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Abstract 

The Red Lake greenstone belt, located in Uchi Subprovince of western Ontario, 

comprises mainly Mesoarchean basaltic tholeiite and komatiite lavas, and Neoarchean 

metavolcanic rocks. LITHOPROBE Western Superior reflection line 2B was shot north 

to south across the belt employing a 4-vibrator source array and a 963-channel symmetric 

split-spread with crooked geometry. 3-D seismic traveltime tomography was employed to 

construct a velocity model and to correlate it with different lithologies. 

The dimension of the grid of the 3-D velocity model is 4 8 ~ 8 7 ~ 1 . 5  km. A cell size 

of 100 m was used for forward modeling of travel times using a finite-difference solution 

to the Eikonal equation, and a cell size of 100 m was also used in the regularized 

inversion. Starting models with varying surface velocity and velocity gradients were 

employed to test the effects of starting model on the final model. Different starting 

models do not change the overall inverted model structures, but the magnitudes of the 

velocity values do vary slightly. The effects of different constraints on the velocity model 

were tested using an optimum starting model. Smoothness constraints produce a 

generally smooth model, while smallness constraints produce a minimum structure model. 

Ray coverage and a checkerboard test were applied to assess model reliability and lateral 

resolution of 1 km was achieved. 

The reflection data were processed with emphasis on accurate crooked line 

geometry assignment, refraction static correction, surface-constant deconvolution, and 

dip moveout correction. The velocity model was superimposed on the reflection profile to 

permit an integrated geological interpretation. Using data from laboratory measurements 

of seismic velocities and densities in hard-rock regions, I correlate localized high velocity 

anomalies of around 6.5 k d s  with mafic volcanic rocks and velocities of around 6 k d s  

with felsic volcanic rocks and most granitic intrusive rocks. Metasedimentary rocks show 

lower velocities of around 5 k d s .  Boundaries/unconformities between assemblages show 

depressed lower velocities of below 5 k d s .  Southeast-dipping reflections that continue 

into the mid crust project to the surface, where lower velocities occur within the Balmer 

assemblage, suggesting they may be a shear zone or an intermediate intrusion. 
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1 Introduction 

1 .  Motivation and Objectives 
Seismic tomography has been widely used for the imaging of Earth structure at a 

variety of scales, from global earthquake studies to shallow environmental and 

exploration applications. This thesis project presents a 3-D seismic tomographic imaging 

method using first arrival traveltime picks from a crooked 2-D deep reflection dataset 

acquired across the Red Lake greenstone belt in western Ontario, Canada. Integrated 

interpretation of the tomographic images is conducted with a combination of regional 

geological information, seismic reflection profiles, and laboratory rock physics data. 

The Red Lake greenstone belt (RLGB) is located in the northwest part of the 

western Superior Province of the Canadian Shield. It consists of a typical Archean 

sequence of metavolcanic and metasedimentary rocks and has been an active gold mining 

region for decades. Gold occurs in the Balmer assemblage which constitutes about 50 

percent of the RLGB, and consists of basaltic tholeiite and komatiite lava flows with 

intercalated magnetite-quartz iron formations (Ministry of Northern Development and 

Mines (MNDM) of Ontario, 1999). The RLGB is traversed by large-scale deformation 

zones, which predominantly have either a NE-SW or a NW-SE trend. The area has been 

subject to greenschist and amphibolite grade regional metamorphism. Also evident is 

hydrothermal alteration that accompanies the deformation zones and widens at the 

intersection of deformation zones. Gold deposits and occurrences are almost entirely 

confined to the deformedlaltered areas (Siddiqui, 2003). One of the objectives of the 

study is to define distinctive lithological and deformed/shearing/altered zones as a guide 

to gold exploration using seismic velocity images. 

A crustal seismic reflection line, Western Superior Line 2B was shot across this 

region as a part of the Lithoprobe seismic project to study the deep earth structure and 

continental evolution of the Canadian Shield. The line has a large maximum offset (12.5 



km) and a crooked acquisition geometry, which implies that the seismic ray coverage is 

three dimensional. Therefore, a 3-D seismic imaging method is required for this study. 

The line was originally designed to image deep crustal structures using a narrow limited 

range of acquisition frequencies, and this makes many of the shallow reflections obscure 

or unclear. 3-D seismic tomographic imaging using first arrivals can compensate for the 

limited reflection imaging of the shallow structures on the reflection profile. Furthermore, 

the tomographic images can be used to identify shallow faults and extrapolate the deep 

faults up to surface. This is extremely useful for the geological mapping of the near- 

surface region. 

Seismic reflection methods in hard-rock mineral exploration have advanced 

greatly in recent years. Salisbury, Harvey and Matthews (2003) reviewed laboratory 

velocity and density measurements performed under in situ pressure (200 MPa) on a wide 

variety of rocks including ore and host rocks and showed that the elastic properties and 

acoustic impedances of massive sulfides are significantly different from those of most 

common host rocks implying that ore deposits should be detectable. High resolution 2-D 

surveys have been used to delineate the deep structure and stratigraphy of mining camps 

(Wu, Milkereit and Boerner, 1995; Goleby et al., 1997; Stevenson and Durrheim, 1997; 

Calvert and Li, 1999; Adams et al., 2000; Roberts et al., 2003), to delineate known ore 

bodies (Salisbury et al., 1997), and to identify faults and aquifers in hard-rock terranes 

(Juhlin and Palm, 2003). Similarly, VSP surveys have been used to delineate steeply 

dipping ore bodies (Eaton et al., 1996; Adam, Bohlen and Milkereit, 2003) and to identify 

fracture zones in potential nuclear waste disposal sites (Cosma, Heikkineit and Adams, 

2003). Finally, high resolution 3-D seismic surveys have been used extensively in South 

Africa to map gold-producing horizons for mine planning and production purposes 

(Pretorius, Trewick and Irons, 1997), and to explore for massive sulfides in Canada 

(Eaton, Milkereit and Adams, 1997; Milkereit et al., 1997). Nevertheless, there are still 

many problems that remain unresolved and seismic imaging in the hard-rock 

environment is still under development. Among those imaging methods, 3-D seismic 

tomography using first arrivals from crooked wide-angle reflection line has rarely been 

investigated. In Europe this type of tomographic imaging work was reported by Juhlin et 

al. (2002) who conducted crooked line first arrival refraction tomography near the 



Archean-Proterozoic boundary in northern Sweden. His work has shown that the 2-D 

assumption may be poor when crooked line geometry is present. The objective of my 

project is to implement seismic tomography with a tomography code that can handle 3D 

velocity variations and, also the crooked line geometry. The FAST (Zelt and Barton, 

1998) code will be used for this project. This work is one of the first studies to apply a 3- 

D tomography method to a 2-D crooked line reflection dataset from the western Superior 

Province hard-rock environment in North America. 

1.2 Background Geology 
The Red Lake greenstone belt is located in the northwestern part of the western 

Superior Province, Ontario. This greenstone belt consists of a typical Archean sequence 

of metavolcanic and metasedimentary rocks and was subdivided into several assemblages 

with ages ranging from 2730 to 3000 Ma (Figure 1-1). The Balmer assemblage, forming 

about 50% of the Red Lake greenstone belt, consists of basaltic tholeiite and komatiite 

flows with intercalated magnetite-quartz iron formation. Throughout the greenstone belt, 

two main episodes of regional, penetrative and ductile deformation are widespread 

(Sanborn-Barrie, Skulski and Dub6 2000). Dl is a north-striking structure that is axial 

planar to F1 folds. Regional greenschist-facies metamorphism occurred during Dl .  

Metamorphic grade increases from greenschist facies in the middle of the greenstone belt 

to amphibolite facies at the margins of the belt. Three world-class gold deposits, the 

Campbell and Goldcorp mines and the past producing Madsen mine, are enclosed within 

contact metamorphosed amphibolite facies host rocks. 

1.3 Seismic Survey 
Seismic surveys had not been acquired within the belt until recent years. In 2001, 

the Lithoprobe project initiated a long offset seismic reflection survey WS line 2B which 

aimed to study the structure of the crust in the western Superior area. This line crosses the 

RLGB and provides the seismic data for this study. First arrival travel times were 

inverted for seismic velocity structure within the belt, and the reflection data were 

processed specially for mapping in the hard rock environment. 
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1.4 Seismic Traveltime Tomography 
The method of determining seismic velocity from traveltime data, referred to as 

seismic tomography, has a similar basis to the medical tomography widely used in 

medical science. Seismic tomography provides a fast and effective way to determine the 

subsurface velocity distribution either at a shallow, local scale or at great depth on a 

global scale using traveltime data from either controlled sources or earthquakes 

respectively. The fundamental purpose of traveltime tomography is to determine the 

velocity structure of a medium by analyzing the time it takes for a wave generated at a 

source point within the medium to arrive at a distribution of receiver points. 

Traveltime tomography is a non-linear inverse problem. Fortunately it can be 

linearized based on Fermat's principle, which implies that ray paths are stationary paths, 

that is, for small changes in traveltimes, the ray paths remain approximately the same. 

Thus travel-times are more sensitive to the velocities encountered along the paths than to 

the paths themselves. In this case, the ray propagation paths are presumed to be known 

without exactly knowing the velocity. The above assumption breaks down in situations 



where structures with large velocity contrasts exist in the subsurface. In such situations, 

we have to resort to nonlinear tomography, which is comprised of repeated applications 

of linearized inversion, with each application achieving a better fit to the data until 

convergence is achieved. 

Utilization of advanced iterative matrix solvers made repeated nonlinear inversion 

computationally cost effective. During the iterative process, both forward modeling and 

inversion are involved. In this thesis, traveltimes are calculated using a finite difference 

method and ray-paths are determined using a minimum-time ray-tracing method. A 

regularized inversion scheme is applied to obtain both a smooth and minimum structure 

model, which is then subject to checkerboard model appraisal tests. The final velocity 

model is integrated with the reflection image for a full geological interpretation. 

1.5 Thesis Outline and Study Procedures 
This thesis applies 3-D first arrival seismic tomography to a crooked reflection 

survey data from the Red Lake greenstone belt in western Ontario, and interprets the 

results in terms of subsurface geological and structural features (Figure 1-2). 

In chapter 1, the motivation, necessity and objectives of this thesis project are 

introduced. A brief description of the background geology and seismic survey is then 

presented. The literature of the basic techniques in seismic travel-time tomography is 

briefly reviewed. The outline of the thesis project and the study procedures are 

summarized in the end of this chapter. 

In chapter 2, detailed geological features of the RLGB are presented in terms of 

lithology and stratigraphy, structural analysis and tectonic evolution, metamorphism, 

alteration and mineralization. This provides a solid geological model for later velocity 

model analysis and combined tomographic and reflection interpretations. 

In chapter 3, the theory and state of the art of traveltime seismic tomography are 

reviewed. The main forward and inverse modeling techniques involved in seismic 

traveltime tomography are then presented in detail. 

In chapter 4, the data acquisition is introduced. Data processing was carried out 

for two distinct objectives: accurate first arrival picking and reflection image construction. 



A seismic reflection processing procedure customized for the hard-rock environment is 

proposed in order to produce a geologically interpretable seismic reflection image, which 

is then integrated with the tomographic results for interpretation. 

In chapter 5, the FAST software package (Zelt and Barton, 1998) for 3-D seismic 

tomography is introduced. Coordinate conversion and manipulation of first arrivals were 

done so that the data format conformed to the software requirements. Tomographic 

inversion results corresponding to different starting models and constraint parameters are 

presented. The effects of different model constraints on the model structures are analyzed 

and optimal models are chosen for interpretation at different scales. In the end, the 

constructed velocity models are evaluated for model resolution using checkerboard tests 

and the ray hit count method. 

In chapter 6, the literature on velocities and densities of hard-rocks measured in 

the laboratory is reviewed. Based on the information of previous velocity versus density 

relationships, the velocity-density values of rocks from the RLGB were estimated. The 

tomographic velocity models were analyzed from horizontal slices at a constant depth of 

200 m and from the vertically sliced section with reference to the laboratory velocity 

measurements. At the end of this chapter, integrated geological interpretation is carried 

out by combining velocity, lithologic, and structural interpretations. A final conceptional 

geological model is established to guide future work. 

1.6 Hardware and Software 
Throughout the project, a Sun Blade 2000 workstation was used for data 

processing and model construction. Landmark's ProMAX 2D package was used for 

reflection data processing. The "FAST" package was compiled to run under the Sun 

Solaris operating system for 3-D tomographic inversion. FORTRAN and C were used as 

programming tools for basic data manipulation and program implementations, and 

Matlab was used as a data visualization and miscellaneous mapping tool. 
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2 Geological Setting 

2.1 Geological Location 
The Red Lake greenstone belt is located in the northwestern part of the Uchi 

Subprovince (Figure 2-I), Superior Province of the Canadian Shield, which is mostly 

composed of Archean rocks. The main geological subprovinces in this area are: (1) Uchi 

Subprovince, which contains the northeast-trending Red Lake and Birch-Confederation 

Lake greenstone belts; (2) English River Subprovince, south of the Uchi Subprovince, 

which is predominantly sedimentary with minor intrusive rocks similar to those in the 

Quetico Subprovince; and (3) the mainly plutonic Berens River Subprovince, north of the 

Uchi Subprovince (MNDM, 1999). 

2.2 Stratigraphy and Supracrustal Assemblages 
The Red Lake greenstone belt, consists of a typical Archean sequence of 

metavolcanic and metasedimentary rocks, comprises 6 distinct supracrustal assemblages 

with ages ranging from the youngest of the Confederation Assemblage at 2730 to 2800 

Ma through the Bruce Channel and Slate Bay Assemblages, 2800 to 2900 Ma, to the Ball 

and Balmer Assemblage, 2900 to 3000 Ma. The Balmer Assemblage rocks form about 

50% of the Red Lake greenstone belt and host several large and most productive gold 

mines. Small mafic to ultramafic intrusives cut all the asemblages. 

Mesoarchean strata form the backbone of the Red Lake greenstone belt and 

include four volcanic assemblages: Balmer, Ball, Trout Bay and Bruce Channel. Clastic 

rocks of the Slate Bay assemblage have a maximum depositional age of 2916 Ma and 

may be Mesoarchean (Sanborn-Barrie Skulski and DubC, 2000). Neoarchean 

metavolcanic rocks of the Confederation assemblage (2750 to 2730 Ma) occur along the 

northeast and southeast flanks of the greenstone belt (Figure 2-2). 





2.2.1 Balmer Assemblage 
The Balmer assemblage forms about half of the belt and is host to all major gold 

deposits in the Red Lake greenstone belt. It consists of interlayered basaltic tholeiite and 

komatiite flows and mafic to ultramafic intrusive rocks, with minor felsic metavolcanic 

rocks, clastic metasedimentary rocks and chert-magnetite iron formation. Balmer 

assemblage rocks are the oldest with ages 2958 to 2992 Ma (Corfu and Wallace, 1986). 

The Balmer assemblage has been extensively affected by two styles of alteration. Semi- 

conformable hydrothermal alteration has been responsible for the conversion of large 

volumes of mafic rocks to buff-grey-weathered, biotite-bearing rocks. Superimposed 

epigenetic vein-type alteration is associated with most of the gold deposits (Sanborn- 

Barrie Skulski and Dub& 2000). 

2.2.2 Ball Assemblage 

The Ball Assemblage, located in the northwestern corner of the Red Lake belt, is 

slightly younger with ages 2940 to 2925 Ma in the upper part of the assemblage. The 

main mass of the Ball Assemblage is composed of diverse volcanic rocks and 

interlayered chemical sedimentary rocks. Volcanic rocks include komatiitic to tholeiitic 

basalt, intermediate pyroclastic rocks, and massive to spherulitic rhyolite. Chemical 

sedimentary rocks include chert-magnetite iron formation and dolomitic marble-chert 

beds. Well preserved stromatolitic dolomitic carbonate rocks are found in the upper part 

of the Ball Assemblage in Ball and Todd Townships (Corfu and Wallace, 1986). 

2.2.3 Slate Bay Assemblage 
The Slate Bay area is underlain by clastic metasedimentary rocks. From south to 

north these are dominated by 1) well bedded feldspathic wacke interbedded with lithic 

wacke and argillite; 2) lenses of pebble to cobble conglomerate with well rounded clasts; 

and 3) compositionally mature (quartz-rich), texturally immature pebble conglomerate, 

grit and quartzose arenite. 

2.2.4 Bruce Channel 

The Bruce Channel Assemblage is poorly exposed in the eastern part of the belt 

and is proximal to gold-mineralized mafic volcanic rocks of the Balmer assemblage. It is 



composed of strong calc-alkaline intermediate pyroclastic rocks overlain by pebble 

conglomerate, thinly bedded wacke and is capped by chert-magnetite iron formation with 

a common age of 2894 Ma (Corfu and Wallace, 1986; Corfu and Andrews, 1987). 

2.2.5 Trout Bay Assemblage 

Mainly composed of fine-grained clastic metasedimentary rocks (wacke, argillite) 

interlayered with subordinate intermediate pyroclastic rocks and chert-magnetite iron 

formation with a common age of 2853 Ma (Parker, 2002). 

2.2.6 Confederation Assemblage 
The Confederation Assemblage is found on the northern and southern flanks of 

the Red Lake belt, and was deposited during a period of extensive volcanic activity 

between 2750 and 2730 Ma. The rocks include intercalated felsic to mafic metavolcanic 

flows, pyroclastic rocks, and metasedimentary rocks of volcanic provenance. In the 

southeastern part of the greenstone belt, a thick succession of felsic metavolcanic rocks 

dominated by pyroclastic tuff, lobe-hyaloclastite rhyolite flows, and rhyolite flow breccia 

strikes northeast to east, dips steeply south and faces southward (Corfu and Wallace, 

1986, Sanborn-Barrie Skulski and Dub& 2000). 

2.2.7 Granitoid Rocks 

Granitoid rocks in the Red Lake greenstone belt record three main episodes of 

felsic plutonism. The first coincided with the end of Confederation volcanism and is 

represented by the 2734 Ma Douglas Lake pluton, the 2731 Ma Little Vermilion Lake 

batholith, and 2729 Ma Red Crest stock (Corfu and Andrews, 1987, Corfu and Stone, 

1998). The second episode of plutonism at 2.72 Ga is represented by the 2717 Ma 

Hammell Lake pluton and a number of plutons internal to the belt (Corfu and Wallace, 

1986, Corfu and Andrews 1987). The final magmatic event at 2.7 Ga is represented by K- 

feldspar-megacrystic granodiorite of the 2704 Ma Killala-Baird batholith, the ca. 2699 

Ma Walsh Lake pluton and a 2699 Ma post-ore dyke at Madsen (Corfu and Andrews, 

1987). 





2.3 Structural Geology 
The Red Lake greenstone belt is an east-trending belt characterized by steeply 

dipping panels of volcanic and metasedimentary rocks. Shallow dipping strata are 

observed locally in the central and eastern parts of the belt (Sanborn-Barrie Skulski and 

Dubk, 2000). Large and small scale folding are characteristic of the Red Lake greenstone 

belt (Figure 2-3). 

2.3.1 Dl  and D2 

Throughout the greenstone belt, two main episodes of regional, penetrative and 

ductile deformation, including foliation and folding, are evident. The first phase S1 is a 

north-striking foliation that is axial to F1 folds and responsible for northeast trending 

folds. S2 is an easterly-striking foliation that overprints S1 and is axial planar to F2 folds 

that refold F1 folds (Sanborn- Barrie Skulski and Dubk, 2000). Menard and Pattison 

(1999) correlated Dl  with the intrusion of the Douglas Lake pluton and the Little 

Vermilion Lake batholith at 2734 Ma and 2731 Ma respectively. D2 is a complex 

deformation associated with upright folding and emplacement of granitoid batholiths at 

about 2720 Ma (Dome stock, McKenzie Island stock and Hammell Lake pluton). A 

major fold with a northwest-southeast trending axis that parallels the Cochenour-Gullrock 

deformation zone dominates the eastern part of the belt. These folds are interpreted to 

belong to the regional F2 folding event with plunges varying from east to west. 

Associated with the D2 deformation are a series of shear zones that strike east to 

southeast with southerly dips. In the area of the Red Lake mine, the S2 foliation strikes 

110" to 140" and dips 65" to 85" southwest. Axial planar schistosity has an easterly 

plunge of 45" to 65' (Andrews et al., 1986). 

2.3.2 Regional Shear Zones 

It has been considered that shear zones and gold mineralization are spatially and 

genetically linked. Thus definition of the shear zones has been the focus of structural 

studies during the 1980's. These studies led to the formulation of a belt-scale system of 

transcurrent deformation zones (Figure 2-3), which were developed based on the 

corridors of regional deformation defined by Andrews et al. (1986), and were interpreted 

to host gold mineralization and associated alteration. The deformation zones were 



postulated to contain a higher than normal abundance of ductile and brittle-ductile fault 

zones characterized by a single sense of shear. These studies have had a significant 

impact on mineral exploration in the belt in that they purported that strain localization 

was a dominant control on gold mineralization. Sanborn-Barrie Skulski and Dub6 (2000) 

reassessed the concept of regional-scale deformation zones in which they pointed out that 

observed high-strain zones within high-strain corridors are not necessarily oriented 

parallel to these corridors, and alteration and gold mineralization may have been partly 

controlled by primary permeable horizons, such as unconformities, rather than only being 

focused along regional-scale ductile shear zones. 

2.3.3 Metamorphism and AlterationMineralization 

Regional greenschist-facies metamorphism occurred during Dl .  Metamorphic 

grade increases from greenschist facies in the middle of the greenstone belt to 

amphibolite facies at the margins of the belt. Metamorphic isograds are concentric to the 

margins of external granitoid batholiths consistent with contact metamorphism during 

batholith emplacement (Menard and Pattison, 1999). 

Alteration halos associated with lode gold deposits have been documented in 

numerous gold camps where lateral alteration zoning can be divided into distal and 

proximal -zones. Hydrothermal alteration in the Red Lake belt is also distributed in 

regional, zoned alteration envelopes around gold deposits. The distal zone consists of 

moderate to intense, belt-scale, calcite carbonatization, chloritization and weak potassic 

alteration. Proximal zones are less extensive and characterized by intense ferroan- 

dolomite and potassic alteration. Portions of some proximal alteration zones have been 

affected by contact metamorphism related to external granitoid intrusions. The 

amphibolitized alteration zones are biotite-rich, carbonatized and contain porphyroblasts 

of aluminous metamorphic minerals. Multiple periods of silicification and gold 

mineralization overprint and replace the alteration at the mine and outcrop scale (Parker, 

2002). 





3 Theory and Methodology 

3.1 Introduction 
The intent of this chapter is to present the fundamental theory and key 

technologies in seismic tomography. I first present a concise overview of seismic travel 

time tomography including the development history and state of the art. I then introduce 

the mathematical principles underlying the seismic tomography method. These principles 

are derived from theoretical investigations of isotropic acoustic wave propagation, the ray 

and Born approximations and generalized least-squares inversion. By grouping this 

material together and using a consistent set of notation, mathematical similarities between 

these different theories are emphasized, and the discussion in subsequent chapters is free 

to focus on more practical aspects of the procedure. The theory of seismic tomography is 

presented in terms of model linearization, parameterization, formularization and 

inversion etc. The last part of this chapter presents the key techniques applied in practical 

seismic tomography procedures. 

3.2 Overview of Seismic Tomography 

3.2.1 History and Development 

Seismic tomography is a subset of geophysical inverse methods using seismic 

traveltime data to invert for a seismic wave velocity model, and is always referred to as 

"3-D traveltime inversion" or "seismic tomographic imaging" (Aki, Christoffersson and 

Husebye, 1977, Aki, 1993). Since the first seismometers were placed on the surface of 

the Earth near the end of the 1 9 ~ ~  century, seismic waves have been used to locate remote 

"objects". The word "tomography" was borrowed from the medical technology for 

imaging the internal organs of human body using X rays. The seismic imaging method, 

was developed independently from that in the medical community, and in fact was called 

originally the "3-D inversion" method in the seismological community until the early 



1980s, when the iterative matrix solvers used in medical tomography were introduced 

(Aki, 1993). 

The first "3-D inversion" was reported in 1974 for Earth structure beneath the San 

Andreas fault zone using teleseismic P travel-time data (Aki, Christoffersson and 

Husebye, 1974). This 3-D imaging method in the early 1970s was very natural for 

seismologists because of the earlier presentation of the inverse problem formalism by 

Backus and Gilbert (1967). The extension of this method to local earthquake data was 

formally published by Aki, Christoffersson, and Husebye (1977, named as ACH method) 

and Aki and Lee (1976). In the ACH method, P wave delay time readings from the 

monitoring arrays were used to delineate the seismic velocity structure directly under 

these arrays. Their method involved the determination of velocity perturbations in 

individual cells and resulted in a matrix system that is singular or ill-conditioned. For 

small-sized problems, the ill-conditioned nature can be controlled by employing 

sophisticated algebraic techniques such as singular value decomposition, and this is 

essentially the method developed by Aki and his colleagues. This method has led to 

applications to a large number of surveys, ranging from large continental areas to very 

local structures (Nolet et al., 1987). The 3-D traveltime inversion method was greatly 

enhanced by the introduction of iterative matrix solvers by Clayton and Comer (1983), 

and Nolet (1985), and at the same time the method was given the new name 

"tomography". 

At the same time, seismic tomography advanced in hydrocarbon exploration. 

McMechan (1983), Worthington (1984) and Stewart (1985) attempted to apply the 

"medical tomography" methods to geophysical problems. One of the earliest 

tomography-like studies was conducted by Bois et a1 (1972) where they used well-to-well 

seismic measurements to infer the intervening velocity structure. Some years later, Dines 

and Lytle (1979) published a paper that explicitly stated in the title-Computerized 

Geophysical Tomography. Lytle and Dines (1980) also discussed iterative ray tracing 

between boreholes to determine an underground image. Mason's paper (1981) presented 

coal seam velocity imaging via tomography. The tomography session in the 1984 SEG 

annual meeting presented seismic tomography in a wide range of applications. These 

range from the traveltime-type inversions for velocity analysis to full inversionlmigration 



formulations to provide a complete scattered image. Tomographic reconstruction has 

become a standard technique in crosswell analysis. It is also being used for velocity 

analysis (with surface and/or borehole data) and in full imaging under the Born 

approximation (Stewart, 199 1). 

3.2.2 State of the Art in Seismic Traveltime Tomography 

Almost all seismic tomographic images show the spatial distribution of seismic 

wave velocities determined from travel time data (Aki, 1993). Since the first seismic 

tomography method (ACH method) was presented, the method of inversion for seismic 

velocity from traveltime data has advanced greatly in many aspects such as model 

parameterization, inverse algorithms, large sparse linear system solvers and model 

assessments. 

Model parameterization of the subsurface velocity structure has been approached 

in a variety of ways by different researchers. Aki, Christoffersson and Husebye (1974) 

parameterized the subsurface into a number of rectangular constant velocity blocks. 

Crosson (1976) applied a 1-D layered model parameterization to invert earthquake arrival 

times. Thurber (1983) used velocities interpolated between grid nodes to invert local 

earthquake and explosion travel-times. Hammer et al. (1994) employed a model 

parameterization that uses a series of continuous functions which is well suited to 

problems with sparse ray coverage, and required only about 100 arrival times to study the 

velocity structure of oceanic crust. Van der Hilst, Widiyantoro and Engdahl(1997) used a 

fine block parameterization to study the convective properties of the mantle. Dziewonski 

(1984) used spherical harmonics to study the lateral variations in the lower mantle. 

Michelini (1995) presented an adaptive-grid formalism method for traveltime 

tomography. Sambridge and Gudmundsson (1998) solved tomographic systems of 

equations with irregular cells. It appears that irregular parameterization has become more 

useful and computationally effective for large ill-posed tomographic problems. 

The tomographic inversion methods evolved from the basic least square method 

to advanced model constrained optimized methods. Phillips and Fehler (1 99 1) compared 

a series of popular methods used in seismic tomography: (1) damped least squares (DLS), 

(2) DLS plus a spatial average smoother, (3) DLS plus a median smoother, convolutional 



quelling, (5) first difference regularization, (6) first difference regularization, horizontal 

direction only, and (7) iteratively re-weighted least squares (IRLS). They tested these 

methods using a synthetic dataset and concluded that the first difference regularization 

method performed the best in terms of RMS misfit from the true model, and solution 

stability under different realizations of noise. Toomey, Solomon and Purdy (1994) 

referred to their method as an "adaptive inverse modeling tool," owing to the relatively 

large amount of prior information incorporated into the inversion. The main features of 

their method are the jumping strategy and regularization in the form of vertical and 

horizontal smoothness constraints. Zelt and Barton (1998) applied regularized inversion 

as well as back-projection to study data from the Faroe basin. 

As mentioned earlier, a small linear system arising from tomographic problems 

such as the one in the ACH method can be solved by the direct singular value 

decomposition (SVD) method. However, most tomographic problems involve a very 

large number of cells (greater than lo3) and computer memories can't accommodate the 

giant matrices, and the algebraic solution itself must be approximated using iterative 

techniques. It was iterative methods that had made the seismic tomographic technique 

more widely accepted (Aki, 1993). Presently there are a lot of iterative solvers available, 

among which ART (Algebraic Reconstruction Technique), SIRT (Simultaneous Iterative 

Reconstruction Technique) and LSQR (Least Square QR decomposition) are widely used. 

The ART method, which was derived from the iterative method of Kaczmarz (1939), was 

used first by McMechan (1983) and is still in use. However, this method has been proved 

to be slow and also badly conditioned for the typical seismic situation. Following early 

work by Dines and Lytle (1979), Clayton and Comer (1983) developed the SIRT method 

evolved from the ART method. The SIRT method has been widely used in seismic 

tomography. At the same time, Nolet (1983) showed that the method of linear conjugate 

gradients could be applied to the problem and used an algorithm called LSQR, developed 

by Paige and Saunders (1982). Nowadays both the LSQR and SIRT methods are widely 

applied in large-scale tomography (Nolet, 1993). Nolet (1984, 1985) showed that the 

LSQR algorithm was superior to the SIRT method both in its suppression of the 

propagation of data errors and in the rate of convergence to an optimal solution. It is the 

most efficient method presently available to solve linear tomographic systems, whether 



over-determined, under-constrained, or both (Nolet, 1983, 1985; Scales, 1987; Van der 

Sluis and Van der Vorst, 1987, 1990). 

The resolution matrix G-'G (Aki and Richards, 1980) was used to characterize 

model reliability. If G-'G = I ,  a perfect solution is obtained. If G-'G has components 

spread around the diagonal (with low values elsewhere), the particular solution represents 

a smoothed solution over the spread. A covariance matrix was used to estimate the error 

for the model. In fact, for large linear systems, it is always impossible to directly 

calculate G-' due to computer limitations. As a result, indirect methods must be 

employed. It has become common practice to conduct experiments on synthetic data sets 

(Shearer, 1999). In these methods, synthetic data are generated by assuming a particular 

perturbation to the final velocity model and computing traveltime anomalies using the 

same ray paths as the real data. The synthetic data are inverted to see how well the test 

model is recovered. Among these methods, the impulse response test and checkerboard 

test are often used to assess the reliability and resolution of the model. In the 

checkerboard test a model with a regular pattern of alternating fast and slow velocities is 

examined. The degree of smearing of the checkerboard pattern will vary with position in 

the model, giving some indication of the relative resolution in different areas. Zelt (1999) 

proposed an integrated scheme for modeling strategies and model assessment that 

considers the following aspects: (1) the model parameterization; (2) the inclusion of prior 

information; (3) the complexity of the Earth structure; (4) the characteristics of the data, 

(5) the utilization of coincident reflection data. Model assessment establishes the 

reliability of the final model where the solution is non-unique and the data are uncertain. 

3.3 Theory of Seismic Traveltime Tomography 

3.3.1 Overview 

Traveltime tomography is the procedure for reconstructing the Earth's velocity 

model from picked traveltimes. These traveltimes can be measured from seismic data 

associated with a variety of source-receiver configurations, and can be used to extract 

velocity models of varying spatial resolution. Almost all seismic tomographic images 

(inversions) are represented by the spatial distribution of seismic wave velocity 

determined using travel time data (Aki, 1993). Figure 3-1 shows 3 types of traveltime 



data that can be used in exploration seismic tomography: refraction traveltimes measured 

as first breaks in common shot point (CSP) gathers; transmission traveltimes in crosswell 

data, and reflection arrivals in common depth point (CDP) data (Figure 3-1). In this 

project we will confine ourselves to refraction traveltime tomography using first arrival 

traveltimes from a suite of Common Shot Point gathers. The background theory to 

seismic tomography is first introduced, and the details of the inversion approaches are 

then presented. 

Refraction and Reflection 

Wkm) 
0 0.5 1 .O 1.5 2.0 

RFL: Keflectioii arrivals 

KFK: Kefraction arrivals 

DIR: Direct arrivals 

SFC: Surface wives  

Cross-well 

Figure 3-1. Three types of traveltime data used for seismic tomography: CDP refraction (RFR), 
CDP reflection (RFL) and cross-well transmission traveltimes. Modified from Schuster (1998) by 
permission. 

3.3.2 Background Theory 

In a homogeneous medium, P wave propagation is given by the wave equation: 

where the scalar potential for P waves, q, obeys the relationship u = V @ ,  where u is 

displacement. The P wave velocity is a. From the above wave equation, the eikonal 

equation of ray tracing can be derived (Aki et al., 1980): 



where c is either the local P-wave speed a, or the local S-wave speed P. This is the 

standard form for the eikonal equation (e.g., equation 4.41 in Aki and Richards, 1980). 

The eikonal equation can also be written as expanded form: 

IvTI2 = ( 3 , ~ ~ ) ~  + ( d , ~ , ) ~  + ( 3 , ~ ~ ) ~  = m2 

where T, the phase factor, is sometimes called travel time function; m=l/c, is the 

slowness. The Eikonal equation forms the basis for ray theoretical approaches to 

modeling seismic wave propagation and it is only valid at high frequency limits. 

Snell's law illustrates ray path change due to the change of velocity: 

p = sl sine, =s2 sine, = . a .  = s, sine, 

where p is the ray parameter; si is slowness and Bi is the incident angle. The above 

equation can be obtained from Fermat's principle, which states that the travel time 

between two points must be stationary (usually, but not always, the minimum time) with 

respect to small variations in the ray path. 

3.3.3 Linearization 

Seismic surveys based on explosive, vibrator or air-gun sources and receivers on 

land or sea have the advantage of having a well-defined recording geometry, i.e., the 

source and receiver positions are known a priori. In such a case, the travel-time t of a 

seismic arrival can be written as 

where m(r) is the slowness (reciprocal of velocity) field of the medium, defined as a 

function of the 3-D position vector r .  The relationship between t and m(r) is nonlinear, as 

the integral is performed over the ray path l[m(r)], which is dependent on the slowness of 

the medium. The relationship is linearized by considering a small perturbation of the 

slowness about a reference slowness field of the medium m,(r). The modified travel- 

time expression is given by 



where &n(r) is the slowness perturbation. Using Fermat's principle of ray path 

stationarity with respect to slowness, the integral over I[m,(r)+&(r)] can be 

approximated by an integral over l[mo (r)] in the reference slowness field of the medium. 

The first integral then approximately equals to, the travel-time in the reference slowness 

field. The travel-time perturbation is then written as 

A t= t - to=  I,,, &(r)dl 

Since the ray path I[mo(r)] and travel-time to can be calculated for the reference 

slowness model, equation (3.4) defines a linear relationship which is a reasonable 

approximation between the travel-time residual and the slowness perturbation near the 

reference slowness field of the model. 

3.3.4 Parameterization 

The slowness perturbation field &(r) can be discretized into M  cells of constant 

slowness so that the jth cell has slowness pert~rbationdin~ (Figure 3-2). Equation (3.4) 

then reduces to a summation 

where Sri is the i" traveltime perturbation and I, is the segment length of the ith ray in 

the jth cell. If there are N  equations then these form a system of equations represented by 

At = LAm (3.5) 

where L is the N x M  raypath matrix with elements 1, , Am is the M x l  slowness 

perturbation vector, and At is the N x l  traveltime perturbation vector. If the slowness 

perturbations are zero everywhere except in the kth cell, then equation 3.4 becomes 

Sti 1 &I, is known as the Frechet derivative (Zelt and Barton, 1998), or the change in the 

ith traveltime data with respect to a change in the kth model parameter. For convenience, 

(3.5) is always written as 



where t is the travel time, mi are the model slowness parameters, and M is the number of 

model parameters. The partial derivative of travel-time with respect to slowness is the 

length of the path influenced by the model parameter. This relationship is employed in an 

iterative inversion scheme to find a final slowness model. 

Figure 3-2. Model parameterization and ray-tracing for a 16 cell 2-D model. 

3.3.5 Tomographic Inversion 

The linear relationship between traveltime residual and model perturbation 

denoted in formulae (3.5) is called the actual or perturbed system. This set of equations 

usually has the following features: (1) sparseness, i.e. only relatively few matrix elements 

are non-zero; (2) always underdetermined; (3) ill-conditioned; (4) inconsistent, i.e. there 

is no exact solution. 

In seismic tomography, we often resort to a l 2  norm or least squares solution 

algorithm, i.e. a vector h for which 



is minimal. Due to the rank of L being less than M (the number of model cells), there are 

an infinite number of vectors Am minimizing (3.8). In this set of least squares solutions 

there is a unique vector whose norm is minimal. This is refereed to as the minimum norm 

least squares solution of (3.8) and this is the solution that is usually determined. 

However, there are some complications for this solution: (1) the least squares 

solvers that work so well for dense matrices become very expensive in terms of computer 

time and memory for sparse matrices; therefore there is a demand for more efficient 

methods for this case; (2) the error in At may affect the least squares solutions very 

badly, so other approximate solutions, such as damped least squares methods, are always 

applied. 

A damped least squares approach can be implemented through the following steps 

(Schuster, 1998): 

1. Define an objective function E that comprises the data misfit between the observed 

traveltime residual At and the calculated traveltime residual LAm , plus a model 

perturbation norm with a length constraint 2 

E = I ( L h  - ~ t l l ~  + /~llAmll~ 

or 

E = (Lh-At)T(LAm-At)+AAmTAm 

where 2 is a small positive scalar. 

2. Minimizing equation (3.9) with respect to Am yields the damped least squares solution: 

h = ( [ L ~  L] + ill) -' L~ ~t (3.10) 

where I is the M XM identity matrix. 

3. The slowness model is updated by 

where p is the step length. 

If the starting model m, is very close to the actual model so that the traveltime 

equations are truly linear, then P = 1 and equation (3.1 1) is the final answer. We are 

usually not so lucky so we use equation (3.1 1) as our new starting model and repeat steps 

1-3 to get a new updated model. This procedure, known as the nonlinear Gauss-Newton 



method, is repeated until convergence in the model and the traveltime residual is 

achieved. 

3.3.6 Error and Resolution Analysis 

For a linear system in the form of d = Gm , where G is squared, we can find a 

particular solution m = m, for 

m, = G,-'d (3.12) 

Since d=Gm, we obtain following 

m, = Gi'Grn (3.13) 

where G,-'G is called the resolution matrix (Aki and Richards, 1980). If G,"G=I, a 

perfect solution is obtained. If G,"G has components spread around the diagonal (with 

low values elsewhere), the particular solution represents a smoothed solution over the 

spread. 

The covariance matrix 

can be used to estimate the error dm, by giving the covariance matrix for dm,, in terms of 

the error in data. Where '-' represents conjugate transpose and 'o' represents average. 

In general, neither G;'G nor GG;' equals the identity matrix I. The observed 

data d can be split into an uncontaminated data vector d, and an error vector e: 

d = d , + e = G m , + e  (3.15) 

where m, represents the 'true' model. Substitution in (3.12) and subtraction of the true 

model m, gives the error in the solution m,: 

The result of a tomographic experiment is thus contaminated by two kinds of errors: lack 

of resolution, and the fact that we will never get G~'G=I, and errors in the data 

propagating into the solution as Gile .  For large tomographic inversions, it is very 



important to select the matrix solver with the highest rate of convergence in order to keep 

the factor (Gi1G - Z)m, as small as possible. 

3.4 Key Techniques and Methodologies 

3.4.1 Overview 
Seismic tomography is a complex integrated inversion method. For a large 

tomographic system, both forward modeling and inverse modeling techniques are 

involved in a routine procedure, including finite difference travel time calculation, 

minimum travel time ray tracing, regularized inversion, advanced iterative solver 

application, and reliable resolution analysis. 

3.4.2 Finite-Difference Traveltime Calculation 

In most cases, travel times are efficiently and accurately computed by a 

conventional ray tracing method. However, ray-traced traveltimes may sometimes not 

honor the actual traveltimes of first arrivals such as in a low velocity zone (LVZ) and 

waveguide (Qin et al., 1992). A finite-difference solution to the eikonal equation can be 

used to quickly compute traveltimes. Vidale (1988, 1990) presented a method that solves 

for first arrival traveltimes by a finite-difference solution to the eikonal equation in 2-D 

and 3-D respectively 

where T(x,y,z) is the first arrival time for seismic energy propagating from a point source 

through a media with a slowness distribution of s(x,y,z). Rather than solving for 

traveltimes along a ray-path, the eikonal equation solution gives the traveltimes through 

the model. Wavefronts will penetrate into shadow zones and they also account for head 

waves in waveguides; hence the eikonal equation solution should be more robust than 

that obtained by a ray-tracing method (Qin, et al., 1992). 

Figure 3-3 illustrates the principal 3-D and 2-D finite difference operators of 

Vidale (1988, 1990). The unknown traveltime (node 0) at the corner of 1-D or 2-D 

operator (Figure 3-3 a, b)) is calculated from the known times at the other nodes. 



1-D case (Figure 3-3 a): 

2-D case (Figure 3-3 b): 

aT 1 --- - (to +t, -t, -t,), 
ax 2h 

to = t3 + .\/2h2s2 - (t2 - t,) 2 (3.19) 

where t, is the traveltime at the nth node, h is the grid spacing, s is the slowness of the 

grid cell, and z axis is down. 

3-D case (Figure 3-3 c): 

aT 1 --- - (to + t, + tl + t5 - t2 - t6 - t4 - t,), 
ay  4h 



Figure 3-3. Finite difference travel-time calculation in 1-D, 2-D, and 3-D models. The solid ball 
is the node for calculation and 'h' denotes the cell size. 

Vidale's method is developed along expanded squares (2-D) and expanded cubes 

(3-D), and is applied to a smooth velocity model, but has been inaccurate for models with 

large velocity contrasts. Qin et al. (1992) proposed an improved solution that developed 

the traveltime surface along an expanded wavefront suitable for large contrast velocity 

models. Based on Vidale's scheme, Hole and Zelt (1995) presented a method that can be 

used to compute reflection traveltimes in a model where the 3-D reflector geometry is 

complex. An existing finite difference algorithm for calculating first arrival traveltimes 

was modified to handle large, sharp velocity contrast properly (Zelt and Barton, 1998). 

3.4.3 Minimum Time Ray-path Calculation 

Once the traveltimes are computed, the raypaths with the minimum traveltime can 

be found by following the steepest gradient in traveltimes from the receiver back to the 

source. This scheme can be implemented by invoking the traveltime reciprocity equation 

t(?, 2) = t(?, 3) + t(s', Z), (3.21) 

where t(s',Z), t(r',Z), and t(r', s') are the first arrival traveltimes, respectively, from the 

source point s' to 2 ,  from the receiver point r' to 2, and from the source point to 

receiver point. The first arrival raypath between s' and r' is described by the locus of 

points 2 that satisfy equation (3.21). 

Once the timing and raypaths can be found for first arrivals through an arbitrary 

velocity structure in a routine way, setting up a tomographic inversion for the velocity 

structure is easy (Vidale, 1988). 



3.4.4 Regularized Inversion 

Regularization deals with the ill-posedness of the inverse problem. The 

underdetermined part of the problem is controlled by providing a priori knowledge on the 

physical solution in the form of additional constraints that the solution must satisfy 

(Jackson, 1979; Tarantola and Valette 1982). 

The Necessity of Regularization 

The final model is constrained to fit the data and also to satisfy some additional 

property. For tomography, this property is selected such that the final model is as smooth 

as possible. This concept is physically meaningful as smooth models are sought that 

include only structure that is required to fit the data according to its uncertainty 

(Constable, Parker and Constable, 1987). The motivation for seeking a smooth model is 

that features present in the model should be essential to match the observations. Such 

classes of models are referred to as minimum structure models. There are also several 

physical reasons for choosing the smooth models in ray-based travel-time tomography 

problems (Zelt and Barton 1998): (i) infinite-frequency ray methods are valid only for 

smooth media, (ii) travel-times constrain only the long wavelength model features since 

the data represent integrals through the model, and (iii) the linearization assumption of 

stationary ray paths is more likely to be satisfied for smooth models. 

The amount of structure in the estimated model parameters is measured in terms 

of roughness. In seismic tomography, second spatial derivatives are employed to quantify 

the model roughness (Lees and Crosson 1989). In this kind of regularized inversion, an 

objective function, which includes norms that measure model roughness and data misfit, 

is minimized. A tradeoff parameter is selected that provides the model with the least 

structure for a given level of data misfit. For Gaussian noise, the acceptable data misfit is 

set to the expected value for the x2 misfit statistic, i.e. < x2 >= N, where N is the 

number of data. The normalized x2 is defined as x2 l(N - 1) where N is the number of 

data (Zelt and Barton 1998). In the present study, the acceptable data misfit is obtained at 

a normalized x2 value of one. 



Techniques in Regularized Inversion 

Shaw and Orcutt (1985) presented a regularized method which is the basis of the 

more advanced regularization methods. In their method, a forward problem is described 

as 

The linearized formulation between traveltime residual and model perturbation is 

expressed as 

LAm = G(m) - G(m,) = t - G(mO) (3.23) 

where L is the partial derivative matrix of the functional G at m,, Am is the model 

correction vector. By adding Lm, to both sides of equation (3.23) and 

substituting m = Am + m, : 

Lm - t - G(m,) + Lm, (3.24) 

The important difference between equation (3.23) and (3.24) is that equation (3.24) is 

solved for the model m, and not for a correction vector Am. This allows constraints to be 

applied to the model itself rather than to the model correction. Applying smoothness 

constraints to equation (3.23) leads to the system of equations: 

where C is the regularization operator (discussed below) and A is the tradeoff parameter 

that controls the tradeoff between data misfit and model roughness. The regularized 

inverse problem that solves equation (3.25) is known as the creeping approach (Backus 

and Gilbert 1967) which is solved for model'perturbation Am, and also constrains Am 

during the inversion. The disadvantage of the creeping approach is that the final model 

possesses no special properties and is simply a sum of smooth deviations from the 

starting model (Shaw and Orcutt 1985). 

Alternatively 

of equations: 

applying smoothness constraints to equation (3.24) gives the system 



Equation (3.26) can be solved for the new model m and places constraints on m. This 

method is known as the jumping approach. In the jumping approach, a suitable norm of 

the model is set to be minimized, which can result in the final model having properties 

such as flatness or smoothness. 

Conditioning of Traveltime Equations 

In seismic tomography, the number of parameters needed to represent a realistic 

model often exceeds the number of data points. When the dimensions of the model space 

exceed that of the data space, the regularization plays a prominent role in obtaining a 

meaningful solution. Toomey, Solomon and Purdy (1994) applied tomographic inversion 

for imaging the East Pacific Rise using horizontal and vertical smoothing as 

regularization constraints. They called such an approach "the adaptive inverse modeling 

tool." The final model obtained using this approach was referred to as "the preferred 

model," since regularizing constraints were used in the inversion process. As the 

variation of velocity in the lateral and vertical directions is usually different, the 

horizontal and vertical smoothing operators are implemented separately in the inversion 

algorithm. 

Based on the methods of Shaw and Orcutt (1985) and Toomey Solomon and 

Purdy (1994), Zelt and Barton (1998) applied a similar tomographic inversion to 

determine 3-D velocity structure from first arrival travel-time data. Their tomographic 

method implemented regularizing constraints by penalizing total model roughness and 

used the 'jumping' strategy. The objective function @ minimised at each iteration is 

given by 

where m is the slowness model vector; At is the traveltime data residual vector; C, is the 

data covariance matrix describing the errors in the observations; C, and C, are the 

horizontal and vertical roughening matrices, respectively; A is the trade-off parameter; 

and s, sets the relative importance of maintaining horizontal to vertical model 

smoothness. Following Zelt and Barton (1998), this leads to the system of equations 



ati 
where L is the partial derivative matrix with elements Lii = - equal to the length of 

am 

the ith ray in the jth cell of the slowness model, m, represents the current slowness 

model, Am is the slowness perturbation, and m = m, +Am . In c;"~, the ith diagonal 

1 
element is - , where ai is the data uncertainty for ith datum. 

oi 

For data errors that are assumed to be uncorrelated, the data covariance matrix C, 

is a diagonal matrix with elements oi2 representing the variance of the ith traveltime 

measurement. The roughening matrices Ch and C, contain the 2-D and 1-D second 

derivative finite difference operators that measure the model roughness in the horizontal 

and vertical directions. Each row of Ch contains the five nonzero elements of the 

Laplacian operator equal to 11 s j  , 11 s j  , - 41 s  , 11 s j  , 11 s , where the elements 

correspond to a central cell and four adjacent cells in the x and y directions and s i  is the 

prior slowness of the center cell. Similarly, each row of C, has three nonzero elements 

equal to 11 s  , - 2 / s j ,  and 1 / s , where the elements correspond to three adjacent cells in 

the z direction. Toomey, Solomon and Purdy (1994) pointed out the necessity for 

normalization of the regularization constraints by the prior slowness model. The un- 

normalized constraints tend to distribute the slowness perturbation evenly in the model 

(Wiggins 1972). For a tomographic algorithm parameterized in the slowness domain, the 

inverse relationship between the velocity and slowness will bias the final velocity model 

towards increased levels of heterogeneity at greater crustal depths. To offset this effect, in 

the present study, the elements in the horizontal roughening matrix are weighted by their 

corresponding prior slowness values. 

The normalized horizontal roughing matrix is expressed as 



where, the non-zero values on any row correspond to adjacent cells. 

For M number of model parameters, C, is a M x M matrix providing M additional 

constraint equations. 

The normalized vertical roughing matrix is 

3.4.5 Solving Large System of Equations 

The matrix in equation (3.28) is sparse and often has less than one percent 

nonzero elements. This system is solved using advanced iterative solvers. There are lots 

of iterative solvers available for solving this linear system of equations. They were 

essentially classified into two categories: ART style methods and projection style 

methods. The ART method was derived from Kaczmarz's method and developed to the 

more efficient SIRT method. The LSQR method, based on Conjugate Gradient method, is 

a projection style method. 

SIRT Method 

Starting with some initial approximation x'" for the solution of Ax = b , we 

define the residual r ' ~ '  for the approximation X'Y' after q iteration steps by 

y ( ~ )  = b - AX(Y) 

The idea now is to determine a correction Ax'" to xCq' such that a certain equation say 

the ith one, is satisfied, i.e. r;:'Y+l' = 0. The Kaczmarz's method can be denoted as 



The ART method directly uses Kaczmarz's algorithm. The SIRT method uses a modified 

Kaczmarz's method. The SIRT method improves the convergence behavior by first 

computing the corrections for all rows, while keeping the residual fixed, and by 

averaging these corrections before updating the approximation for x. This way, the 

formulae in (3.3 1) leads to 

where M j  denotes the number of non-zero elements in the jth column of A, or 

physically: the number of rays passing through cell j. 

LSQR Method 

Suppose we have a linear system Bu = f with B symmetric positive definite, the 

conjugate gradient method is given by the following scheme: 

if r(q+" = 0, then quit 

If r'q+l) = 0 then u'"" is the solution of Bu = f . Usually we will quit before 

r(q+'' = 0, and the u'"") will be considered as an approximation to the solution u. In 

exact arithmetic for any q 



i.e. r'Y' is the residual after q iterations, and one may quit when this residual is small 

enough. Moreover, r"), r '" , r(2), . . . are mutually orthogonal, and hence r"' , r") , . .-, r'Y-l' 

form an orthogonal basis of a so-called Krylov subspace K'~'(B; f )  . This is instrumental 

for orthogonal projections, which form the foundation of the projection method. 

LSQR employs the Lanczos method for solving an over-determined system of 

linear equations such as L~ LX = LTb in the following algorithm: 

The LSQR method is the most efficient method to solve linear tomographic 

systems, whether over-determined, under-constrained, or both. Moreover, it retains full 

flexibility in the sense that it does not introduce any hidden scaling in the solution (Nolet, 

1993). 



4 Seismic Data Processing 

4.1 Introduction 
Processing of seismic data from the hard rock environment is more challenging 

than with data from sedimentary basins. The typical characteristics of hard-rock seismic 

data include low signal-to-noise ratios, high amplitude source-generated coherent noise, 

discontinuous reflections, and back-scattering of both P and S waves 

Preparation of the raw field data is the first step for seismic tomographic imaging. 

The objectives of the processing are to: (1) eliminate traces with a low signal to noise 

ratio (SIN) and (2) improve the data for first arrival picking and reflection image 

construction. In this chapter, I first introduce the acquisition parameters of the reflection 

line used in this thesis project, and then the basic seismic processing for accurate first 

arrival picking and reformatting of the picks is presented. The last section deals with 

processing of the seismic reflection data in the hard-rock environment of the Red Lake 

greenstone belt. 

4.2 Data Acquisition 
A 2-D seismic reflection line Western Superior line 2B was shot across the Red 

Lake region in 1999. This seismic survey is a major element of the Western Superior 

Transect, one of 12 transects of the LITHOPROBE project. The objective of the seismic 

survey was to study the structure and evolution of the Earth's crust in this region. 

The line is 227.8 km long, mainly acquired along a highway road, and is 

characterized by crooked geometry (Figure 4-1). The data were collected using a 963 

channel symmetric split recording spread with an offset range of +I- 12km to 0 m (no 

shot gap) and a nominal fold of 120. 



Figure 4-1. Acquisition geometry of the WS line 2B showing features of the crooked line. 

A vibroseis source was used, and the source spacing was 100 m with six 28 s-long 

sweeps at each source position. Receivers were OYO GS-30-CT geophones with a 25 m 

receiver group spacing and a 10 Hz natural frequency. Each receiver array consisted of 9 

geophones over 25 meters centered on the station flag. Each channel recorded 46 s of 

uncorrelated data at a sampling interval of 4 ms as SEG-D format on IBM 3490 

cartridges (Table 4-1). The final record length is 18 s after normal vibroseis correlation. 

A 32 s length was obtained by extended correlation. The line is geometrically crooked 

which necessitates the use of 3-D methods to analyze the first arrivals. 



Table 4- 1. Acquisition field parameters. 

SOURCE 

Source Type 4 x 22,400 kg vibrators 

Source Interval 100 m 

Source Duration 46 s 

Sweep Frequencies 8-54 Hz, linear, upsweep 

Sweep Length 28 s 

FIELD INSTRUMENTATION 

Recorder 110 system 2000, 24 bit recording system 

Recording Spread 963 channel symmetric split, 120 nominal fold 

Offset Range +I- 12 km to 0 m (no shot gap) 

Recording Format SEG-D on IBM 3490 cartridges 

Field Filter low filter out, high filter 3/4 Nyquist, notch filter out 

Record Length 18 s 

Sample Interval 4 ms 

RECEIVERS 

Geophone Type 10 HZ OYO GS-30-CT 

Geophone Interval 25 m 

Geophone Layout 9 over 25 m 

4.3 Data Processing for Tomographic Imaging 

4.3.1 Introduction of the Field Dataset 

This reflection data was acquired by Kinetex Inc. of Calgary in March and April 

2000. For each vibration point, three different data sets were saved to tape. Unstacked, 

uncorrelated individual sweeps were saved with Field File Identification (FFID) numbers 

of 1-7999; diversity stacked, uncorrelated records have FFIDs between 8000-8999; and 

correlated records have FFIDs in the range of 9000-9999. 

The original complete processing of the data was carried out by the Lithoprobe 

Seismic Processing Facility (LSPF) at the University of Calgary between June and 

September 2001 by Arie van der Velden and Kevin Hall using ITA INSIGHT software, 

including some in-house modules, on a Sun Ultrasparc 10 workstation. During the 



processing, the diversity stacked, uncorrelated data were read from tape for processing 

due to the satisfactory result of the diversity stacking in the field recording truck. 

Table 4-2 shows the processing flow used for the data sets by the Lithoprobe 

Seismic Processing Facility (LSPF) at the University of Calgary. 

Table 4-2. Data processing flow used by LSPF. 

Read data from tape (readsegd) 

Extended cross-correlation 

Geometry (crook) 

Updata trace edits picked by FBSI 

Save shot gather files to tape (segy-write) 

Refraction statics analysis (GLI3D) 

Mute picking 

CMP sorting (big-sort) 

Prestack processing: Constant velocity stacks 

Velocity analysis 

Prestack processing: NMO-corrected CMP gathers 

Residual statics (superfbld) 

Prestack processing: Constant crossdip stacks 

Crossdip analysis 

Prestack processing: Crossdip stack 

Prestack processing: No crossdip stack 

Prestack processing: No residual statics stack 

Prestack processing: Median filter stack 

Save to tape (segy-write) 

Merge stacks 

Save to tape (segy-write) 

Migration (psmigjast) 

Merge stacks 

Save to tape (segxwrite) 



4.3.2 Data Processing for First Break Picking 

The processing of the raw data before first break picking was carried out in three 

steps: (1) data reading and vibroseis cross-correlation; (2) geometry assignment; and (3) 

trace editing and tape backup. 

In the first step, the SEG-D formatted, diversity stacked, uncorrelated records 

were written to disk and reorganized into files with a number of shot records to facilitate 

later processing. Normal vibroseis cross correlation and self-truncating extended 

correlation was applied to obtain 18 s and 32 s long output records respectively. 

Preliminary crooked line geometry such as shot locations, receiver locations, and source- 

receiver offsets, and elevations were entered into the trace headers, which are needed for 

later traveltime tomography and reflection processing. A copy of the first 5 s of the shot 

records was written in SEG-Y format for trace editing to remove noisy traces and bad 

shot gathers. Although the initial SEG-Y data had a record time window of 5 s, a record 

length of 2 s includes all the first arrivals up to maximum offset of -1 3 km. 

To illustrate some of the major features of the data, a typical shot gather used for 

first arrival piclung is shown in Figure 4-2. First arrivals can be identified clearly on the 

gather. 

Figure 4-2. A typical shot gather showing the first arrivals. The maximum offset and traveltime 
variations are shown as well. Strong shear waves are also usually present. 

4.3.3 First Break Picking 

First arrival events were identified and picked on every shot by FBSI Inc. of 

Calgary. To check the quality of the picking by FBSI, the first break times were read into 

ProMAX trace headers and superimposed on constant offset gathers, where trace-to-trace 



correlations of first arrivals are easier to discern (Figure 4-3). The quality of the picking 

was, in general, very good, and only minor corrections to the picks were made. 

South North 

Figure 4-3. A constant offset gather showing the qualily of first arrival picking. This figure also 
shows traveltime variations along the line. Traveltimes increase fiom north to south roughly 
indicating higher velocities in the north and lower in the south. 

Approximately 2,162,000 first arrival picks were made fiom 2275 shots. Most of 

the picked gathers have 950 picks/shot and all available shots were picked. A picking 

uncertainty of *10 ms was assigned to the picks having source-receiver offset greater 

than 200 m, or equivalently a first break time greater than -30 ms. Picks with offset less 

200 m were excluded from the inversion, because noise generated by the vibrator trucks 

made the picks here inaccurate. 

First arrival times on the constant offset gathers indicate significant lateral 

velocity variations in the near surface. Earlier arrivals suggest higher apparent velocities, 

and this observation provides important information for development of an initial 

velocity model. 

4.4 Data Processing for Reflection Imaging 

4.4.1 Introduction 

In order to supplement interpretation of the tomographic images, reflection 

profiles were obtained to provide reliable deeper information for an integrated 

interpretation. This was implemented by superimposing the tomographic images on the 

reflection profiles. Seismic reflection processing for data fiom hard-rock environment has 

been a challenge to conventional processing technologies due in part to the paucity of 

strong, unambiguous reflections that typifl a sedimentary basin and a general lack of 

understanding of how observed signals correlate with subsurface features. It is apparent 



that data processing for mineral exploration is different from the processing approach 

taken in oil and gas exploration. Seismic data acquired in hard-rock areas exhibit low 

signal-to-noise ratios (Milkereit and Eaton, 1997). Data quality is also affected by the 

high velocities (>6 kmls), scattering, and the large impedance contrast at the 

overburden/bedrock interface where efficient P- to S-wave conversions occur. Also, 

because the velocity gradient and reflection coefficients are so much lower than those 

encountered in a sedimentary environment, most seismic energy never returns to the 

surface receivers. Data acquisition parameters are chosen to compensate for the poor 

signal quality. Nevertheless, data processing must also be tailored to produce high quality 

seismic images. 

The tailored, hard-rock oriented processing sequence is described in Figure 4-4 

and the processing parameters used are listed in Table 4-3. Geometry checking and 

crooked line CMP (Common Mid-Point) binning were first carried out to build the 

geometry database. Predictive deconvolution, true amplitude recovery, first breaks mutes 

and NMO (Normal Moveout) corrections were applied to the CMP gathers prior to the 

static corrections. Several refraction static algorithms were tested on the set of first break 

pick times from this dataset and the iterative delay time solution method of first arrivals 

(Lawton, 1989) resulted in the best refraction static estimates. Surface consistent residual 

statics, calculated by the maximizing the stack power (Ronen and Claerbout, 1985), 

provide a minor improvement in the stack quality. When a constant stacking velocity of 

6.0 krnh (corresponding to the background velocity) is used and no DM0 (Dip Moveout) 

corrections are applied, the seismic sections emphasize the reflectivity from sub- 

horizontal geological structures. The application of DM0 corrections allows dipping and 

sub-horizontal events to stack in when the medium velocity is used. Poststack processing 

employed F-K migration (Stolt, 1978), LMIG migration (Calvert, 2004) and coherency 

filtering. All above processing flows were implemented using modules in Landmark's 

ProMAX 2D processing software package. 
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Figure 4-4. Reflection processing flow chart. 



Table 4-3. Reflection processing parameters 

Crooked Line Geometry 

Bin length 12.5 m 

Bin width 4000 m 

Trace Editing and Muting 

Geometric spreading correction Constant velocity of 6000 m/s 

Trace balancing AGC with 500 ms window 

Muting First -break top muting 

Band-pass filter 8-54 Hz, zero phase 

Refraction Statics 

First-break picks Interactive 

Elevation statics 6000 m/s velocity 

Iterative delay time solution 300 m datum, 6000 m/s replacement velocity 

Deconvolution before stack 

Predictive deconvolution 20 ms gap, 100 ms operator length 

Stacking Velocity Analysis 

Semblance analysis every 50 shot point 

Velocity range 5500 m/s to 7000 m/s 

Residual Statics 

Maximum power autostatics Surface constant, maximum 20 ms shift 

DM0 

DM0 correction 

Migration 

Memory Stolt F-K migration Constant velocity of 6000 m/s 

Filtering and Display 

Coherency filtering 

Display 

8 msltrace slowness, 40 ms window 

Variable area 



4.4.2 Pre-stack Processing 

Geometry Assignment and CMP Binning 

Crooked line geometry assignment and CMP binning were accomplished using 

ProMAX's crooked line geometry assignment module. 

Midpoints and offsets of all CMPs were assigned first. The track (binning) line is 

chosen so as to preserve short offsets that contain near-surface information, and minimize 

loss of stack fold at sharp corners where the midpoints lie far away from the survey line. 

The track line was made as smooth as possible, avoiding sharp bends. Traces with 

midpoints outside of any of the bins were assigned a CMP number of zero and were 

eliminated from the dataset during CMP sorting. According to the track line and midpoint 

distributions, the final bin width (in-line dimension, or trace spacing) was 12.5 m and the 

bin height (cross-line dimension) was 4000 m, respectively. There are a total of 16,295 

CMP bins for this 227.8 km line. 

Offset bins were assigned for later DM0 correction processing. The starting bin 

number is set to 1, the minimum offset bin center is set to 100 m, and the maximum 

offset bin center is 19,000 m. The bin increment is 100 m and there are a total of 331 

offset bins. The ProMAX database was finalized by creating all necessary lookup tables 

to facilitate later processing. 

Muting and Brute Stack 

Top mutes were designed interactively for every 5oth shot point. They were 

positioned close to the first breaks so as to maintain as much shallow information as 

possible. Before muting, a geometric spreading correction and amplitude balancing (AGC) 

were applied to compensate for amplitude decay and to equalize individual traces. A 

brute stacking profile was obtained using a constant velocity 6000 m/s for NMO (Figure 

4-5). The stacked image shows coherent noise originated from S waves, surface waves 

and signal scattered in the near surface. 



Refraction Statics 

In land surveys, refraction static corrections need to be applied to remove the 

effects of time shifts caused by the surface topography and shallow velocity variations 

along the line. The importance of refraction static corrections for this type of data in hard- 

rock areas is due to several factors: (1) the high velocity of the basement rocks relative to 

the low velocity overburden results in large static shifts, (2) preservation of the high- 

frequencies contained in the data requires accurate static corrections, and (3) the low 

signal-to-noise ratio of the data and the magnitude of the statics often prevent the 

successful calculation of residual statics. The refraction statics correction was applied 

after trace muting and before NMO. A generalized Linear Inverse method was used with 

selection of a 300 m final datum and 6000 m/s replacement velocity. The reflection 

image was significantly improved in terms of the reflector coherency (Figure 4-6). 

Deconvolution and Noise Removal 

Because the near-surface conditions and the coupling of geophones and vibrators 

to the surface vary along the line, deconvolution is required to remove these laterally 

varying effects on the seismic wavelet. Predictive deconvolution with a 100 ms operator 

length and a 20 ms gap was applied after refraction statics to compress the basic wavelet, 

and to attenuate reverberations and short-period multiples. A zero-phase band-pass filter 

was also applied to remove the low frequency ground roll and other high frequency noise. 

After those noise-removal steps, the stacked section was greatly improved (Figure 4-7). 

Stacking Velocity Analysis 

An optimal stack requires that a laterally varying stacking velocity function be 

picked along the line. In most data, semblance velocity spectra are computed and a 

velocity function is determined from the picks of the spectrum. However in this hard-rock 

area, the reflections are very weak, and constant velocity stacks were employed. Depth 

and laterally varying velocity functions were picked every 100 shot gathers using 

constant velocity stacks computed every 500 m/s between 5500 m/s and 7500 m/s. With a 

laterally varying velocity used in the stack, some local reflections become more visible 

and overall reflection coherency is greatly enhanced. 



Surface Consistent Residual Statics 

Because of the assumptions in the refraction statics method, the static corrections 

are not exact, and a secondary correction is required after stacking velocities have been 

determined. Among many residual statics algorithms the maximum power method is the 

,most appropriate for datasets with lower fold and a poor signal-to-noise ratio. Surface 

consistent static shifts can also be determined by maximizing the power of the stacked 

traces. The Maximum Power Autostatics module in ProMAX was used to perform 

residual statics with a maximum allowed time shift of 20 ms and a 200 ms computation 

window. Reflections in the CMP gathers were better aligned for optimal stacking after 

residual statics. 

Dip Moveout Correction and Final Stacking 

Crossing reflections with different apparent dips are present in the stacked section 

(Figure 4-6) which indicates that there are dipping lithological contacts or faults. 

Therefore imaging steps such as DM0 followed by migration are crucial to positioning 

correctly those dipping events. In applying the NMO correction, there is, in general, no 

velocity function that will simultaneously optimize stacking of both dipping and sub- 

horizontal events. To circumvent this problem, DM0 is used to effectively create a zero- 

offset section in which dipping events will stack at realistic velocities. A log-stretch 

DM0 correction was applied to the data in the constant offset domain after final static 

correction. The DM0 corrected section shows a great improvement in the dipping 

reflections over the entire profile (Figure 4-8). 

DM0 corrects for the effects of dip, and reduces the required stacking velocity. 

So velocity analysis was repeated using the DM0 corrected data to obtain a new set of 

velocity functions. This process was then repeated to obtain the final stacking velocities. 



4.4.3 Post-stack Processing 

Migration 

After DM0 correction, reflections are imaged more clearly, but they are not at 

their true subsurface locations. Hence, DM0 is a partial migration process produces a 

zero-offset section. Migration can then be applied to the DM0 stack to collapse 

diffraction hyperbolae and move reflections to their true subsurface positions. In theory, 

for a constant background velocity, DM0 followed by post-stack migration should 

produce the same results as a pre-stack migration (Hale, 1984). Stolt F-K migration was 

applied to the DM0 corrected data using a constant velocity of 6000 mls. The migration 

shows that diffractions have collapsed and dipping reflections become clearer (Figure 4- 

9). Wave-equation migration of stacked data, in which reflectors are broken up by 

changes in line orientation and signed penetration, can generate artifacts or smiles. The 

artifacts are enhanced by subsequent coherency filtering. To avoid this problem, a line- 

segment migration (LMIG) algorithm (Calvert, 2004) was used to generate the reflection 

images used in the final interpretation (Figure 4-10). 

Coherency Filtering and Display 

Due to the poor and discontinuous nature of the reflection, an in-house coherency 

filter was applied to the migrated data to enhance the signal for interpretation and display. 

The final stack is presented in conventional variable area form with a relatively high gain 

(Figure 4-11). Overall, the section shows poor reflections in the shallow area ( ~ 1 . 5  s), 

while in the deeper area, reflections are imaged relatively well. The later tomographic 

imaging will compensate for the absence in the reflection profile of the shallower 

information. 
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5 Model Analysis and Assessment 

5.1 Introduction 
In this chapter, I will first introduce the FAST (First Arrival Seismic Tomography) 

seismic tomography software that is widely used for analysis of first arrival travel time 

data, and then I will discuss the different models produced by varying starting models 

and model constraints. Finally, I will conduct a model resolution and reliability 

assessment based on ray coverage and checkerboard tests. 

5.2 Introduction to the FAST Program 

5.2.1 Overview 

The FAST program (Zelt and Barton, 1998) is both a 2-D and 3-D algorithm that 

can invert first arrival traveltimes. It is used in both global and local seismic studies. In 

this program the models are parameterized on a uniform square grid in which velocities 

are specified at equal node spacings in the x, y, and z directions. The inverse grid is cell- 

based with a constant cell size in each direction. The node spacing used for the forward 

grid must divide equally into the x, y, and z dimensions of the model, as must the cell size 

of the inverse grid. The forward calculation of traveltimes and raypaths uses the Vidale 

(1988, 1990) scheme modified to handle large velocity contrasts according to the method 

of Hole and Zelt (1995). Sources and receivers may be anywhere in the model and a point 

source is assumed. The tomographic method uses a regularized inversion incorporating a 

user-specified combination of smallest and smoothest perturbation constraints. The 

regularization is a jumping method in that the constraints are applied to the model 

perturbation with respect to a background reference model. The algorithm iterates from a 

starting model with new ray paths calculated through an updated model at subsequent 

iterations. The sparse linear system of equations is solved using the LSQR variant of the 

conjugate gradient method described by Nolet (1987). 



5.2.2 Software Modules 

The FAST software package consists of five major program modules: (I) FD 

module: finite difference Eikonal solver for traveltime calculation; (2) RAY module: ray 

paths and data kernel calculation; (3) MISC modules: miscellaneous source codes such as 

the inversion, velocity manipulation, and all other utility programs; (4) ZSLICE module: 

quick general purpose plotting programs including presentation of 3-D data volumes as x, 

y, or z slices, and plotting of 2-D data grids; (5) PLTLlB module: plot libraries for X- 

windows screen graphics and postscript file generation. 

5.2.3 Format of Input Traveltimes 

In this program, first arrival traveltimes must be sorted shot by shot (land data) or 

receiver by receiver (for marine data). Each gather forms a traveltime pick file and all 

pick files constitute the input traveltimes for inversion. FAST requires that all coordinate 

values be positive, therefore a new origin point was chosen and coordinates were 

converted so that all shots and receivers were assigned with positive values, but relative 

positions remain unchanged. An example of one typical traveltime file is formatted as 

Table 5-1. 

5.2.4 Parameters of Model Constraints 

As mentioned earlier, regularized inversion incorporates a user-specified 

combination of smallest and smoothest perturbation constraints, which are defined by the 

parameters of alpha, sz, sedge, smwz, and spwz (Zelt and Barton, 1998). 

Alpha: Tradeoff parameter that selects the relative weighting of fitting smallest 

perturbation constraint equations versus smoothest constraint equations. A value of 1 uses 

only smoothest regularization; a value of 0 uses only smallest perturbation regularization. 

Any value between 0 and 1 inclusive is allowed. 

sz: Relative importance of maintaining vertical smoothness versus horizontal 

smoothness (a value of 0 eliminates any constraint on vertical smoothness). Any value 

greater than or equal to 0 is valid. 

sedge: Weight on the smallest perturbation constraints applied to the cells at the 

edge of the model; this is usually necessary to prevent edge effects caused by smoothing 



Table 5-1. A typical input data file showing shot-receiver coordinates and traveltimes. 

Traveltime 

(Second) 

0.000 

1.928 

1.420 

1.048 

0.492 

0.120 

0.404 

0.876 

1.404 

1.844 

Uncertainty 

(Second) 

0.000 

0.010 

0.010 

0.010 

0.010 

0.010 

0.010 

0.010 

0.010 

0.010 

Dummy 

Values 



from the interior of the model where there is ray coverage to the edges where there often 

is none (a value of 0 eliminates any edge constraint). 

smwz: An array to allow a variable weighting of the smoothness regularization 

with depth. The elements correspond to the depths of the cells of the model sampled on 

the inverse grid from top to bottom, i.e. the dimensions of this array equal the dimensions 

of the model in the z direction on the inverse grid (a value of zero eliminates the 

constraint at that particular depth). 

spwz: An array to allow a variable weighting of the smallest perturbation 

regularization with depth. The elements correspond to the depths of the cells of the model 

sampled on the inverse grid from top to bottom, i.e. the dimensions of this array equal the 

dimensions of the model in the z direction on the inverse grid (a value of zero eliminates 

the constraint at that particular depth). 

5.3 Inversion Configurations 

5.3.1 Introduction 
Since WS Line 2B is characterized by crooked line geometry and ray paths are 

essentially three dimensionally distributed, a 3-D method is required. As described in 

chapter 4, the line is 227.8 km long with approximately 2,162,000 first arrivals picked 

from 2275 shots at an average of 950 picks per shot. Due to computer capacity 

restrictions, I only selected part of the line which transects the area of greatest interest - 

the Red Lake greenstone belt and its adjoining area for the tomographic inversion. As a 

result, a 100 m cell size was used in the inversion, giving a total of around 4.6 million 

cells in the 3-D model. Many starting models were tried and an optimal starting model 

was selected for the final inversion. During the inversion, a combination of both 

smoothness and smallness constraints were incorporated into the model norm to control 

the general appearance of the final model. The inversion results show a number of 

variations between the final models that indicate the effects of the constraints. The 

optimal final model was assessed for reliability and resolution using ray density coverage 

and a checkerboard test. 



5.3.2 Model Parameterizations and Configuration 

The model required for the inversion has dimensions 48 x 87 x 1.5 km in X (west- 

east), Y (south-north) and Z (increasing downward) directions respectively. Both the 

node size for the forward modeling and the cell size for the inversion are 100 m. As a 

result, there are a total of 6,264,000 cells involved in the inversion process. 

Approximately 125 km of the crooked line lay within the model. Every other shot was 

selected and a total of 625 shots and 490,334 first arrivals were used, amounting to 

around 780 picks per shot with a 200 m shot interval and a 25 m receiver interval. 

5.3.3 Starting Models 

The selection of the starting model is important because the assumption of the 

linearization is that only small perturbations to the starting model must be determined. 

Referring to the regional background geology information and using a trial-and-error 

forward modeling method, an optimal 3-D starting model was selected from various 

candidate 3-D starting models. These 3-D starting models were generated from a series of 

1-D velocity profiles with constant velocity gradients and different surface velocities that 

valued from 5 k d s  to 5.75 km/s determined through direct arrival times (Figure 5-1). 

Since the study area comprises mainly metavolcanic rocks which usually lack the 

distinct strata that commonly occur in sedimentary basins, a constant velocity gradient 

was assumed for depths shallower than 1.5 km. All 1-D starting models were tested by 

computing finite difference travel times for the shot-receiver locations of the survey. A 1- 

D optimal starting model was selected that best fitted the observed traveltimes, 

minimizing the RMS travel time misfit between the observed and calculated traveltimes. 

The travel time misfit for the different starting models is shown in Figure 5-2. The large 

difference of first arrivals observed in a constant offset gather (Figure 4-3) is caused by 

local velocity changes indicating lateral lithology variation or the presence of faults. 

From Figure 5-2, model 9 was selected as the optimal 1-D starting model which 

has a velocity of 5.5 k d s  at the surface and 6.5 km/s at a depth of 1.5 km, implying a 

constant velocity gradient of 0.6671s. The traveltime misfit reached a minimum value of 

around 60 ms for this starting model. 



Velocity (kmls) 

Figure 5-1. 1-D velocity functions used to construct the 3-D starting models. 

Starting Model No. 

Figure 5-2. Traveltime misfit computed fiom different starting models. 



5.3.4 InversionModel Constraint Parameters 
In chapter 3, we defined a regularized inversion as follows: 

(3.28) 

where, C, , C,, and Cv are fixed for a given dataset and geometry configuration. sZ is 

held fixed for all iterations leading to a final model, whereas, a range of h values are 

tested at each inversion to obtain the value that gives the smallest data residual BT~,-'&. 

For the last iteration, the value of h is determined that gives a normalized misfit of 1. 

There are also some model constraints as described in 5.2.4 that control the 

roughness of the model in terms of smoothness and smallness. The smoothness constraint 

is used to stabilize the inversion and to ensure that the velocity values of the final velocity 

model remain within reasonable bounds. The weighting of smoothness versus smallness 

is determined by the parameter alpha and the smoothness/smallness features can be 

weighted in horizontal versus vertical directions using the constraints, . Furthermore, the 

model roughness can also be weighted in the vertical ( z )  direction at different depths 

using smwz for the smoothness constraint and spwz for the smallness constraint. 

The smoothness constraint imposes a trade-off between model smoothness and 

the size of the traveltime residuals, and it is determined by trial and error. The smoothing 

still permits strong velocity contrasts in the model because it is a measure of the total 

amount of slowness fluctuation in the model, rather than individual slowness contrasts. 

Throughout the tomographic inversion, the number of model nodes in the forward 

computation was around 6 . 7 ~ 1 0 ~  , and the number of model cells in the inversion 

computation was around 6 . 3 ~ 1 0 ~  . The number of nonzero elements in the slowness 

kernel varies slightly with the model constraints but remained at an approximate value of 

3 x 1 0 ~  for around 4 . 9 ~ 1 0 ~  observations. The number of constraint equations 

was 1.23 x lo7 , and the number of nonzero elements was 2.1 X lo8 , approximately 0.001 % 

of the total elements in the sparse matrix. 



5.4 Inversion Analysis 

5.4.1 Introduction 

The regularization accounts for a large number of the linear equations in (3.32); 

however, for the WS Line 2B first arrival data, 99.95% of the matrix elements are zero 

and (3.32) can be solved rapidly using the LSQR solver, in which only non-zero elements 

are involved in calculations. The tomography is an iterative procedure in which each 

iteration consists of a traveltime calculation using the finite difference (FD) method, a 

computation of the ray-path length Li, using the steepest gradient direction from the 

receiver to the source ray-traced through the travel-time grid, and a regularized inversion 

to find adjustments to the model. The updated velocity model output from one iteration is 

then input to the next. After each iteration, the RMS traveltime residual is compared to 

the RMS travel-time residual of the previous iteration. When the inversion ceases to 

produce significant decreases in the RMS travel-time residual, calculations are stopped 

and the final velocity model is taken from the output of the last iteration. 50 iterations of 

LSQR were applied for all results and most final models typically required five or six 

nonlinear iterations of the inverse method, where the latter type of iteration refers to a 

forward calculation and a model update. The computation procedure for a typical 

inversion to a final model is described in Figure 5-3. 

Due to the non-uniqueness of the model and the imposition of constraints, a 

diversity of model results is expected. The inversion procedure was initially run in a test 

mode to evaluate the variation of the final model and to determine the optimum value of 

the constraint parameter s, that controls the ratio of horizontal to vertical smoothing in 

equation 3.28. After visually inspecting the final models for smoothing and continuity in 

lateral and vertical directions, s, was set to a value of 0.15 which implies a horizontal to 

vertical smoothing ratio of 20:3. This value of s, was then held fixed throughout all the 

inversions. 



Set Starting Parameters 

I I 

Number of h values to be 

T 

FD: finite difference travel-time computation 
I * I 

RAY: ray tracing to compute L (path length) matrix 

Calculate tradeoff parameter h for the current iteration. 

I * I 

INVERSE: Invert for the slowness perturbations 

I UPDATE: Update slowness parameters with the computed perturbations 1 
Yes 

1 ARCHIVE: Archive current model. I * 
FD: Compute RMS travel-time misfit and normalized x2 

T 

STOP: Check 
normalized 2 

Analyze 2 vs h values. + 
I Select the best model with the smallest x2 I 
I I * 

Archive the Best Model 

I I 

No Yes 

STOP 

Figure 5-3. A typical computation procedure for obtaining a final model. 



The effects of various starting models on the overall characteristics of the final 

model were first tested by using a fixed smoothness constraint parameter. Then the 

optimal starting model was used as the input starting model to test the impact of different 

constraint configurations on both the general and localized model features. It turns out 

that the starting model plays a decisive role in determining the model velocity values and 

its overall appearances, while the model constraints appear to have a great effect on local 

structures. 

5.4.2 Inversions for Different Starting Models 

In order to test the impact of different starting models on the final model, several 

inversions were conducted using some of the different starting models described in 

section 5.3.3. Three starting models, generated from 1-D velocity functions with different 

surface velocities and velocity gradients, were tested: (1) starting model A, generated 

from a 1-D velocity profile with a surface velocity of 5.5 km/s and constant 0.6671s 

velocity gradient; (2) starting model B, generated from a 1-D velocity profile with a 

surface velocity of 5.5 km/s and constant 0.3331s velocity gradient; and (3) starting model 

C which has a surface velocity of 5.0 km/s and constant 0.6671s velocity gradient. In each 

inversion, the same fixed inversiodmodel constraints were used. 

For better display of the 3-D models, both vertical and horizontal slices of the 

models will be presented. Due to the locally 2-D nature of the survey, the majority of rays 

lay close to the track of the survey line. Thus, a vertical slice of each of the 3-D models 

was produced by vertically slicing the model along the acquisition profile. A number of 

horizontal slices were also produced by horizontally slicing the model at a constant depth. 

Inversion Using Starting Model A 

The 3-D starting model A was generated from a 1-D velocity profile that has a 

surface velocity of 5.5 km/s and a constant gradient of 0.6671s. The vertical slice of the 3- 

D starting model is shown in Figure 5-4a. The inversionlmodel constraints applied were: 

sz=O. 15; alpha=0.95; and smwz =spwz= 1 implying equal smoothness or smallness 

constraints in depth. After 6 nonlinear inversions, a final model was obtained. The 

vertical slice of the final model is shown in Figure 5-4b. The reliability of the model was 



indicated by the ray density denoted by ray hit number per model cell. The vertically 

sliced ray density is shown in Figure 5-4c; the higher the value of the ray density, the 

more reliable the model. A more detailed model assessment will be presented at the end 

of this chapter. 

The RMS traveltime residual for the starting model was 60.5 ms for a normalized 

x2 of 36.6 (Figure 5-5 top and middle). The starting value of h was set to 200 (Figure 5- 

5 bottom). During the tomographic inversion, three h values were tested in each nonlinear 

iteration. The model corresponding to the h value with the best normalized x2 misfit was 

selected. This model was then used as the starting model for the next iteration, and the 

inversion process continued. After 6 iterations, the normalized x2 value does not seem to 

change greatly, remaining close to a value of 6.0 (Figure 5-5 middle). 

The RMS traveltime residual in the final model was 25.8 ms for a final h value of 

1.5 (Figure 5-6 a). The variation of traveltime residual with offset in the initial model 

shows that there is a large difference between the calculated and observed traveltimes, 

which increases with offset (Figure 5-6 b). Traveltimes in the final model have been 

reduced over the entire range of offset; this decrease is greater at the larger offsets. The 

variation in travel-time residual with each shot location versus offset for the initial and 

final models is shown in Figure 5-7a and Figure 5-7b respectively. Both figures show that 

the traveltime residuals decease as the final model is approached, while the smaller offset 

travel-times vary less than the larger ones indicating that larger offset travel-times 

contribute more to the inversion results. 

The three dimensional (3-D) model was sliced horizontally at constant depths of 

200 m, 400 m, 600 m and 800 m below the model surface (Figure 5-8). In each of the 

slices, both high and low velocity anomalies are present at locations of known geological 

features such as the high velocity basaltic-greenstone belt and the low velocity meta- 

sedimentary rocks. Regions with higher velocity often coincide with regions of denser 

ray coverage. The large velocity contrast between the sedimentary rocks and underlying 

bedrock also focused the ray coverage, as shown in Figure 5-4c from station 6300 to 

7000. In addition, linear trends can also be observed on the horizontal slices within the 

Red Lake greenstone belt (Figure 5-8). 
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Figure 5-4, Inversion results using starting model A. (a) Vertical slice of starting madel A. (b) 
Vertical slice of final model invested from model A after six nonlinear iterations. (c) Vertical 
slice of ray coverage for the h a l  model after six nonlinear iterations. 
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Figure 5-5. Variations of convergence parameters for inversions using starting model A. Top 
figure shows data misfit variation. Middle figure shows X2 variation. Bottom is X variation. 
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Figure 5-6. Traveltime residuals versus offset for inversions using starting model A. (a) is for the 
starting model and @) is for the final model after six nonlinear iterations. 
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Figure 5-8. Horizontal slices of the final model inverted fiom starting model A after six nonlinear 
iterations. (a) is sliced at a depth 200 m (300 m above the MSL). @) is sliced at depth 400 m (100 
m above the MSL). (c) is sliced at depth 600 m (100 m below the MSL). (d) is sliced at depth 800 
m (300 m below the MSL). 



Inversions Using Starting Model B 

The second starting model, B, has the same surface velocity of 5.5 km/s as the 

starting model A, but has a smaller constant gradient of 0.3331s in order to test the effect 

of velocity gradient on the final model. The inversionlmodel constraints were kept the 

same as in the first case. 

For starting model B, six nonlinear inversions were also carried out. The vertical 

slices of the starting model, final model and ray density are shown in Figure 5-9 a, b and 

c respectively. The variation of data misfit, x 2 ,  and h at each nonlinear iteration are 

shown in Figure 5- 10; travel-time residual variations with offset and shot-receiver 

location are displayed in Figure 5-1 1 and Figure 5-12 respectively. Horizontally sliced 3- 

D models are presented in Figure 5-13. 

The RMS travel-time residual decreased f?om 66 ms for the starting model to 20.5 

rns for the final model, while the normalized x2 decreased from 43.6 to 4.2. The starting 

h value changed from 200 to 2.3 forcing a smaller data misfit. After 6 iterations, the 

normalized x2 does not change greatly, remaining near a value of 4.2 (Figure 5-10 

middle). Both the traveltime residual and the x2 value for the starting model are slightly 

larger, with 66 ms for misfit and 43.6 for the x2 value, than the respective values for 

starting model A. However, the final traveltime residual and x2 are not greatly different 

from those obtained from starting model A 

The inversion results show that the overall structures largely remain unchanged 

compared with the results using model A as the starting point. The most prominent 

change is that velocity structures in the final model become shallower due to a smaller 

velocity gradient that results in less ray penetration; and the model appears to be rougher 

than the one derived Erom starting model A. In addition, velocities in the final model 

decrease with depth in some locations, indicating that artifacts were generated using the 

starting model B. The conclusion is that the velocity gradient applied in the starting 

model just shifts the velocity values in the final model without changing the overall 

structures of the final model. 



Rav Density, Final Mod& 

Figure 5-9. Inversion results using starting model B. (a) Vertical slice of starting model B. (b) 
Vertical slice of find model inverted from model B. after six nonlinear iterations. (c) Vertical 
slice of ray coverage for the final model after six nonlinear iterations. 
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Figure 5-10 Variations of convergence parameters for inversions using starting model B. Top 
figure shows data misfit variation. Middle figure shows x2 variation. Bottom is h variation. 
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Figure 5-1 1 Traveltime residuals versus offset for inversions using starting model B. (a) is for the 
starting model and fb) is for the final model aRer six nonlinear iterations. 
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Figure 5-13 Horizontal slices of the final model using starting model B. (a) is sliced at depth 200 
m (300 m above the MSL). (b) is sliced at depth 400 m (100 m above the MSL). (c) is sliced at 
depth 600 m (100 m below the MSL). (d) is sliced at depth 800 m (300 m below the MSL). 



Inversions Using Starting Model C 

The third test used model C as the starting model. Model C has the same gradient 

of 0.6671s as the starting model A, but has a smaller surface velocity of 5.0 kmk These 

starting velocities were selected to test the effect of the overall velocity magnitudes on 

the model results. The inversionlmodel constraints wer'e kept the same as in the first test. 

In the case of the third starting model, C, six nonlinear inversions were also 

imposed. Vertical slices of the starting model, final model and ray density are shown in 

Figure 5-14 a, b, and c respectively. The variation of data misfit, x2, and h at each 

nonlinear iteration is shown in Figure 5- 15. Traveltime residual variations with offset and 

shot-receiver locations are displayed in Figure 5-16 and Figure 5-17 respectively; 

horizontally sliced 3-D models are presented in Figure 5-1 8. 

The RMS traveltime residual decreased from 110 ms for the starting model to 

15.7 ms for the final model, while the normalized x2 decreased from 120 to 2.5. The 

starting h value changed from 200 to 5.2 to force a smaller data misfit. After six iterations, 

the normalized x2 remains nearly constant at a value of 2.5 (Figure 5-15 middle). The 

travel-time residual for the starting model shows a larger Qfference where data misfit 

was 110 ms and x2 was 120 compared with each of those derived fiom the starting 

model A, indicating there is much difference between this starting model and the true 

model. Since a starting model is required to be an approximation to the true model, 

starting model C is not the optimal starting model for this dataset. 

The inversion results show that the major model structures still remain similar, 

but the velocities in the final model are lower than those derived fiom starting. The 

conclusion is that reducing the velocities in the starting model only reduces the velocities 

in the final model without changmg the overall structure of the final model. By 

comparing the above three starting models, we can easily conclude that starting model A, 

giving both the lowest traveltime misfit and the lowest x2 values, is the optimum starting 

model that should be used in subsequent inversions. 
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Figure 5-14 Inversion results using starting model C. (a) Vertical slice of starting model C. @) 
Vertical slice of final model inverted &om model B. (c) Vertical slice of ray coverage for the final 
model after six nonlinear iterations. 
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Figure 5-15 Variations of convergence parameters for inversions using starting model C. Top 
figure shows data misfit variation. Middle figure shows x2 variation. Bottom is h variation. 
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Eigure 5-16 Traveltime residuals versus offset for inversions using starting model C. (a) is for the 
starting model and (b) is for the final model after six nonlinear iterations. 



rraveltime Residual. lnitlal Model 

500 5MM 5500 8000 
Shd W o n  

Figure 5-17 Traveltime variations at different shot-receiver locations using starting model C. (a) 
is for the starting model and (b) is for the final model after six nonlinear iterations. 
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Figure 5-18 Horizontal slices of the final model using starting model C. (a) is sliced at depth 200 
m (300 m above the MSL). (b) is sliced at depth 400 m (100 m above the MSL). (c) is sliced at 
depth 600 m (100 m below the MSL). (d) is sliced at depth 800 m (300 m below the MSL). 



5.4.3 Inversion Results for Different Constraints 

Following the analysis of the starting models in 5.4.2, I selected starting model A, 

which has a constant gradient of 0.667/s and a surface velocity of 5.5 kmfs, for the testing 

of the different model constraints to evaluate the effects of model smoothing. I tested 

three sets of model constraints which affected both the general appearance and localized 

anomalies within the model: (1) Smoothness constraints only; (2) Smoothness plus 

smallness constraints; and (3) Smallness constraints only. 

Smoothness Constraint Case 

To employ only smoothness constraints, I set s, -0.15, alpha=I, and smwz=l. 

The horizontal to vertical smoothing ratio is 20:3 with uniform smoothing in depth. 

The final model was obtained after six nonlinear inversions (Figure 5-19). During 

the inversion the traveltime misfit decreased from 60.5 ms for the starting model to 25.8 

ms for the final model; The X' value decrease fiom 36.6 to 6.7, and h decreased sharply 

fkom 200 to 1.5 (Figure 5-20). The final model was horizontally sliced at depths 200 m 

and 600 m to show the planar variation (Figure 5-21). 

In general, the final model is characterized by a very smooth appearance at both a 

regional and local scale. Essentially, the overall structure coincides very well with the 

regional geology with high velocities associated with the Red Lake greenstone belt, while 

low velocities represent the meta-sedimentary rock assemblages. Some localized 

structures may also have an association with the faults or shear zones. The horizontally 

sliced models show not only the large-scale velocity anomalies, but also some small 

linear features within the Red Lake greenstone belt. 
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Figure 5-19 Final model and ray coverage using only smoothness constraint. (a) Vertical slice of 
the starting model with 5.5 kmls surface velocity and 0.6671s gradient. @) Vertical slice of final 
model after six non-linear iterations. (c) Vertical slice of ray coverage for the final model. 
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Figure 5-20. Variations of convergence parameters for inversions using only smoothness 
constraints. Top figure shows data misfit variation. Middle figure shows x2variation. Bottom is 
h variation. 

Figure 5-21. Horizontal slices of the final model obtained only using smoothness constraints. (a) 
is sliced at depth 200 m (300 m above the MSL). (b) is sliced at depth 600 m (100 m below the 
MSL). 



Smoothness plus Smallness Constraints Case 

To apply 50% smoothness and 50% smallness constraints to the model 

perturbation, I set s, =O. 15, aEpha=0.50, and smwz=spwz=15*1. These parameters were 

chosen to provide more information on short wavelength structure withn the model. 

The final model was also obtained after six nonlinear inversions (Figure 5-22). 

During the inversion the traveltime misfit decreased fiom 60.5 ms for the starting model 

to 32.2 ms for the final model; The x2 value decrease from 36.6 to 10.4, and h decreased 

sharply from 200 to 1.5 (Figure 5-23). The final model was horizontally sliced at depth 

200 m and 600 m to show the lateral velocity variation (Figure 5-24). 

Compared with the previous smoothness case, the convergence parameters in the 

smoothness-plus-smallness case decrease less, because the traveltimes are fit less well. 

There are fewer small-scale structures present in the final model, presumably as a 

consequence of the smallness constraint limiting the model perturbation from the 

reference model. 

Most near surface structures present in the model obtained using the smoothness 

constraints are absent in this model. The ray coverage is little changed compared to the 

previous model. The horizontal slices of the model show the regional high and low 

velocity anomalies in the north and the low anomalies in the south, with minor short 

wavelength structures along the profile. The linear anomalies, which may represent fault 

zones, are obscure in this constrained model. 
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Figure 5-22. Find model and ray coverage using smoothness plus smallness constraints. (a) 
Vertical slice of the starting model with 5.5 km/s surface velocity and 0.6671s gradient. (b) 
Vertical slice of final model after six non-linear iterations. (c) Vertical slice of ray coverage along 
the line for the final model. 
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Figure 5-23 Variations of convergence for inversions using smoothness plus smallness. Top 
figure shows data misfit variation. Middle figure shows x2variation. Bottom is h variation. 
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Figure 5-24. Horizontal slices of the final model using smoothness plus smallness constraint. (a) 
is sliced at depth 200 m (300 m above the MSL). (b) is sliced at depth 600 m (100 m below the 
MSL). 



Smallness Constraints Case 

To apply predominately smallness constraints, I set s, =0.15, alpha=0.05, and 

smwz=spwz=l. These constraints apply a large smallest perturbation constraint plus a 

10% smoothness constraint. The horizontal to vertical smoothing ratio is 20:3, and 

smoothing is uniform with depth. 

The final model was again obtained after six nonlinear inversions (Figure 5-25). 

During the inversion the traveltime misfit decreased from 60.5 ms for the starting model 

to 40.3 ms for the final model; The x2 value decrease from 36.6 to 16.3, and h decreased 

sharply from 200 to 1.5 (Figqe 5-26). The final model was horizontally sliced at depth 

200 m and 600 m to show the horizontal velocity variations (Figure 5-27). The above 

convergence parameters are very similar to the previous case, suggesting that model 

structure is being severely reduced by the constraint on the magnitude of the allowable 

model perturbation. 

In general, the final model is characterized by very smooth structures. Almost no 

local structures are present in this model. The horizontally sliced models show only large- 

scale high and low velocity anomalies; and the linear anomalies that may be faults totally 

disappear. Ray coverage also becomes even without the highly focused zones that arise 

from local high velocity anomalies. 

The three final models produced by using different constraints each have their 

advantages in an interpretation, However, before interpretation, they must be subjected to 

model assessment in order to investigate model reliability, non-uniqueness and resolution. 
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Figure 5-25. Final model and ray coverage using mainly smallness constraints. (a) Vertical slice 
of starting model with 5.5 km/s surface velocity and 0.6671s gradient. (b) Vertical slice of final 
model after six non-linear iterations. (c) Vertical slice of ray coverage for the final model. 
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Figure 5-26 Variations of convergence parameters for inversions using mainly smallness 
constraints. Top figme shows data misfit variation. Middle figure shows X2variation. Bottom is 
h variation. 

Figure 5-27. Horizontal slices of the final model using mainly smallness constraints. (a) is sliced 
at depth 200 m (300 m above the MSL). (b) is sliced at depth600 m (100 m below the MSL). 



5.5 Model Assessment 

5.5.1 Introduction 

The advantages of an inverse method such as seismic tomography are the ability 

to derive simple models based on an appropriate level of fit to the data, and the ability to 

assess the final model in terms of resolution, parameter bounds and non-uniqueness (Zelt, 

1999). Model assessment has to do with establishing the reliability of the final model 

from the point of view of non-uniqueness and data uncertainty. Two classes of methods 

have been presented in the literature: indirect model assessment and direct model 

assessment (Zelt, 1999). Most of the direct methods involve the calculation of the 

resolution matrix, but this calculation is not feasible with very large linear systems. 

Indirect methods are generally easier and quicker to apply than direct methods, and the 

steps to follow are fairly well established. In this thesis project, I used two indirect 

methods: ray coverage analysis and checkerboard tests to assess model reliability and 

resolution. 

In linear inverse theory, resolution is quantified in terns of a closed-form 

expression for the resolution matrix (e.g. Menke 1989), with the ifh row of the matrix 

indicating the resolution of the iU parameter. However, for nonlinear inverse problems, a 

linear analysis may not be appropriate. Resolution in nonlinear tomography depends on 

the signal band-width, the source receiver distribution, and the velocity structure (Parsons 

et al. 1996). The common methods employed to evaluate the resolution of the final model 

are ray hit count analysis, the derivative sum method, and the checkerboard test. The 

simplest form of quantifling resolution is the ray hit count analysis. In this analysis, the 

number of rays passing through a given cell is examined, and the regions of the model 

with greater ray coverage are considered to be reasonably well-resolved. In the mean time, 

models inverted from Qfferent starting models are compared and regions in the models 

with less difference are considered to be more reliable, 

Checkerboard tests have been successfhlly employed to assess lateral model 

resolution (Humphreys and Clayton 1990; Hearn and Ni 1994; Zelt and Barton 1998). In 

this test, a synthetic velocity model is generated by the addition of a laterally alternating 

anomaly pattern of positive and negative bands to the final model. The source-receiver 



geometry of the experiment is used to compute traveltimes for this synthetic velocity 

model. Gaussian noise with a standard deviation equal to the pick uncertainties in the 

field data is added to the computed traveltimes. These synthetic traveltime data are then 

inverted using as the starting model, the final model previously obtained from the real 

data. The computation sequence for the checkerboard test is very similar to the procedure 

presented in Figure 5-3. By assessing the recovered anomaly pattern, an estimate of the 

ability of the data to resolve anomalies with a lateral dmension equal to the size of the 

anomaly pattern can be obtained throughout the model. Reasonable ray coverage will 

generally enable the recovery of the alternating anomaly pattern. Regions of poor ray 

coverage typically result in the recovery of smooth non-alternating pattern due to the 

horizontal smoothing included in the inversion. 
r 

5.5.2 Ray Coverage 

For first arrivals in the WS line 2B dataset, ray coverage varies with depth, and is 

mostly confined to depths of less than 1.0 km. The ray coverage constrained 

approximately 70% of the vertically sliced model (Figure 5-28) and 5% of the 

horizontally sliced the model (Figure 5-30). In the Red Lake area, the ray coverage is 

sufficient to clearly map the boundaries between high velocity mafic metavolcanics and 

low velocity felsic metavolcanics as well as associated structural features. Meanwhile, 

the lowest velocity metasedimentary rocks can also be well defined. Due to the geometry 

of the WS line 2B survey, the ray coverage in the metasedimentary area is often 

shallower than 0.5 km, and ray coverage in the Red Lake greenstone belt reaches a 

maximum depth of 1.5 km. Strong ray focusing is observed where both low velocities 

and high velocities are present close to the surface in the southern part of the line from 

station 6300-7000, and in the northern part from station 3200-3800. In general reasonable 

ray coverage is observed at all levels down to a depth of 0.8 km, delineating the shallow 

structure clearly. 

5.5.3 Model Comparison from Different Starting Models 
Model reliability was also tested by calculation of the difference between two 

final inverted models obtained fxam different starting models. The starting models 

differed by 500ds  but had the same gradient. The model difference was obtained by 



subtracting one final model from the other. The vertical slice along the station track 

shows that the final models are well constrained in the repons where the model 

difference values are small (Figure 5-29). Within regions of dense ray coverage the 

velocity difference between two recovered models is around +100mis, implying a good 

recovery of the final model. Model differences are generally small above 1 krn depth, 

which corresponds to the assessment result from the ray coverage. 

Ray Density, Final Model 

Figure 5-28. Ray densities sliced vertically along the line track. (a) is the ray density for the 
optimum starting model showing an evenly distributed coverage reaching to depth 1 km. (b) is the 
vertical slice of the ray density for the final model along the station track. 
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Figure 5-29. Difference of two final models inverted fiom different starting models with 500 mls 
difference. This figure shows areas with less difference are more reliable and better recovered. 
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l?iguri5-30. Ray densities sliced horizontally at a constant 200 rn depth. (a) and @) show all rays 
can reach down to depth 400 m. (c) and (d) show there is fewer or no ray coverage in the south 
low velocity zone. Rays also become even and fewer with the depth. 



5.5.4 Checkerboard Test 

A 2-D version of checkerboard anomalies was imposed on the final model, 

obtained by using starting model A and smoothness plus 10% smallness constraints. A 

synthetic dataset of first arrivals with the same source-receiver geometry as used in the 

previous inversions was generated. The final model was then input as the starting model 

for the inversion of this synthetic dataset and the same constraints were applied in the 

inversion to test how well the checkerboard anomalies are recovered. Two checkerboard 

grid sizes of 0.5 krn and 1 km were tested. The optimum low cut of the lateral resolution 

was expected to be within this range after some initial trials and visually checking the 

size of localized anomalies. 

In the first checkerboard test, a synthetic velocity model, which was generated by 

superimposing a checkerboard grid size of 1 lun and *500rn/s anomalies to the final 

velocity model inverted from the real first arrivals, is shown in Figure 5-3 1. The synthetic 

velocity model was then used to generate a synthetic first arrival dataset by forward 

traveltime modeling, and the synthetic dataset was inverted for a recovered model using 

the final model as a starting model. The recovered model for the 1 km grid size is shown 

in Figure 5-32. The true checkerboard anomalies are shown in Figure 5-33a and the 

recovered checkerboard anomalies are shown in Figure 5-3313, c, and d. The recovery of 

the alternating anomaly pattern for the 1 km grid pattern is reasonable in most parts of the 

study area by visual inspection. 

In the second checkerboard test, a checkerboard grid size of 0.5 km and =k5OOm/s 

anomalies were employed. The synthetic velocity model used to generate the synthetic 

first arrival dataset is shown in Figure 5-34. The recovered velocity model is shown in 

Figure 5-35. The true checkerboard anomalies are shown in Figure 5-36a, and the 

recovered checkerboard anomalies are shown in Figure 5-36 b, c, and d. The recovery of 

the alternating anomaly pattern indicates poorer lateral resolution for the 0.5 km grid. 

The overall results of the checkerboard test imply that structures in the final 

velocity model with a dimension of approximately 1 km or more can be resolved. 
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Figure 5-33. Synthetic and recovered checkerboard anomalies using a grid size of 1 km. (a) A 
synthetic checkerboard anomaly pattern with grid size of 1 km and anomalies of *5OO m / s  at 
depths 200 m, 400 m and 600 m. @, c and d) are the recovered checkerboard anomalies at depths 
200 m, 400 m and 600 m respectively. 





Figure 5-35. Horizontal slices of recovered velocity model for checkerboard test using 0.5 km 
anomaly grid size. (a) and (b) show model was well recovered down to depth 400 m. In (c) and 
(d), model was not recovered and show smooth structures due to limited ray coverage and ray 
smearing. In general, resolution decreases with depth. 
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Figure 5-36. Synthetic and recovered checkerboard anomalies using a grid size of 0.5 km. (a) A 
synthetic checkerboard anomaly pattern with grid size of 0.5 km and anomalies of *500 m/s at 
depths 200 m, 400 m and 600 m. (b, c and d) are the recovered checkerboard anomalies at depths 
200 m, 400 m and 600 m respectively. 



6 Integrated Model Interpretation 

6.1 Introduction 
Although the seismic reflection method has been successfully used for nearly 80 

years in sedimentary basins for interpreting structure and stratigraphy in hydrocarbon 

explorations, its use in hard-rock (crystalline) environments has been limited for several 

reasons: (1) acoustic impedance contrasts and signal-to-noise ratios are generally low in 

hard-rock environments, causing reflections to have low amplitudes; (2) hard-rock 

terranes often display much greater ranges in lithology, metamorphism, and deformation 

than sedimentary basins, causing reflections to be laterally discontinuous and more 

difficult to interpret in terms of lithology and structure (Salisbury, Skulski and Dub& 

2000); and (3) the reflectivity characteristics of the crystalline crust differ in fundamental 

and important ways from reflectivity in sedimentary basins. A typical example is that 

acoustic impedance variations in sedimentary basins are largely controlled by velocity 

changes, whereas density and velocity can vary independently in hard-rock settings 

(Eaton et al, 2003). Furthermore, reflection coefficient power spectra derived from 

borehole logs suggest that the reflectivity of the crystalline crust may be depleted in the 

seismic bandwidth ( 4 0 0  Hz) relative to sedimentary basins (Milkereit et al., 1997). 

Consequently, any reliable exploration program for the shallow imaging of crystalline 

crust must utilize and integrate borehole geophysical data (Eaton et al., 2003) or know 

well the physical properties of rocks in the study area. 

As discussed in Chapter 1, seismic exploration in hard-rock areas has advanced 

greatly in recent years due to many field experiments and laboratory simulation studies. 

Among them, Salisbury, Harvey and Matthews (2003) performed many laboratory 

studies of the physical properties of common rocks from hard-rock environments, which 

have provided us with a database of rock properties and the basis for the interpretation of 

seismic profiles. 



In this chapter, I first review physical properties such as P-wave velocity and 

density in different rocks and establish a relationship between velocity, density and 

lithology in hard-rocks. Based on the physical property study, I interpret the tomographic 

velocity models both in vertically sliced sections and horizontally sliced images. The 

optimal stacked reflection profile was interpreted with reference to both physical 

properties and the regional geology. Finally, I superimpose the tomographic velocity 

model onto the stacked reflection profile so that deeper structures can be extended to the 

surface using the velocity model. An integrated geological profile was obtained by the 

combination of all these interpretations. 

6.2 Physical Properties of Hard Rocks 

6.2.1 Background Theory 

Although many factors influence the strength of seismic reflectors, the most 

important parameter is the difference in acoustic impedance between lithologies, where 

the acoustic impedance Z of a rock is defined as its P-wave velocity (Vp)-density @) 

product, 

For the simple case of two lithologies in contact along a planar surface, the 

reflection coefficient R (the ratio of reflected to incident wave amplitude) for a normal 

incidence P-wave is equal to 

where Z, , pl , and V,, are the impedance, density, and P-wave velocity, respectively, of 

the upper medium; Z, , p, , and VP2 are the corresponding parameters for the lower 

medium; and equation (6.2) is the Zoeppritz equation for P-wave reflection in the case of 

normal incidence. 

In practice, a planar surface which reflects as little as 6% of the incident 

amplitude (R=0.06) can be readily detected by the seismic reflection method (Salisbury et 

al., 2000). In general, this requires an impedance contrast of about 2 .5~10 '  g l c m 2 s .  



Thus, to predict whether any two lithologies can generate significant reflections only 

requires knowledge of their densities and velocities, and thus their impedances at 

appropriate subsurface confining pressures. 

6.2.2 Laboratory Studies of Velocity and Density 
Since the early 1960s laboratory measurements of V,, V, and p have been made 

on thousands of rocks at hydrostatic confining pressures of up to 1 GPa using the pulse 

transmission technique (Christensen and Mooney, 1995) and the results have been 

compiled for comparison with refraction, reflection, and logging data (Salisbury et al., 

2000). 

Salisbury et al. (1997, 2000) and Salisbury, Harvey and Matthews, (2003) 

presented a series of papers on the velocity and density values of rocks from crystalline 

terrains based on the measurements of their own and from previous studies. Throughout 

their measurements, all samples were confined at a range of pressures up to 200 MPa and 

at room temperature. Table 6-1 shows the measured results after Salisbury, Harvey and 

Matthews. (2003). 

Figure 6-1 shows the relationship between P-wave velocity and corresponding 

density for common hard-rocks using data from Table 6- 1. As can be seen from Figure 6- 

1, the average velocities of common crystalline rocks tend to increase with density along 

the well known Nafe-Drake curve (Ludwig et al., 1971). Close inspection also shows that 

the velocities and densities increase as rocks become more mafic or increase in 

metamorphic grade. Thus, serpentinites, kimberlites, and meta-sedimentary rock have the 

lowest velocities and densities, followed in order by felsic igneous and metamorphic 

rocks, intermediate metamorphics, then greenschist, amphibolite, and granulite facies 

mafic rocks, and finally, pyroxenites, peridotites, and eclogites. If lines of constant 

acoustic impedance are superimposed on Figure 6-1, it can be seen that Z varies from 

about 1 2 . 5 ~ 1 0 ~  to 2 7 . 5 ~ 1 0 ~  g/cm2s for common rocks and it is immediately obvious 

which pairs of lithologies can give rise to strong P-wave reflections if the geometry is 

appropriate, since an impedance difference of at least 2 . 5 ~ 1 0 ~  g/cm2s is required. Thus 

granites will not reflect against granodorites, most mafic rocks (z=20x105 g/cm2s) can 



give strong reflections when in contact with felsic rocks, and unaltered ultramafic rocks 

will reflect against any lithology. 

Rock type I (p/em3) I (kmls) I ratio I Impedance* 

Table 6-1. Acoustic properties of common igneous and metamorphic rocks 

Quartzite 1 2.57k0.12 1 5.48a.57 1 0.14ko.07 I 14.1U.1 

Density v~ 

Granite 

Granodiorite 

Felsic granulite 12.70M.06 16.17k0.11 10.27kO.02 116.7k0.7 

Quartz-mica schist 

Felsic gneiss (amphibolite facies) 

Poisson's 

2.66k0.05 

2.69k0.07 

Acoustic 

2.79k0.07 

2.73k0.07 

- 

Metapelite 

Intermediate granulite 

6.0320.23 

6.04k0.35 

Metagabbro (greenschist facies) 

Gabbro 

Amphibolite 1 3.05k0.10 1 6.99t0.24 1 0.30t0.02 1 21.3d.4 

6.22kO. 11 

6.14k0.17 

3.10k0.11 

2.79kO. 11 

Mafic granulite 

Anorthosite 

0.24k0.04 

0.27k0.02 

2.91k0.09 

2.94k0.09 

- 

16.0M.9 

16.2k1.4 

0.26k0.04 

0.25k0.03 

7.09k0.36 

6.31k0.20 

3.03kO. 17 

2.80kO. 10 

-- 

Pyroxenite 

Peridotiteldunite 

17.4M.8 

16.820.9 

6.5520.30 

6.91rt0.22 

Eclogite 

Serpentinite 

0.27k0.01 

0.27k0.03 

6.78k0.27 

6.73k0.31 

3.27k0.04 

3.28k0.04 

- - 

22.0k1.9 

17.6k1.3 

0.27k0.01 

0.29k0.02 

ifter Salisbury et al. (2003); * x105 g/cm2s 

3.43k0.09 

2.59k0.09 

19.121.5 

20.3k1.3 

0.31k0.02 

0.30k0.02 

7.63H.15 

7.94k0.23 

20.522.0 

18.8k1.5 

7.86k0.28 

5.46k0.55 

0.28k0.04 

0.29k0.02 

- 

25.0k0.8 

26.0k1.1 

0.28k0.02 

0.34rt0.03 

27.021.7 

14.1k1.9 
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Figure 6-1. P-wave velocity versus density at a confining pressure of 200 MPa for common hard- 
rocks. Ellipses have areas corresponding to standard deviations of density and velocity in Table 
6-1 and major axes sub-parallel to NafeDrake curve (light grey). Lines of constant acoustic 
impedance are superimposed for reference. ARer Salisbury, Harvey and Matthews (2003) by 
permission. 



6.2.3 Rock Property Analysis of the Red Lake Greenstone Belt 

Based on the rock properties in Table 6- 1 and the Nafe-Drake curve in Figure 6- 1, 

I analyzed the density and velocity data from the lab rock property database of the 

Geological Survey of Canada. I selected hard-rock samples from the Superior Province, 

which have similar tectonic settings and lithologic characteristics to rocks formed in the 

RLGB. Most of the rocks have both density and velocity data available at confining 

pressures of 10 MPa and 200 MPa. For the rocks without velocity data, I evaluated and 

assigned a range of velocities according to their density distributions by referring to the 

Nafe-Drake curve. Although those rocks are not directly from the study area, their similar 

tectonic settings and lithologic characteristics at least provide a guideline to the rock 

properties of lithologies occurring in the Red Lake greenstone belt and its adjoining areas. 

Furthermore, the lab density and velocity information provide an experimental basis and 

constraint for both tomographic model and reflection interpretations. 

Table 6-2 lists all rock types found in the RLGB, and their estimated velocities 

and densities. Figure 6-2 displays the P-wave velocity versus density relationships for 

common hard-rocks from the Superior Province. Based on Table 6-2 and Figure 6-2, a 

generalized velocity versus density relationship was established (Figure 6-3). 

In general, the Balmer assemblage forms the backbone of the RLGB and is 

mainly composed of inter-layered basaltic and komatiitic volcanic flows. Most of the 

volcanic flows are mafic which show very high velocities of 6.5-7.0 k d s ;  and 6.0-6.5 

k d s  for the minor felsic units. There are also mafic to ultramafic intrusive rocks mostly 

occurring as small laces sporadically distributed within the Balmer assemblage; they 

show a lower velocity of 5.5-6.0 k d s .  

The Ball assemblage, mostly underlying the northwestern part of the RLGB, is 

mainly composed of diverse volcanic rocks such as komatiitic to tholeiitic basalt, and 

chemical sedimentary rocks such as chert-magnetic iron formation. Western Superior 

Line 2B does not intersect this assemblage. 

The Slate Bay assemblage is underlain by clastic metasedimentary rocks such as 

wacke and conglomerate and felsic volcanic rocks.This assemblage is mainly distributed 



in small narrow belts on both the north and south side of the Balmer assemblage, and is 

not intersected by the seismic line. The lab correlation indicates relatively low velocities 

of 5.5-5.8 k d s  for these rocks. 

The Bruce Channel assemblage is only recognized in the eastern RLGB and 

consists of intermediate pyroclastic rocks such as lapilli tuff, greywacke and 

conglomerates, which in general show high velocities of 6.0-6.5 k d s  from the lab 

analysis. The seismic line intersects only a small part of the assemblage. 

The Confederation assemblage is the youngest among all the different 

assemblages, and is distributed widely in the south of the RLGB. This assemblage 

consists of intercalated felsic to mafic metavolcanic flows and pyroclastic rocks which in 

general show relatively high velocities of 5.8-6.2 k d s .  However, velocities in the 

Confederation assemblage are generally lower than those in the Balmer assemblage. This 

conclusion is consistent with geological observations of more mafic lithologies in the 

Balmer assemblage compared with those in the Confederation assemblage. 

The intrusive granitoid rocks, which record three main episodes of felsic 

plutonism, are widely distributed throughout the Uchi subprovince and surround the 

RLGB. These granitoid intrusive rocks show low velocities of 5.5-6.0 k d s  that are 

commonly found in the RLGB. 

The unconformities and fault zones, which occur within conglomerate and wacke, 

are characterized by depressed velocities of 5.0-5.5 k d s  in the central to southern parts 

of the RLGB. 

To the south of the Confederation assemblage, there is a large area of 

metasedimentary rocks, which have lower velocities of around 5.0 k d s .  



Table 6-2. Ph sic . r ties of common hard-rocks from Superior Province :a1 pro1 

Count 

41849 

177 

27 

1426 

482 

710 

188 

nsity (g/c 
Min. Ave. 

I P-wave Velocity (kmls) I 
Max. Rock type Tomographic 

Velocity 
Lab 

10 MPa 

5.8-6.8 

5.5-6.5 

NIA 

5.8-6.8 

NI A 

Balmer Assemblage 

* Basalt 

* Bleached Basalt 

* Rhyolite 

* Basaltic Komatiite 

* Peridotitic Komatiite 

Balmer Mafic Intrusive 

* Campbell Diorite 

* Gabbro 

Ball Assemblage 

Tholeiitic Basalt 

Slate Bay Assemblage 

Argillite 

Conglomerate 

Bruce Channel Assemb. 

* Qtz Crystal Tuff 

* Argillite 

* Cherty Argillite 

* Greywacke 

* Conglomerate 

Trout Bay Assemblage 

Metasendimentary Rocks 

Confederation Assemb. 

Felsic Volcanic Rocks 

Mafic Volcanic Rocks 

South of RLGB 

Metasedimentary Rocks 

Data were provided by C ;01 - 
Atlantic 1 ~ a h o u s i e  university Rock Properties Database. 
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0 Basaltic Volcanic 

0 Mafic Volcanic 

Granitoid 

) Felsic Volcanic 

Metasediments A 

2 3 3.5 4 
Density (g/cm3) 

Figure 6-3. P-wave velocity versus density at a confining pressure of 10 MPa for some hard-rocks 
from the Superior Province. Ellipses have areas corresponding to standard deviation of density 
and velocity in Table 6-2 and Figure 6-2, and major axes are sub-parallel to Nafe-Me curve 
(light grey). Lines of constant acoustic impedance are superimposed for reference. 

6.3 Interpretation of the Velocity Model 

6.3.1 Introduction 

In this chapter, the velocity model constructed from the tomographic inversion 

using the starting velocity A and smoothness constraints is interpreted in terms of 

lithology and structure based on the previous rock property analysis of this region. 

Features observed in the velocity model are evaluated for a meaningful correlation with 

known geologic units and fault locations. The horizontal depth slices are analyzed for 



lateral velocity variations that can be correlated with features in the surface geologic 

maps. The vertical profile section sliced along the crooked line was interpreted by 

correlating velocity variations to lithological variations and the structural contacts 

between geologic units. The lithological variation within, and subsurface extension of, 

the RLGB in the upper crust is mapped in the horizontal and vertical slices from the 

velocity model. Structural contacts that might be fault zones in the near subsurface, are 

also evaluated by correlation with the seismic reflection section. The unconfomity 

contact between the older Balmer assemblage and the younger Confederation assemblage 

is mapped on both the vertically sliced section and the horizontal slices. The lithological 

characters of the granitic intrusions, the Balmer assemblage, the Confederation 

assemblage and the southern meta-sedimentary rocks are identified on both the vertically 

and horizontally sliced maps by their corresponding velocities that vary from 4.5 to 7.0 

k d s .  A more complete interpretation is presented in section 6.4, where a detailed 

correlation of the velocity models with the coincident reflection images is made. 

6.3.2 Analysis of 3-D Velocity Model 

Although WS Line 2B is a 2-D survey, its severely crooked geometry would 

cause many artifacts in a 2-D tomographic image. Therefore, a 3-D method is required. 

The 3-D velocity model, extending from station 3000 to station 8000, covers the entire 

eastern part of the RLGB and the majority of meta-sedimentary rocks to the south (Figure 

1-1). For both the starting model and the final model, ray paths lie close to the track of 

the crooked acquisition line. Thus, the velocity model is well recovered along or near the 

track where most rays are focused. The velocity is also well constrained down to around 

1 km depth. Below 1 km depth, however, the ray coverage decreases considerably. The 

velocity model is analyzed primarily in terms of the spatial variation of the velocity 

structure rather than absolute velocity values. Nevertheless, some geologic units are also 

interpreted on the basis of their average velocity values. 

The previous rock property analysis provides a general guide to the P wave 

velocities to be expected in different geologic units. According to the previous analysis, 

velocities of 6.3-7.0 k d s  are considered to represent the mafic basalt of the Balmer 

assemblage in the RLGB. South of the RLGB, velocities of 5.5-6.0 represent the felsic to 



mafic metavolcanic rocks. To the south of the RLGB, velocities are lower due to the 

presence of metasedimentary rocks and more recent sediments, including relatively thin 

glacial and modern deposits. In general, velocities greater than 6.5 k d s  are considered to 

represent the mafic volcanic rocks and velocities less than 5.0 km/s are interpreted as 

sedimentary rocks. Deeper meta-sedimentary rocks to the south of the RLGB are 

expected to have higher velocities up to 6.0 km/s due to metamorphism. 

6.3.3 Analysis of Horizontally Slices of the Velocity'Model 

In this section, I analyze the horizontal velocity slices at 200 m depth intervals for 

the lateral continuity of geologic units and shallow subsurface structure, and for 

correlations with known surface faults. As described in Chapter 5, the origin point of axis 

Z was chosen to be 430 m above mean sea level, which is the highest elevation along the 

survey line, while the lowest elevation value is 340 m. Therefore, I horizontally sliced the 

model at depth 100 m (330 m above mean sea level (MSL)), 300 m (130 m above MSL), 

500m (70 m below the MSL), and 700m (270 m below the MSL). 

Horizontal Velocity Slice at 100 m Depth 

The slice at depth lOOm shows the velocity variation of the near surface (within 

10-100 m). The velocity model is characterized by higher velocities in the north and 

lower velocities in the south with an apparent boundary at station 6100 (Figure 6-4a). 

Low velocity metasedimentary rocks with velocities less than 5.2 k d s  are mapped to the 

south of the RLGB (stations 6300-7500); Even lower velocities perhaps due to 

weathering or faulting, were also found within the metasendimentary rocks (stations 

6700-6900). In the northern portion of the RLGB, high velocity basaltic volcanic rocks 

are mapped very clearly (stations 3200-3700). Within this high velocity zone, the 

velocities are generally higher in the northern part than those observed to the southeast. 

This southward decrease in velocity is coincident with the surface geology which 

indicates that lithologies vary from mafic basaltic volcanic flows in the Balmer 

assemblage in the north to felsic metavolcanic rocks in the Confederation assemblage in 

the south. The unconformity between the Balmer assemblage and the Confederation 

assemblage appears to correlate with localized low velocities in the middle of the line 

(around station 6200). At the northernmost end of the line, the low velocities of around 



5.5 k d s  indicate the presence of intrusive granitoid rocks (stations 3000-3200). 

Velocities are only recovered along a narrow track around the acquisition line, but a 

general correlation of inverted velocities with mafic mineral content gives confidence 

that the velocity model has recovered reliable subsurface information. 

Horizontal Velocity Slice at 300 m Depth 

The maximum areal ray coverage of this model is observed at a depth of 300 m. 

In the 300 m depth slice, the velocity model essentially inherits the features of the model 

slice at depth 100 m, i.e. general high velocity in the northern portion and low in the 

south. At the north end of the RLGB, the mafic basaltic rocks are mapped more clearly, 

with velocities of over 7.0 k d s  (Figure 6-4b, stations 3200-3900). Toward the south, 

there are alternating high and low velocity zones corresponding to alternating 

occurrences of mafic and felsic volcanic rocks. The unconformity is still present in the 

middle of the model indicated by a regional low velocity (station 6200). In the southern 

portion of the model, velocities are mostly very low around 5.1 k d s  representing the 

meta-sedimentary rocks that lie to the south of the RLGB (stations 6300-7000). Within 

the meta-sedimentary belt, there is also a slight velocity variation which may indicate 

differences of metamorphic grade. The very low velocities that were interpreted in the 

100m depth slice to be due to near surface weathering or fracturing are no longer present. 

Horizontal Velocity Slice at 500 m Depth 

At 500 m depth, the high velocity volcanic rocks are more clearly present in the 

northern portion of the model with velocities greater than 6.0 k d s  (Figure 6-4c, stations 

3200-3900). Within the high velocity zone, mafic basaltic rocks again predominate in the 

north with velocities of 6.0-6.5 krnls, and with intermediate to felsic metavolcanic bands 

with velocities of 5.5-6.0 kds(stations 4200-5600) Toward the southern portion of the 

belt, low velocity metasedimentary rocks are still very clearly mapped with velocities 

depressed below 5.4 k d s .  The alternating high and low velocities at the southern end of 

the belt indicate the occurrence of felsic and mafic volcanic rocks. The Balmer- 

Confederation unconformity/fault zone present in the 300 m slice is not clearly mapped 

in this slice (around station 6200). 



Horizontal Velocity Slice at 700 m Depth 

The velocity slice at depth 700 m basically inherits the appearance of the slice at 

depth 500 m. However, the magnitude of lateral velocity contrasts is reduced by 0.3 krnls 

in general (Figure 6-4d). In this slice, the velocity distribution is characterized again by 

high velocities in the north, where high and low velocities alternate, while in the south, 

low velocity zone is still very clear. Further south, a few relatively high velocity zones 

are present at locations similar to those in the slice at depth 500 m (stations 7000-7800). 

Slices at depths 300m, 500 m, and 700 m show the position of lateral variations in 

velocity persist with increasing depth. In other words, boundaries between lithological 

contacts are near vertical or dip very steeply in the near surface down to approximately 

700 m depth. 

6.3.4 Analysis of vertically Sliced Model 
The velocity profile vertically sliced along the 2-D crooked acquisition line is 

oriented roughly NW-SE across the RLGB in the north, and further south extends across 

sedimentary rocks that are highly metamorphosed (Figure 6-5). The inverted lateral 

velocity contrasts exhibit subvertical to steep dips. In the north portion, higher velocity 

mafic basaltic volcanic rocks are clearly mapped beneath a thin weathered layer that has 

low velocities. In general, lateral velocity variation from the north to south shows a 

transition from high velocity mafic basaltic rocks to felsic metavolcanic rocks to 

metasedimentary rocks in the south. Within the RLGB, there are alterating mafic to fesic 

volcanic rocks beneath a thin weathered layer. This variation correlates well with the 

known surface geology. The unconformity between the Balmer assemblage and the 

Confederation assemblage (UCBC) appears as a sharp low velocity zone, while the 

boundary between the Confederation assemblage and the metasedimentary rocks (BCMS) 

to the south may be a fault zone on the basis of depressed low velocity contact. This fault 

location marks the northern termination of the thick metasediments overlapped onto the 

RLGB. South of this point, the thickness of the sediments is fairly uniform. 



MB: Utramafic to mafic basalt 
bMF: Alternating mafic and felsir metarolcanic roeks 
MS:Metttsededimenrary rocks 

BCMS: Boundary between the Confederation assemblage and the metasedimentary roela 

UCBC: Unconformi'ty between the Balmer and the Confederation assemblages 

Figure 6-4. Horizantally slices of the final model & a anstant depth af 200 m. (a) at depth. 100 m; 
(b) at depth 300 m; (c) at depth 500 rn; and at depth 700 m. 





6.4 Interpretation of Combined Tomographic and Reflection Profile 

6.4.1 Introduction 
As discussed in section 6.3, the tomographic velocity model clearly images the 

shallow lithology and structural variations to depths up to 1 km below MSL. Thus, the 

velocity model needs to be combined with the reflection profiles for deeper imaging and 

interpretation. On the other hand, lateral changes in shallow velocity, as identified by the 

tomographic images in the RLGB and its adjoining area, distort the geometry of seismic 

reflection images and produce incorrect estimates of depth. Also crustal scale reflection 

surveys do not image well shallow (c1 km) reflectors, whatever processing methods are 

used. I have, however, resolved this problem by combining the shallow velocity 

information with the reflection profile (Figure 6-6). Superimposing the velocity models 

derived from first arrivals allows an integrated interpretation of these different seismic 

data. Lithology estimates were made mainly from the velocity model constrained by the 

laboratory measurements listed in Table 6-2. Stratigraphy and structures were interpreted 

mainly from the reflection profile with reference to the shallow velocity model and the 

possible magnitude of reflection coefficients between major rock types. Figure 6-7 and 

Figure 6-8 show the integrated interpretation of both lithology and structures. 

6.4.2 Interpretation of Lithologylstratigraphy 

Interpretation of the lithology is mainly based on the laboratory velocity 

measurements and inverted velocity model in combination with the surface geology. In 

general, lateral lithology variations from north to south show a transition from mafic 

basaltic rocks to felsic metavolcanic rocks to metasedimentary rocks. In the northernmost 

part of the line, the granitoid intrusive rocks, which belong to the Berens River Plutonic 

Complex, are defined by relatively high velocities of around 5.5-6.0 kmls. The RLGB 

also shows relatively high velocities. Within the RLGB, higher velocity mafic basaltic 

rocks are clearly mapped beneath a thin weathered layer in the north. Within the mafic 

lithological zone, there are clear horizontal reflectors (Figure 6-7, bottom; Figure 6-8, a) 

that are shear waves produced by mafic to utramafic basaltic volcanics that exhibit high 

velocities of greater than 6.5 kmls. To the south of the RLGB, there are alternating 

intermediate to fesic volcanic rocks beneath a thin weathered layer. The intermediate 



metavolcanic rocks show high velocities of 5.5-6.0 k d s ;  while the felsic volcanic rocks 

show low velocities of 5.0-5.5 k d s .  There are also interbeded intrusive grantoid rocks 

which can not be discriminated from metavolcanic rocks using only velocities because 

they show similar velocity values to the felsic metavolcanics. The alternating variations 

of velocities in southern portion of the RLGB correlate well with the known surface 

geology (Figure 6-7, top; Figure 6-8, a). To the south of the RLGB, metasedimentary 

rocks of the English River belt, showing low velocities of 4.5-5.0 k d s ,  overlap to the 

southern end of the RLGB 

In general, the Balmer assemblage shows mafic to utramafic volcanic lithologies, 

while the Confederation assemblage is characterized by alternating intermediate to felsic 

metavolcanic lithologies. The majority of the southern portion of the region is covered by 

metasedimentary rocks. Boundaries between the main supracrustal assemblages are 

clearly imaged in the velocity model. The Neoarchean Confederation assemblage was 

deposited during a period of extensive volcanic activity in an extensional tectonic 

environment (Stott and Corfu, 1991; Fyon et al., 1992; Galley, 1995). It predominantly 

consists of intermediate to felsic metavolcanic rocks that extend along the southern 

portion of the RLGB. The Mesoarchean Balmer assemblage forms about 50% of the belt 

and mainly consists of mafic basaltic and komatiitic flows. The Confederation-Balmer 

assemblage boundary has been interpreted as a fault within a large deformation zone 

(Stott and Corfu, 1991; Andrews et al., 1986) and as angular unconformity (Sanborn- 

Barrie, Skulski and DubC, 2000). This boundary is mapped as a low velocity zone 

between station 4100-4300 on the velocity model. The boundary between the 

Confederation and the English River metasedimentary rocks is characterized by a large 

south-dipping fault that shows a sharp low velocity variation around station 6100 on the 

velocity model. Both boundaries can be correlated with dipping reflectors in the 

reflection profile. 

6.4.3 Interpretation of Structures 

Interpretation of structures mainly uses the reflection profile, which shows a 

series of north and south dipping reflectors that can sometimes be correlated with 

regional faults or lithology interfaces (Figure 6-7, 6-8). Approximate acoustic impedance 



values for all rocks occurring in the study area and reflection coefficients were estimated 

using formulae 6.2. According to the reflection coefficients between each of the two of 

the rocks types listed in Table 6-2, I expect there should be detectable reflectors between 

the metasedimentary rocks in the south of the RLGB and mafic metavolcanic rocks in the 

Confederation assemblage. 

The unconformity between the Balmer assemblage and the Confederation 

assemblage shows a south dipping reflector that can be extended to the surface with 

reference to the velocity (Figure 6-7, 6-8). The unconformity boundary between the 

Confederation assemblage and the south Metasedimentary rocks also shows by a clear 

north dipping reflector that extends to the near surface coincident with unconformity 

location. 

Within the metasedimentary rock belt, a very low velocity (< 5 kmls) zone that 

lies from station 6200 to 7000 corresponds to the Sidney Lake Fault Zone (SLFZ). 

Shearing faults (Sl) are also well imaged by the reflection profile. The reflection profile 

also clearly shows some regional deep faults, most of which dip southward. Three types 

of regional faults are imaged by the reflection: extensional, shear, and thrust. The E l  that 

dips south is a low angle regional extensional fault. E3 dips north with a higher angle. 

Some faults dip northward with high angles and others dip southward with low angles. 

Basically, the RLGB appears to be an anticline with low angle limbs, while the English 

River belt shows a syncline character. 

The near surface horizontal velocity variations were also correlated with the D2 

structure trends that are presumed to be associated with the gold occurrence in the RLGB 

(Figure 6-9). Although these mining trends are not accurately mapped by the velocity 

model, they essentially show relatively low velocities. Figure 6-9 also clearly shows the 

assemblage boundaries and variations of lithologies across the survey line. 

In summary, the combination of velocities and reflection has given a reasonable 

interpretation of both lithology and structure. Mafic volcanic lithologies are shown as 

high velocities; while intermediate to felsic volcanic lithologies have low velocities. 

Faults/unconformities between assemblage boundaries are characterized by low velocity 

zones. Major extensional faults dip southward and thrust faults dip to the north. 





Figure 6-7 Integrated interpretation of the combbid tcrmographic andreflection profile. l%e top 3 
figures show hmizmM vetocity variations at @$1s 100 m, 300 m and 500 m. The middle figure 
shows the migrated refle@ion profile processed by LSPF. The velocity model is superimposed to 
the refledon image. The bottom figure shows the fepr~cessed profile t k t  was applied with DM0 
and F-K migfatioa 
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7 Conclusions and Future Work 

7.1 Conclusions 
Three-dimensional (3-D) seismic tomography is required for inversion of first 

arrival traveltimes along a crooked 2-D line. This geometry necessitates the solution of a 

very sparse and ill-posed system of linear equations, which requires the utilization of a 

regularized inversion in which both smoothest and smallest perturbation constraints are 

applied. 

In the case of Lithoprobe reflection line 2B, a starting model with a velocity of 

5.5 kmls at surface and a constant velocity gradient of 0.6671s was selected for the first 

arrival inversion. Different starting models were tested, but they did not change the 

overall structures of the inverted model, although the magnitudes of the velocities in the 

final models were somewhat different. Use of smoothness regularization produced a 

generally smooth model, but preserved significant local structures. Smallest model 

perturbation regularization produced a minimum-structure model in which fewer velocity 

variations were present. Ray density plots showed that the recovered model is generally 

reliable above depths of 1 km. Additional checkerboard tests showed that the 

tomographic inversion achieved a lateral resolution of around 1 km. 

Reflection processing applied to line 2B included refraction statics, prestack 

predictive deconvolution, surface consistent residual statics, dip moveout correction, 

migration, and coherency filtering, and this produced an interpretable image across the 

Red Lake greenstone belt. The migrated image shows a sequence of north-dipping 

reflections with high angles and another sequence of less steeply south-dipping 

reflections. Shallow reflections (< 1 s) are mostly absent or not clear on the reflection 

image. 

The near-surface velocities estimated using tomographic inversion help to 

discriminate between different lithologies and facilitate the correlation of reflections with 



the near-surface geology. The velocity model indicates that localized high velocity 

anomalies of around 6500 d s ,  relative to typical background values of 5.5 d s ,  

correspond to the mafic and ultramafic volcanic rocks of the Balmer assemblage in the 

northern part of the Red Lake greenstone belt. Alternating high velocities of 6.0 krnls and 

low velocities of 5.5 k d s  occur in the Confederation assemblage in the southern portion 

of the RLGB, and correlate with intermediate to felsic metavolcanic rocks. Boundaries 

between assemblages show anomalously low velocities. Velocities of approximately 5.0 

k d s  occur within the Sidney Lake fault zone, and identify the two main branches of the 

fault zone in this area. Low velocities around 5.0 k d s  found at the boundary between the 

Confederation and the Balmer assemblages may be due to a shear zone andlor lower 

velocity sedimentary rocks that have been mapped at the surface in this area. 

Although the depth of penetration of first arrival ray-paths is rarely greater than 

1000 m, the velocity model provides an important link between the reflection image and 

the mapped surface geology. 

7.2 Future Work 
Due to the limited computing resources available, only a 100 m cell size was 

employed in the inversion, which reduces the model resolution and accuracy. Use of a 

smaller cell size would increase the model resolution, and provide greater constraint of 

near-surface structures. 
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