Table 3.2. 

The synthetic seismic data for the normal incidence and multi-offset 3-D ray 

tracing experiments were exported from Norsar-3D in SEG-Y format and 

processed using ProMAX software (Advance Geophysical Corporation). The 

data sets were processed with identical velocity models, as used in the ray 

tracing experiment and exported from Norsar-3D. RMS velocities were 

computed from the interval velocity function in depth (Figure 3.2), and all velocity 

functions were smoothed (over 10 CDPs laterally, and 100 ms/m in time/depth) 

before used in the processing flow. 

3.4.5 Interpretation 

The processed data were exported from ProMAX in SEG-Y format and 

imported into SeisX seismic interpretation software package. Four events were 

interpreted on the stacked, post-stack time-migrated and post-stack depth-

migrated data volumes: the top and base footwall horizons, the top hangingwall 

horizon, and the fault. The original model horizons in depth were imported 

separately into SeisX from Norsar-3D as an ASCII file containing inline and 

crossline numbers, and the x, y, and z coordinates, which allowed for a 

comparison between the processed synthetic data and the original model. 

3.5 Analysis of 3-D Zero-Offset Ray tracing Results 

Figures 3.7 through 3.10 show raw and migrated sections extracted from 

the zero-offset volume. The locations of the extracted lines are presented in 

Figure 3.1, and crossline #135 (at x=4800 m) and inline number #93 (at y=5300 

m) were selected for analysis. The structural geometry and P-wave velocity 
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Table 3.1: Acquisit ion Parameters for Model Seismic Data 

Normal Incidence Survey Multi-Offset Survey 

Trace Interval: 25 m Source Interval: 50 m 

Receiver Interval: 50 m 

No. Inlines (E-W) 241 No. Source Lines (E-W): 9 

No. Crosslines (N-S): 121 No. Receiver Lines (N-S): 13 

Source&Receiver Line Spacing: 500 m 

Sample Rate: 4 ms Sample Rate: 4 ms 

Record Length: 3 s Record Length: 3 s 

Filter: 30 Hz Zero-Phase Ricker Filter: 30 Hz Zero-Phase Ricker 

Total No. of Traces: 29,161 Total No. of Traces: 1,146,717 

Table 3.2: Processing Flow for Model Seismic Data 

Normal Incidence Survey 

Import Stacked SEG-Y data from 
Norsar-3D 

Import Interval Velocity Model in depth 
from Norsar-3D 

Convert Interval Velocity to RMS 
Velocity Model 

Finite-Difference Time and Depth 
Migration 

Multi-Offset Survey 

Import SEG-Y data gathers from 
Norsar-3D 

Import Interval Velocity Model in depth 
from Norsar-3D 

Convert Interval Velocity to RMS 
Velocity Model 

NMO Correction using RMS Velocity 

CDP Gather and Stack 
4/ 

Post-Stack Finite-Difference Time and 
Depth Migration 
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1 82 163 244 325 406 487 568 649 730 811 892 973 

1500-S l 

Figure 3.6. Shot gather from the multi-offset ray-tracing experiment at shot point 45, located at x= 3700 m 
(crossline #55) and y = 3000 m (inline #64). The data are shown in 13 receiver line gathers according to 
increasing y-values (inline number). There are 1053 channels in the receiver array, with 81 channels per receiver 
line. A 30 Hz Ricker wavelet was used as the source pulse. 
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function along these lines are shown in Figure 3.2. The inline section is located 

250 m north of the tear fault and contains a portion of the trailing ramp 

hangingwall culmination; this section was chosen to illustrate the out-of-plane 

reflections originating from the trailing ramp. The crossline section is located 

approximately 250 m east of the tip line of the trailing fault ramp and intersects 

the leading thrust sheet to the north and the footwall to the south. This section 

was selected to demonstrate the extent of the lateral propagation of the out-of-

plane energy originating from the leading fault ramp, as well as that derived from 

the top hangingwall of the trailing ramp culmination. 

The raw zero-offset sections (Figures 3.7 to 3.10) containing the out-of-

plane events, are compared to 2-D and 3-D migrated sections for the inline and 

crossline examples mentioned above. Times slices through the raw and time-

migrated data were also used to evaluate the 3-D geometry of the model. Time 

and depth structure maps were used to both illustrate and quantify imaging 

errors. 

3.5.1 Inline Section (#93) 

The structure below inline #93 is presented in the velocity model in Figure 

3.2a, showing the leading frontal ramp with a portion of the hangingwall 

culmination that has propagated out of the plane of the section from the trailing 

frontal ramp. The raw data (Figure 3.7a) exhibits several examples of out-of-

plane energy, as labelled and indicated in the figure by arrows. Events A and B 

originate from the trailing ramp. Event C is not an out-of-plane event, but refers 

to the absence of a reflection from the leading fault flat horizon in the footwall 

beneath the trailing hangingwall culmination. There is pull-up observed in the 

footwall beneath the leading and trailing frontal ramps, on the order of 60 ms and 

20 ms respectively. 

The 2-D time-migrated section, Figure 3.7b, demonstrates a common pitfall 

of acquiring and processing 2-D data under the assumption that all reflections 
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originate from within the plane of acquisition. The out-of-plane energy of event A 

is migrated within the 2-D plane to create a section that may be incorrectly 

interpreted as imbricated/stacked thrusts or a transition zone between en 

echelon thrust sheets. The migration of event B contributes significantly to the 

noise below the thrust sheet, a region that has typically been associated with 

difficult imaging (Kirtland Grech et al., 1998). 

Figure 3.7c is the corresponding section extracted from the 3-D post-stack 

time-migrated volume. The migration was successful in imaging the true 

structure, including the out-of-plane effects, particularly clarifying the trailing ramp 

culmination. In the footwall beneath the trailing ramp event C has been migrated 

into the plane of section where energy was absent in the 2-D migrated section, 

although it is somewhat weaker than the continuation of the fault horizon to the 

east. The trailing ramp events A and B have also been migrated back into their 

correct position out of the plane of this section. There is a shadow zone present 

directly beneath the steeply dipping leading hangingwall horizon in the model at 

the tip of the leading thrust sheet (distance of 6.0 km). Note that this steeply 

dipping horizon in the model is not imaged by the zero-offset data, a common 

artifact of ray tracing methods. Pull-up is exhibited in the footwall beneath the 

leading and trailing frontal ramps on the order of 60 ms and 20 ms respectively 

relative to the regional time elevation of the horizon in the undeformed footwall. 

The depth-migrated results are shown with an overlay of the P-wave 

velocity model in Figure 3.8, and overall are similar to those from the time-

migrated data. The depth-migrated data fit the model fairly well with the 

exception of the steeply dipping leading hangingwall event. The 2-D depth-

migrated section (Figure 3.8b) again creates the illusion of structure through the 

migration of events A and B. The 3-D depth-migrated section (Figure 3.8c) 

correctly places these events, and the hangingwall of the trailing ramp is correctly 

imaged as a structural culmination, not as a separate thrust sheet. The distinct 

shadow zones present in the footwall horizons below 6.0 km correspond to the 
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location of the near vertical to overturned hangingwall strata at the edges of fault 

propagation. The pull-up has been eliminated by depth migration using the exact 

velocity model. 

3.5.2 Crossline Section (#135) 

The structure beneath crossline #135 is shown in Figure 3.2b, illustrating 

the culmination above the leading frontal ramp to the north and the trailing frontal 

ramp to the south. The normal incidence section in Figure 3.9a exhibits several 

examples of out-of-plane energy that have been recorded in the plane of section, 

as indicated by arrows labelled as events W through Z. Event W, at just below 

500 ms, can be shown from 3-D ray-path diagrams to originate from the top 

hangingwall event to the west of the line of section. Event X can be similarly 

related to small-scale folding to the east in the footwall horizon, incurred during 

deformation; similar events are present 50 ms below the base footwall and basal 

events, also attributed to small wavelength variations in the respective horizons. 

The leading fault ramp positioned to the east of the section gives rise to events Y 

and Z. The extent of event Z, originating from the leading ramp, demonstrates 

how far the out-of-plane energy from the leading fault ramp propagates laterally 

(on the order of 2.0 km). It should be noted that the leading fault ramp is not 

imaged in this plane of section due to a lack of impedance contrast across this 

portion of the fault. 

The 2-D time-migrated section (Figure 3.9b) shows the out-of-plane events 

migrated within the 2-D plane to create false structures. Events W and X form 

what could be mistaken as a cross-section through the trailing hangingwall 

culmination, which is located further to the west. The placement of event Y is 

only slightly earlier than an actual event would be located if there had been an 

impedance contrast across the fault. The migration of event Z contributes to the 

noise in the southern end of the section. The 3-D migration in Figure 3.9c 

correctly imaged the structure including the migration of out-of-plane effects, 

most notably in the hangingwall. Event X and the events in the basal reflectors 



are also migrated correctly. The offset in the base footwall and base horizons 

below 5.0 km corresponds to the location of the vertical tear fault. 

The crossline depth-migrated sections are presented in Figure 3.10 with 

an overlay of the exact P-wave velocity-depth model. The migrated data fit the 

model fairly well except for the leading hangingwall near the tear fault and the 

events beneath the tear fault. The results are similar to those exhibited by the 

time-migrated results, with the depth migration correcting for the pull-up effects. 

False structures are imaged by the 2-D migrated out-of-plane energy in Figure 

3.10b, at 750 ms between a distance of 3.0 and 5.0 km, and at 1100 ms between 

5.0 and 7.0 km. The 3-D migrated result (Figure 3.10c) shows that the out-of-

plane reflections have been migrated into their correct locations (as indicated by 

the labelled arrows). There is some slight overlap between the trailing and 

leading ramp reflectors that is the result of a shadow zone located beneath the 

vertical tear fault. 

3.5.3 Time Slices through Data Volumes 

Time slices were taken through the zero-offset and time-migrated data 

volumes to illustrate the reflection events and out-of-plane effects, and presented 

in map view in Figures 3.11 and 3.12. Arbitrarily sampled time values were 

chosen to highlight specific features of the hangingwall, fault, and footwall 

horizons. The events are labelled on the individual time slices, with the raw and 

time-migrated inline and crossline sections (Figure 3.11a and b) shown for 

reference. 

The leading and trailing culminations in the hangingwall horizon are imaged 

in the time slice at 500 ms, and migration has narrowed the anticlinal hangingwall 

culmination. The fault ramp is identifiable in the slices between 500 ms and 675 

ms, and the leading fault flat is imaged at 900 ms. The truncation of the footwall 

against the fault ramps is illustrated by the slices at 625 through 675 ms. The 
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fault is imaged in the raw data at 675 ms and migrated to its correct position both 

earlier in time and updip, which is illustrated by the crossline data (Figure 3.11b). 

The interval between 675 ms and 900 ms includes the region without a fault 

owing to the lack of an impedance contrast at the fault-footwall boundary (as 

shown by the inline sections in Figure 3.11a). 

3.5.4 Time and Depth Structure Maps 

Out-of-plane reflections were also examined using time and depth structure 

maps of the fault from the model and the interpreted normal incidence data 

(Figures 3.13 and 3.14). The locations of inline #93 and crossline #135 are 

indicated on the structure maps to compare with the inline and crossline data 

results in Figures 3.7 through 3.10. 

The position of the fault imaged in the stacked and migrated data is 

apparent from time structure maps (Figure 3.13). The leading and trailing frontal 

ramps are steepened and moved updip after time migration, as indicated by the 

structure contours. Note that the lower portions of the fault ramps are not 

imaged due to the lack of impedance contrast. It is also apparent how migration 

correctly positions the hangingwall culmination that was imaged incorrectly the 

raw section. This was demonstrated using the inline sections in Figure 3.7, 

where the leading thrust fault horizon was absent in the raw section and correctly 

imaged after 3-D migration. A similar example is the trailing thrust ramp that in 

the raw data terminates 1750 m north of its time-migrated position at y=5000 m. 

The depth structure of the migrated data is compared to the original model 

in Figure 3.14. The leading edges of the leading and trailing ramps are imaged 

25 to 50 m shallower than the true location as a result of the smoothed velocity 

model used in migration. It is apparent that the southern truncation of the leading 

ramp against the tear fault is not imaged, which is related to difficulties in the 

imaging of steeply dipping surfaces and the underlying horizons by ray tracing 

methods. 
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from the data: (a) raw data and (b) time-migrated data. The extent of the model 
fault surface is indicated by the dotted line. Location of inline #93 and crossline 
#135 indicated. 
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Figure 3.14. Map views of the depth structure of the fault surface: (a) original 
model data and (b) depth-migrated data. The extent of the model fault surface is 
indicated by the dotted line. Location of inline #93 and crossline #135 indicated. 
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The differences between the model and the 3-D post-stack depth-migrated 

data are best highlighted by a perspective view of the horizon data (Figure 3.15). 

All four horizons are represented in the GoCAD rendering: the top and base 

footwall horizons, the top of the hangingwall horizon, and the fault. It is readily 

apparent from this oblique view of the depth-migrated data that the region of the 

top hangingwall horizon near the leading edge of fault propagation was not 

imaged, as well as the region directly above the location of the tear fault. These 

results highlight the difficulty of imaging areas with steep dips and complex 

structural elements, such as the tear fault linkage region in the model 

hangingwall. 

A comparison of the depth structure maps of the model with the depth-

migrated results for the hangingwall horizon was used to quantify the imaging 

error (Figure 3.16). The depth model horizon was overlain onto the depth-

migrated horizon and the separation was calculated by subtracting the depth 

model from the interpreted depth horizon. This procedure allowed for a more 

subtle analysis of depth positioning errors that occurred in the synthetic data. In 

plan view it is observed that the ray tracing did not properly image the tear fault 

linkage region, indicated by both the absence of data in the depth-migrated 

horizon (shown with dashed lines) and the bull's-eye in the depth structure map. 

The eastern edge of the leading hangingwall top was not positioned properly in 

depth, with an error ranging from 30 to 75 m (Figure 3.16c). These limitations 

are related to the imaging of steeply dipping horizons with an insufficient source-

receiver offset range. The ray-traced horizon has a bulk negative positioning 

error of 30 to 40 ms with respect the model, which is attributed to the effects of 

smoothing the velocity function in processing. 
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Figure 3.15. Renderings of the (a) model and (b) 3-D post-stack depth migrated 
data, viewed looking southwest. The extent of the display is confined to the 
survey footprint. 
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Figure 3.16. Comparison of structure maps of the top hangingwall surface- (a 
original model data, (b) depth-migrated data, and (c) depth structure error of 
depth-migrated data compared to the model data. Grey dotted lines indicate 
extent of model data. Locations of inline #93 and crossline #135 indicated 
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3.5.5 Discussion 

The results of this 3-D zero-offset ray tracing study were able to 

demonstrate the significance of out-of-plane imaging effects on structural 

interpretations in areas with complex lateral variations in subsurface geometry. 

The 2-D migrated sections illustrated that when the out-of-plane energy is 

assumed to originate from within the vertical plane of acquisition false structures 

will be imaged. Time slices through the zero-offset and migrated data volumes 

were shown to better image the data and locate the out-of-plane energy. Time 

and depth structure maps of the fault and upper hangingwall horizon 

demonstrated and quantified the positioning errors in the synthetic seismic data. 

3.6 Multi-Offset Ray Tracing Results 

A dip section along crossline #135 (at x=4800 m) and a strike section along 

inline number #93 (at y=5300 m) were taken from the processed common-shot 3-

D data volumes for analysis. The common-shot ray tracing results are presented 

in Figures 3.17 through 3.20. A comparison is made with the out-of-plane events 

shown in the zero-offset inline (A to C) and crossline (W to Z) sections (Figures 

3.7 through 3.10). 

3.6.1 Inline Section (#93) 

The out-of-plane energy imaged in the stacked section is primarily 

associated with the trailing fault ramp located to the south of this section, 

indicated by the dashed line in the P-wave velocity model (Figure 3.17a). This 

result is similar to that offered in normal incidence modelling (Figure 3.7). Event 

A originates from the trailing thrust ramp and is imaged over almost its entire 

length. Events B originate from the hangingwall culmination and trailing thrust 

ramp and are more prevalent than in the normal incidence data (Figure 3.7a). 

The dispersion of events B from the normal incidence data is related to the 

application of the NMO correction using a smoothed version of the RMS velocity 
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Figure 3.17. 2-D extraction from processed 3-D multi-offset data volume at inline 
#93 (y=5300 m). (a) P-wave velocity model and (b) stacked data section. Arrows 
indicate occurrences of out-of-plane energy. 
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energy. 
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function. The leading thrust flat below the trailing thrust sheet, event C, is not 

imaged in this section. Pull-up of the basal horizons is evident under the leading 

and trailing ramp culminations on the order of 80 and 25 ms respectively. 

The time and depth migrations (Figure 3.18) correctly positioned the out-of-

plane energy. Trailing ramp event A is imaged correctly out of the plane of 

section, and the migration of event B contributes to the noise later in the section. 

In the footwall beneath the trailing ramp, event C has been migrated into the 

plane of section where energy was absent in the stacked section. The main 

improvement over the zero-offset results (Figures 3.7c and 3.8c) is in the imaging 

of the leading and trailing ramp hangingwall culminations. A shadow zone is 

present beneath the trailing ramp culmination that can be attributed to ray tracing 

artifacts from the overlying steep dips in the hangingwall. 

3.6.2 Crossline Section (#135) 

The out-of-plane energy imaged by the common-shot data (Figure 3.19) 

originates from the trailing hangingwall culmination (event W) and the leading 

fault ramp (events Y and Z). Notably absent from the normal incidence data is 

event X, the small trailing fault ramp event seen at 700 ms in the zero-offset 

stacked section (Figure 3.10a). The basal events below the tear fault are 

discontinuous and there is some dispersed diffraction energy below 1000 ms 

originating from the trailing hangingwall culmination. 

The common-shot time-migrated data is shown in Figure 3.20a. The region near 

the tear fault is poorly defined, and there is overlap of the hangingwall 

culmination events. The leading fault ramp is imaged as a relatively weak event 

at 750 ms, whereas there is only a hint of this horizon in the zero-offset time-

migrated section (Figure 3.10c). The depth migration in Figure 3.20b is 

considerably more successful at imaging the overall structure than the normal 

incidence counterpart (Figure 3.10b). The basal horizons are fairly continuous in 

the region below the tear fault. The improved imaging over the zero-offset 
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results of the thrust fault is apparent in this section with the leading thrust ramp 

visible at 1200 m. The cut-offs of the hangingwall horizons against the tear fault 

are better defined in depth than in the time-migrated section (Figure 3.19), 

although there is more noise in this region than in the time-migrated section. 

3.6.3 Discussion 

The main differences between the common-shot results and the zero-offset 

results are the improved imaging of the fault horizon and the steeply dipping 

segments of the hangingwall horizon, as well as the continuity of the basal 

events below the tear fault. The same incidences of out-of-plane energy are 

seen in the common-shot data that were present in the zero-offset data, with the 

exception of the multiple footwall events (event X). The common-shot approach 

better simulates actual field acquisition than does normal incidence modelling 

techniques. 

3.7 Summary of Results 

This experiment demonstrates the importance of understanding and 

accounting for 3-D effects in areas with considerable along-strike variation in 

structure. The 3-D ray tracing results show that in areas of complex subsurface 

geometry, such as near a tear fault, a significant component of energy originates 

from horizons located out of the plane of section. 

In regions where the lateral subsurface geometry changes rapidly it was 

shown that processing data under the 2-D assumption leads to a significantly 

incorrect interpretation of the structure. With the acquisition of 3-D data, 

processing techniques such as 3-D migration are required to properly account for 

the spatial variation in the reflecting horizons. It is therefore important to 

understand the limitations of 2-D data when interpreting structures, and to realize 

the value of 3-D imaging when correctly delineating regions of structural 

complexity. It is obviously very difficult to recognize the phenomenon of out-of-

plane imaging errors in 2-D data alone and hence to properly account for the 
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mispositioning of reflectors. However, if constraints exist on the subsurface 

geometry, out-of-plane energy in 2-D data can potentially aid in the delineation of 

along-strike structures. This concept is expanded upon in Chapter 4 with an 

interpretation of data from the Taranaki Basin, New Zealand. 

The numerical modelling results also have implications for the acquisition of 

2-D and 3-D field data. It is difficult to generalize, but it is apparent that when 

along-strike variations in structure are present there is significant potential for 

sideswipe energy to be recorded by 2-D dip lines. The acquisition and 

interpretation of unmigrated strike lines is an important tool for the identification 

of the magnitude of the sideswipe problem. 

This study also highlighted some implications of using numerical modelling 

techniques to investigate the seismic response of complex structural geometries. 

The common-shot method resulted in better imaging of the fault and of the 

steeply dipping strata in the hangingwall when compared to the normal incidence 

data. The interpretation of the 3-D migrated data relative to the known model is 

therefore more accurate using the common-shot data, primarily owing to better 

imaging of complex horizon geometries. The obvious drawbacks of acquiring the 

multi-offset data set include increased computation time, a considerably large 

volume of data to store and manage, and a more complicated processing flow. 
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CHAPTER 4: MODELLING OF COMPLEX LATERAL STRUCTURES IN THE 

TARANAKI BASIN, NEW ZEALAND 

4.1 Introduction 

A two-dimensional (2-D) seismic data set from the Tarata Thrust Zone in 

the Taranaki Basin, New Zealand, was obtained from New Zealand Ministry of 

Commerce. This data set was used to constrain an interpretation in an area of 

structural complexity that exhibits considerable along-strike variation in 

displacement and geometry. Displacement transfer between two oppositely 

verging thrust sheets is interpreted to be accommodated by an obliquely striking 

lateral ramp, terminated at its southern end by a tear fault. 

The results of this study demonstrate how the presence of out-of-plane 

effects in 2-D seismic data can greatly aid in the understanding and delineation 

of lateral variations in these complex 3-D subsurface structures. The method 

used in this study of out-of-plane imaging involved interpreting a seismic data set 

composed of several 2-D lines and creating a 3-D digital model of the structural 

geometry with GoCAD, using the interpreted data horizons as constraints. This 

3-D depth model was the basis for numerical seismic modelling experiments 

aimed at reproducing the out-of-plane event when compared with the 2-D data. 

4.2 Geological Setting 

The Taranaki Basin is a Cretaceous-Tertiary sedimentary basin located 

along the west coat of the North Island, New Zealand (Figure 4.1). It is divided 

into three regions, namely the Western Platform, the North Taranaki Basin and 

the South Taranaki grabens (Stern and Davey, 1990) as shown in Figure 4.2. 

The Cape Edgemont Fault Zone separates the Western Platform from the North 

and South Taranaki Basins, with the latter basins bounded in the east by the 

Taranaki Fault. 



Figure 4.1. Regional map showing the tectonic setting of New Zealand and the 
location of the Taranaki Basin (modified from Kamp, 1986). 
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Figure 4.2. Location map with some of the major structural elements in the 
Taranaki Basin (modified from Newrick, 2000, Stern and Davey, 1990). 



The Taranaki Basin was formed in a rift-graben setting and it has been 

proposed recently (Stern and Davey, 1990; Holt and Stern, 1994) that it 

developed as a foreland basin in the early Miocene, when the tectonic regime 

changed from one of extension to one of compression. A fold and thrust belt, the 

Tarata Thrust Zone (King and Thrasher, 1992), is located along the eastern 

margin of the basin and to the west of the Taranaki Fault Zone (Figure 4.2). The 

structure in this region has been identified as an abandoned triangle zone (Rait 

and Bennett, 1999) similar to that identified in the Alberta Foothills (McKay, 1991; 

Jones, 1996). 

There is considerable interest in hydrocarbon exploration in the Taranaki 

Basin, and it is currently the only producing basin in the country. Production is 

from the Eocene Kapuni Group and the Oligocene Tikorangi and Otaraoa 

formations with four major discoveries in oil and gas-condensates (Palmer and 

Bulte, 1991). The largest accumulation of hydrocarbons is found in the offshore 

Maui gas-condensate field, with reserves of over 5 TCF. 

4.3 Stratigraphy 

A stratigraphic column for the study area is shown in Figure 4.3. The 

Taranaki Basin consists of sedimentary strata of Lower Tertiary to Recent age 

(Palmer and Bulte, 1991), underlain by Paleozoic and Mesozoic basement rocks 

that are highly variable throughout the basin and include metasediments, schists, 

and plutonic rocks (Palmer 1985; Palmer and Bulte, 1991). 

The sedimentary sequence may range up to 7 km in thickness (Palmer, 

1985) with regions of erosion/non-deposition prevalent within the basin (Pilaar 

and Wakefield, 1978). Most of the sedimentary sequence was deposited during 

a late Oligocene to late Miocene compressional phase of deformation in a retro-

arc setting (Holt and Stern, 1994). The basin consists of mostly terrestrially 

derived clastic sediments with one major occurrence of carbonates in the 
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Figure 4.3. Generalized stratigraphic column. Interval velocities as used in the 
study are indicated (modified from Fletcher Challenge Energy, 2000). 
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Upper Oligocene Tikorangi Limestone. Recent Holocene lithologies include 

volcanics and clastic sediments (Fletcher Challenge Energy, 2000). 

4.4 Seismic Data and Interpretation 

A processed 2-D seismic data set from the Tarata Thrust Zone attained 

through the New Zealand Ministry of Commerce was used to characterize the 3-

D structure of the study area. The locations of the seismic lines are shown in 

Figure 4.4. The data were acquired in 1995 by Fletcher Challenge Energy, New 

Zealand, and include four east-west oriented dip lines and one north-south 

oriented strike line. The data were post-stack time migrated and have a trace 

interval of 6.2 m. 

Interpreted sections of the four dip lines and the strike line are shown in 

Figures 4.5 through 4.9. The scope of the study was limited to the interpretation 

of sufficient horizons to delineate the gross structural style of the region. Four 

major stratigraphic horizons were interpreted from the data set: (i) Upper 

Miocene Mt. Messenger Formation, (ii) Middle to Upper Miocene unconformity, 

(iii) Upper Oligocene Tikorangi Formation and (iv) Eocene Kapuni Formation. 

Two major faults are also interpreted, a west-verging forethrust and an east-

verging backthrust, along with several minor faults and splays. 

There are several wells located in the study area (Figure 4.4) for which 

Fletcher Challenge Energy, New Zealand, made available the results of three 

vertical seismic profile (VSP) surveys. A VSP survey records the geophone 

response at various borehole depths to a seismic source at the surface. The 

resulting one-way travel-times are hence correlated to a specific depth from 

which interval velocities over a vertical distance in the borehole can be 

calculated. For the well data provided, stratigraphic tops were picked by Fletcher 

Challenge for the Mt Messenger, Upper Miocene Unconformity, Tikorangi, and 

Otaraoa formations. The VSP travel-time results were correlated to these depths 

and used to divide the stratigraphic column into packages, and the interval 
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Figure 4.4. Seismic basemap with well locations. Inset of location map indicates 
location of study area within the Tarata Thrust Zone (modified from Newrick, 
2000; Stern and Davey, 1990). 
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Figure 4.5. Seismic Line PC94-18: (a) uninterpreted and (b) interpreted. 
Approximately 1:1 scale. 
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Figure 4.6. Seismic Line PC94-06, located approximately 4 km north of Line 
PC94-18: (a) uninterpreted and (b) interpreted. Approximately 1:1 scale. 
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Figure 4.7. Seismic Line PC94-04, located approximately 5 km north of Line 
PC94-06: (a) uninterpreted and (b) interpreted. Approximately 1:1 scale. 
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PC94-04: (a) uninterpreted and (b) interpreted. Approximately 1:1 scale. 
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Figure 4.9. Seismic Line PC94-01, north-south oriented strike line, uninterpreted 
(left) and interpreted (right). Circles with dots represent fault motion out of the 
plane, circles with crosses represent motion into the plane. Approximately 1:1 
scale. 
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velocities for these packages were then averaged and rounded to the nearest 

100 m/s. The interval above the Upper Miocene Unconformity was assigned a 

constant velocity for the purpose of seismic modelling as the seismic horizons 

are conformable and horizontal within this interval. 

4.4.1 LinePC94-18 

Figure 4.5 is the interpretation of seismic dip line PC94-18, which is the 

farthest south in the study area. The main structure is a westard-verging thrust 

fault (forethrust) with a small splay fault, and an average dip of 35°. There is a 

second thrust fault located at the east end of the line with a smaller 

displacement. The hangingwall of the thrust is truncated by the Miocene 

unconformity just below 1000 ms. The strata above the unconformity are 

relatively concordant. The footwall appears to be relatively undeformed, 

although some velocity push-down is interpreted. 

4.4.2 LinePC94-06 

Figure 4.6 is the interpretation of seismic dip line PC94-06, located 4 km 

north of line PC94-18. This line is very similar in structural style to Line PC94-18. 

Again, the main structural feature is the west-verging forethrust. The fault 

surface has steepened to a dip of approximately 55° and the displacement has 

decreased significantly. The footwall is undeformed, with some velocity push

down interpreted. 

4.4.3 LinePC94-04 

Figure 4.7 is the interpretation of seismic dip line PC94-04, located 5 km north of 

line PC94-06. The structural style here exhibits the classic triangle zone 

geometry of two oppositely verging thrust sheets above a single detachment 

horizon (McClay, 1992). The west-verging thrust is interpreted to be truncated by 

the backthrust. The displacement on the forethrust has decreased and the 
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backthrust now carries most of the shortening. The basal detachment exhibits a 

significant amount of push-down relative to the regional detachment level, on the 

order of 300 ms. This is attributed to low seismic velocities within the thrust 

sheet. 

Growth strata are present in Lower Miocene strata below the Upper 

Miocene unconformity in both thrust sheets, although they are more interpretable 

in the backthrust sheet. This is indicated by the disproportionally thickened 

sedimentary package in the hangingwall and the presence of ramp anticlines 

near the fault. Growth faulting is indicative of syntectonic deposition in an 

actively deforming basin and constrains the timing and duration of thrusting. 

Since both forethrust and backthrust sheets exhibit growth strata, it must be 

assumed that these thrusts developed synchronously. The upper time constraint 

is given by the truncation of the thrust sheets, made up of growth strata, by the 

Miocene unconformity at approximately 1000 ms. 

Another feature of interest is an event interpreted to be out-of-plane 

reflection, which occurs between 1300 and 1900 ms and between 2 and 4 km 

distance. This event cuts across a package of conformable reflectors and must, 

therefore, not be representative of the in-plane geologic structure. 

4.4.4 LinePC94-02 

Figure 4.8 shows the interpretation of seismic dip line PC94-02 located 1 

km northeast of line PC94-04. This line also exhibits the classic triangle zone 

geometry. It is very similar in structural style to Line PC94-04 except that 

displacements on both the forethrust and backthrust have decreased. Growth 

strata are also present in the thrust sheet below the Upper Miocene 

unconformity. An out-of-plane reflection is also present in this section located 

between 800 and 1700 ms (between 3 and 4.5 km). The event is later in time 

and weaker in amplitude when compared to a similar event to the south in Line 

PC94-04 (Figure 4.7). 
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4.4.5 LinePC94-01 

Figures 4.9a and b show respectively the uninterpreted and interpreted 

sections of seismic line PC94-01, the strike line that intersects all four dip lines. 

The variation of structure along strike is very apparent in this section, with 

considerable variation in the depth of the detachment horizon from south to 

north. In the south the thrust sheet is carried into the plane of section above a 

flat, whereas 5 km northwards the thrust sheet is carried out of the plane section 

above a ramp. In the north the Tikorangi marker horizon is carried in the 

backthrust sheet approximately 1000 ms above the regional level of the 

Tikorangi. 

The relationship between the forethrust and backthrust, at a distance range 

from 9 to 11 km along the line, is not readily apparent from the data due to poor 

reflector quality in this area. Figure 4.9b shows an interpretation of the transition 

between the backthrust and forethrust occurring quite abruptly over a distance of 

2 km, starting at approximately 12 km, with a lateral ramp in the backthrust sheet 

and a tear fault at the southern termination of the ramp. 

4.4.6 3-D Geometry of Fault Transfer Zone 

The structural style in the Tarata Thrust Zone changes considerably from 

south to north. In the south the style is that of a west-verging forethrust (Figures 

4.5 and 4.6), whereas a triangle zone geometry is evident in the north (Figure 4.7 

and 4.8). This along-strike variation in displacement and geometry is clearly 

evident from the strike line (Figure 4.9). 

The 3-D geometry of the fault region was constrained using the 

interpretation of the seismic data presented above, combined with results from 

the centrifuge structural modelling of tear fault geometries at the Queens 

University Experimental Tectonics Laboratory (Dixon et al., 1998; Dixon et al., 

1999). Scaled centrifuge models were used to examine patterns of deformation 

associated with thrust sheet displacement over a ramp system linked by a lateral 
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ramp. These physical modelling studies have demonstrated how the thrust sheet 

(in this case the backthrust sheet) is draped over the tear fault as a monocline 

with no dislocation in the overlying thrust sheet (Dixon et al., 1998; Dixon et al., 

1999). It is also possible that this drape is accommodated by a series of small 

normal faults. 

In the Taranaki Basin study, the fault transfer zone is interpreted to contain 

a lateral ramp in the backthrust sheet and a tear fault south of the ramp, as 

shown schematically in Figure 4.10a. The transition from forethrust to the 

triangle zone geometry is accommodated by this tear fault over which the 

Miocene strata are draped as a monocline. The displacement on the west-

verging forethrust dies out to the north as its tipline plunges beneath the lateral 

ramp and backthrust, also at the location of the tear fault the lower detachments 

of both thrust sheets link up. This configuration is typical of a Type I triangle 

zone geometry, defined by McClay (1992) with opposed thrusts originating from 

a common detachment (Figure 4.10b). 

4.5 3-D Model Building 

A 3-D structural model was constructed in GoCAD to serve as a basis for a 

numerical seismic modelling experiment using Norsar-3D Seismic Modelling 

Software with the aim of reproducing the major seismic events, including the out-

of-plane events, shown in Figures 4.5 through 4.9. The procedure used to 

construct the GoCAD model was as follows. Initially, horizons and faults 

interpreted from the 2-D data set were exported from SeisX interpretation 

software in ASCII format and imported into GoCAD (as outlined previously in 

Figure 2.1). The time horizons were then converted to depth for ray tracing using 

velocities obtained from the VSP data. 
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Figure 4.10. (a) Map view of conceptual model of displacement transfer, showing 
back and forethrust fault surfaces. Arrows indicate dip direction, (b) Geometrical 
definitions for different triangle zone structures. Type I geometry, with opposed 
thrusts originating from a single detachment horizon, similar to McClay's (1992) 
definition of a triangle zone. Type II geometry, a thrust dominated triangle zone 
with at least two detachments, after Banks and Warburton's (1986) passive roof 
duplex definition. (From McClay, 1992). 



77 

An important consideration is that since these reflections originate from out 

of the vertical plane of acquisition the imaged event on a 2-D line is essentially 

an apparent dip of the lateral ramp reflecting surface. Therefore, when migrated 

in the 2-D plane, the travel-times and dip of the out-of-plane events are 

misplaced in time and location. The events were unmigrated using the migrator's 

equation: sincx=tan3, where a is the reflection event dip and (3 is the apparent dip 

of the reflector. Hand "de-migration" was undertaken with a constant velocity of 

2500 m/s that allowed the normal incidence modelling results to then be 

evaluated without having to migrate the data with each iteration. Normal 

incidence data were also collected along lines perpendicular to Lines PC94-04 

and PC94-02 to help gauge the orientation and dip of the lateral ramp. The 

benefit is that as both dip lines intersect the strike line, the travel-times of the 

modelled events could be matched to the data to constrain the interpretation. 

When a satisfactory solution was obtained the normal incidence modelling results 

were time-migrated to compare directly with the seismic data. 

It was initially thought that the out-of-plane events originated from the 

Tikorangi horizon since the Tikorangi is a prominent reflector in the seismic 

sections. However, modelling a lateral ramp with the Tikorangi horizon in the 

hangingwall resulted in traveltimes that did not match the events in lines PC94-

04 and PC94-02. The event in the line closest to the ramp (PC94-04) was 

modelled successfully, but the travel-time of the event to the north (PC94-02) 

could not be matched even with considerable variations in the strike and dip of 

the lateral ramp. This lead to the assumption that the events were caused by two 

separate reflecting strata, one of which was higher in the stratigraphic package to 

account for the earlier travel-time in Line PC94-02. It was determined that the 

reflections must, therefore, originate from within a package of growth strata that 

occur above the Tikorangi horizon (Figure 4.7). The shallower geological 

horizons resulted in earlier travel-times for the out-of-plane event and also gave a 

larger time difference between the two lines. 



A GoCAD rendering of the depth model is presented in Figures 4.11 and 

4.12. Depth structure maps of individual horizons are shown in plan view in 

Figure 4.11 and the entire model is shown in Figure 4.12 from several different 

perspectives. For the purposes of this study surfaces were created in only the 

backthrust sheet using the 2-D data as constraints. Two surfaces were added in 

the hangingwall above the Tikorangi horizon representing horizons in the growth 

strata package: Growth Strata A (upper unit) and Growth Strata B (lower unit). 

These horizons are essentially replicas of the Tikorangi surface and were edited 

to more closely approximate the style of growth strata. The structure maps 

highlight the strikes and dips of the frontal ramp and lateral ramp. Perspective 

views in Figure 4.12 showcase the 3-D spatial relationship of the subsurface 

geometry. The overlying unconformity (not shown) was assigned a constant 

depth for simplicity in modelling. 

As there are no interpretable seismic data in the area inferred to contain the 

lateral ramp, the location of the structure was constrained by the absence of the 

backthrust in the line to the south, PC94-06, and by the location and time dip of 

the out-of-plane events in the two northern lines. The dip of the event is similar 

in both lines implying sub-parallel reflector horizons. As the event is further east 

in PC94-02 than in PC94-04, the horizon must here be closer to the termination 

of the frontal ramp. The event is later in time towards the north (Figures 4.7 and 

4.8) indicating increasing distance from the reflecting horizon. The apparent dip 

of the reflection, combined with the variance in spatial location, constrained the 

positioning and strike of the lateral ramp relative to the frontal ramp. 

A match of the modelled out-of-plane event to the data was obtained by 

changing the orientation of the lateral ramp relative to the leading ramp. After 

numerous iterations it was found that the optimum geometry was that a lateral 

ramp is dipping approximately 45° and striking at 025° to the transport direction. 

The dip of the leading frontal ramp is about 30° and it strikes at approximately 

020°. 
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(a) 

(D) 3000 m 3000 m 

Figure 4 .11. Depth structure maps of the horizons used in the ray tracing 
experiment: (a) entire model displayed in plan view and (b) all four horizons 
separately in plan view. Contours are shown in black in intervals of 100 m, with 
the values of the shallowest and deepest contours given. The locations of 
seismic lines PC94-02 and PC94-04 are also shown. 
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Figure 4.12. GoCAD representations of depth model used in ray tracing 
experiment: (a) an oblique view from the north-east (b) an oblique view from the 
west and (c) an oblique view from the north-west, looking above. Horizons are 
as in Figure 4.11. Growth Strata A shows contours in black with 100 m spacing. 
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4.6 Seismic Modelling 

This section presents the results and analysis of the normal incidence 

synthetic seismic data collected in this numerical modelling experiment. Norsar-

3D Seismic Modelling software was used to collect synthetic seismic data using 

the exploding reflector model. The ray tracing procedure used by Norsar-3D is 

outlined in Section 3.3. Numerical seismic data were collected along dip lines 

PC94-04 and PC94-02 that contained the out-of-plane events (Figure 4.4). The 

source/receiver spacing for the experiment was 20 m and coverage extended 

over the entire length of each line. As the acquisition of normal incidence data 

represents stacked, unmigrated data, the processing consisted of a 2-D post-

stack Kirchhoff time migration using a smoothed version of the velocity model 

used in ray tracing. 

The analysis presented here uses overlays of the horizons as interpreted 

from the field data onto the post-stack time-migrated modelling results to 

evaluate the validity of the model's structural interpretation. As well, perspective 

diagrams showing the ray paths, reflection points, and source/receiver locations 

for each experiment illustrate the origin of the out-of-plane reflection events. 

4.6.1 Results from Model Lines PC94-04 and PC94-02 

The results of the ray tracing experiment outlined above for the 2-D Lines 

PC94-04 and PC94-02 are presented in Figures 4.13 and 4.14 respectively. The 

modelling results are shown alone in Figures 4.13a and 4.14a, and with an 

overlay of the horizons interpreted from the field data in Figures 4.14b and 4.14b 

to explicitly demonstrate the fit of the modelled data to the processed field data. 

This direct comparison of data and model aims to demonstrate the extent to 

which the modelled data were able to replicate the out-of-plane events. 
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Figure 4.13. Model data for Line PC94-04: (a) raw model data and (b) model 
data with overlay of horizons as interpreted from data (Figure 4.7) indicated in 
dashed lines. The out-of-plane event is well matched by the modelling results. 
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Figure 4.14. Model data for Line PC94-02: (a) raw model data and (b) model 
data with overlay of horizons as interpreted from data (Figure 4.8) indicated in 
dashed lines. The out-of-plane event is well matched by the modelling results. 
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Some simplifications were made in the construction of the depth model 

resulting in the small deviations from the field data observed in these sections. 

First of all the velocity field was simplified considerably from the stratigraphic 

column presented in Figure 4.3. It was not the intention of this study to match 

the traveltimes over the hangingwall culmination and beyond in the eastern part 

of the lines. As a consequence the Upper Miocene Unconformity was flattened 

for simplicity to a constant depth corresponding to the regional value, and it was 

assumed that the package of strata above the unconformity was homogeneous. 

This has resulted in a push-down of the modelled events where the Unconformity 

deviates from this constant depth, specifically over the distance from 

approximately 3 km to 9 km. This error in the eastern half of the model data is 

acceptable given that this simplification does not affect the traveltime results of 

out-of-plane event. 

The out-of-plane event in both sections was found to originate from horizon 

Growth Strata A that is positioned approximately 475 m above the Tikorangi 

formation in the thrust sheet (Figure 4.11). Figures 4.13b and 4.14b demonstrate 

clearly that the modelled out-of-plane event is positioned very close to the event 

interpreted from the field data. The dips of the two events are almost identical. 

The event in Line PC94-04 is less than 50 ms later and is shifted less than 150 m 

to the west relative to the event seen in the field data. In Line PC94-02 the 

model event is shifted slightly updip from the field data event over a time interval 

of 25 ms and a distance of 25 m westwards. 

Figures 4.15 and 4.16 show source/receiver locations from Lines PC94-04 

and PC94-02 with the zero-offset ray paths and reflection points for the ray 

tracing experiment results from the Growth Strata A horizon. The source of the 

out-of-plane energy is apparent from the perspective views of the locations of the 

reflection points on the horizon. The map view indicates that reflection points 

originate from further east on Line PC94-04 than on Line PC94-02, and occur 

almost 2 km away from the acquisition line. 
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Figure 4.16. Ray paths, reflection points and source/receiver locations from 3-D 
ray tracing for Line PC94-02, illustrating the out-of-plane imaging of the Growth 
Strata A horizon (cyan). The fault surface is red. Both horizons exhibit structure 
contours at intervals of 100 m. 
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4.7 Discussion 

This study demonstrated how the delineation of along-strike variations in 

regions with complex subsurface structural geometry could be constrained by 

considering 3-D or out-of-plane effects in 2-D seismic data. Five seismic lines 

were used to characterize the subsurface geometry in the Tarata Thrust Zone, 

Taranaki basin, New Zealand. The structure evolved from a simple emergent 

thrust in the south to a triangle zone in the north. Displacement transfer between 

the two oppositely verging thrust sheets was interpreted to be accommodated by 

an obliquely-striking lateral ramp terminated at its southern end by a tear fault. A 

3-D digital representation of the structural geometry was constructed in GoCAD 

and used as a basis for numerical seismic modelling experiments. 

Numerical modelling techniques were used to constrain the location and 

orientation of the lateral ramp. Out-of-plane events present in the two northern 

seismic lines were interpreted to originate from a package of growth strata 

located above a lateral ramp at the south end of the backthrust. The results of 

the numerical modelling confirmed that the out-of-plane reflection in both lines 

originated from an horizon located 475 m above the Tikorangi, Growth Strata A. 

This horizon was located in the backthrust sheet above the lateral ramp that dips 

45° and strikes at 30° to the transport direction. The experimental error in the 

location of the modelled out-of-plane event is relatively negligible given the 

approximations made in the model building procedure and the simplification of 

the velocity model. 
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CHAPTER 5: DISCUSSION AND CONCLUSIONS 

5.1 Discussion of Results 

Structures of interest in hydrocarbon exploration in fold-and-thrust belts, 

such as those associated with lateral ramps, are often geometrically quite 

complex, including features such as steeply dipping to overturned beds, laterally 

varying dips along strike, and abrupt changes in localized structures. These 

subsurface characteristics have implications in the construction of analog 

numerical models as it can be difficult to represent these surfaces accurately. 

Three methods of model building were examined in this thesis. These used data 

obtained from analog centrifuge structural modelling and the interpretation of 2-D 

seismic lines. GoCAD and Norsar-3D facilitated the modelling of these complex 

geometries as they are able to accommodate complicated and multi-valued 

numerical surfaces. 

A 3-D numerical depth model, M028, was created using GoCAD, based on 

results from the analog centrifuge modelling of a tear fault. 3-D ray tracing over 

model M028 demonstrated the importance of understanding and accounting for 

3-D effects in areas with considerable along-strike variation in structure. The 3-D 

ray tracing results illustrate that in areas of complex subsurface geometry, such 

as near a tear fault, a significant component of energy originates from horizons 

located out of the plane of section. Collecting and processing data under the 2-D 

assumption was shown to lead to a false interpretation of the structural geometry. 

The acquisition of 3-D seismic data and processing using 3-D migration 

techniques were required to image the subsurface properly in three dimensions 

and account for the misplaced out-of-plane energy in the tear fault region. 

A 2-D seismic field data set from the Tarata Thrust Zone in the Taranaki 

Basin, New Zealand, was used to interpret the structural geometry of a lateral 

ramp in field seismic data and evaluate considerable along-strike variations in 

displacement and geometry. Displacement transfer between two oppositely 



verging thrust sheets was interpreted to be accommodated by an obliquely 

striking lateral ramp terminated at its southern end by a tear fault. A 3-D digital 

representation of the structural geometry was constructed in GoCAD and used 

as a basis for numerical seismic modelling experiments. The numerical 

modelling demonstrated that the source of an out-of-plane reflection event is a 

horizon within a package of growth strata in the hangingwall of the lateral ramp, 

located at the southern termination of the east-verging backthrust. This 

experiment demonstrated how the presence of out-of-plane effects in 2-D 

seismic data aided the 3-D interpretation of complex subsurface structures. 

5.2 Conclusions 

• GoCAD was shown to be an effective tool to create 3-D numerical depth 

models using results from analog centrifuge, the interpretation of 2-D seismic 

lines, and from structural deformation over simple fault-ramp system 

configurations. 

• Migration of 2-D synthetic seismic data over the M028 tear fault model 

demonstrates that when the out-of-plane energy is assumed to originate from 

within the vertical plane of acquisition, false structures are both imaged and 

interpreted. 

• Analysis of 3-D synthetic seismic data over the M028 tear fault model 

illustrates that in areas of complex structure, the acquisition of 3-D seismic 

data, and processing techniques such as 3-D migration, are required to 

properly account for out-of-plane energy. 

• Numerical seismic modelling using multi-offset data acquisition over model 

M028 resulted in better imaging of the fault and of the steeply dipping strata 

in the hangingwall when compared to the normal incidence data. Reflections 

were present from complex structures that were not imaged using normal 

incidence acquisition. 
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• The structural interpretation of a 2-D data set from the Tarata Thrust Zone, 

Taranaki Basin, New Zealand delineated a displacement transfer zone 

between a simple emergent thrust and a triangle zone. The displacement 

transfer was interpreted to be accommodated by an obliquely striking lateral 

ramp truncated at the southern end by a tear fault. This lateral ramp was 

found to dip 45° and strike at 30° to the transport direction. 

• The location and orientation of the lateral ramp in the Tarata Thrust Zone data 

set were constrained through the numerical seismic modelling of the out-of-

plane effects recognized in the 2-D seismic data. The out-of-plane events 

present in the two northern seismic lines were interpreted to originate from a 

package of growth strata located above a lateral ramp located at the south 

end of the backthrust. The acquisition of a 3-D seismic data volume would 

greatly aid in constraining the along-strike structural complexities of this 

region. 

5.3 Recommendations for Future Work 

One of the most labour-intensive tasks was the formatting and editing of the 

numerical models in GoCAD before import into Norsar-3D. This should be 

alleviated with use of the most recent version of Norsar-3D, version 3.0, which 

includes a model editor that allows the surfaces to be smoothed and manipulated 

without having to use GoCAD in the editing step. There is also an option to 

import a complete model with properties from GoCAD directly into the ray tracing 

module. It would also be of interest to use finite difference modelling techniques 

to investigate the full-waveform response, and to compare with the zero-offset 

and multi-offset ray tracing techniques. Building on the results of the ray tracing 

of tear fault model M028 in Chapter 3 would be a study of the out-of-plane 

effects present in a 3-D field data set from a similar structural regime. The 

investigation of a subsurface lateral ramp using 3-D seismic interpretation is 
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currently being addressed by the M.Sc. project of D. Deline (Deline and Dixon, 

2000). 

More 2-D seismic lines from the Tarata Thrust Zone would lend further 

constraints to the interpretation and numerical model. The depth conversion of 

the Taranaki Basin numerical model would be more accurate with the availability 

of well data to increase the complexity of the velocity function, resulting in a more 

accurate modelling result. The incorporation of a full stratigraphic interpretation 

of the 2-D seismic lines in the numerical model may better constrain the position 

of the obliquely striking lateral ramp. Also, the construction of an analog 

structural centrifuge model would aid in the investigation of the development of 

the Tarata Thrust Zone structural regime. 
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