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Abstract

The integrated seismic approach, which has traditionally been utilized in a more
qualitative fashion for hydrocarbon exploration, is now becoming increasingly popular

in both lithospheric probing and resource exploration in crystalline rock terranes.

Since the discovery of extensive massive sulfide deposits in the Sudbury Basin
in the late 1800’s, considerable effort has been expended to determine the origin
and structural configuration of this unique geological structure. A series of care-
fully planned seismic experiments and other non-seismic geophysical surveys have
been carried out since 1990 in the Sudbury area as a part of the LITHOPROBE
Abitibi-Grenville, Sudbury sub-transect project. In this thesis research, high res-
olution seismic refraction, regional and high resolution seismic reflection, and the
multi-offset 3-component VSP (Vertical Seismic Profiling) experiments were utilized

to investigate the geologically unique Sudbury Structure and the surrounding area.

A multi-offset 3-component VSP experiment was carried out to study the shallow
seismic velocity structure in the center of the Sudbury Basin. In addition to obtaining
realistic P— and S—waves velocity models through travel time inversion and WIKBJ
synthetic seismic modeling, the VSP experiment provides us with an independent
estimation for the dip of the contact between the Chelmsford and Onwatin formations.
The velocity values are also in good agreement with laboratory measurements from the
drill core samples. The VSP-CDP transformed section and corridor stacked section
correlate well with the high-resolution surface reflection data. The results indicate
that the multi-offset three-component VSP experiment provides important constraints

and auxiliary information for shallow crustal seismic studies.
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The LITHOPROBE seismic regional reflection line 42 was reprocessed in this
thesis research to image the subsurface structure northwest of the Sudbury Basin.
Carefully designed traditional processing steps combined with time varying cross-dip
correction and the wavelet transform for removal of the ground roll noise have dramat-
ically enhanced the seismic reflection image, in contrast to the preliminarily processed
data. The reprocessed LITHOPROBE Sudbury regional reflection line 42 data has
successfully extended the reflection profile of the Sudbury area to approximately an
additional 20 km northwest, and has revealed the subsurface structure in the Levack
Gueiss Complex and surrounding area. The newly discovered cross section of the
Levack Gneiss Complex adds new constraints to the regional tectonic structures. The
result also provides invaluable information for the understanding of the uplift of the
Levack Gneiss Complex, which probably plays an important role in resolving the ori-
gin of the Sudbury Structure. A major fault or shear zone imaged in the reprocessed
section in the northwest of the LGC suggests extended structural deformation in the
northwest of the Sudbury Structure and supports a larger dimension of the original

impact crater proposed by Grieve et al. (1991).

Two advanced data processing techniques were investigated theoretically and nu-
merically implemented in this thesis. The time varying cross-dip correction algorithm
developed for crooked line data processing has proved to be very effective for focusing
reflection energy and imaging complex dipping structures with inconsistent cross-dips.
The algorithm has also provided important information for cross-dip attitudes of the
reflectors. The wavelet transform is a new digital signal processing technique which
has an advantage of analyzing and localizing signals in both time and frequency do-

mains simultaneously. In this thesis, a non-orthogonal wavelet transform algorithm



was developed for seismic application and programmed for implementation of remov-
ing ground roll noise. The results indicate that the new approach is very effective
and superior to the conventional f-k filtering method. The wavelet transform was also
applied to detect the reflection signals in a low S/N ratio situation with encouraging

results.

The high resolution refraction experiment explores a cross-array of two profiles
with an approximate 285 km long line in the NW-SE direction and a 164 km long
line in the W-E direction across the Abitibi Subprovince in the Superior Province,
the Sudbury Structure, the Grenville Front Tectonic Zone, and the Britt Domain in
the Grenville Province. The preliminary processed seismic refraction sections were
interpreted by using the Cerveny ’s two point dynamic ray tracing and modeling
algorithm. The computed travel times match well with the observed data, for most
phases including both head waves and wide-angle reflections. The results outline the

major crustal and upper mantle structures for the study area.

Even through the seismic experiments investigated in this thesis research do not
provide a complete picture of the Sudbury area, the results provide new information
on the configuration of the Sudbury Structure which can add new constrains and

clues for us to understand the origin of the structure.
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Chapter 1

Introduction

The continental lithosphere is the foundation on which the carth’s biosphere exists,
and the repository of our mineral and energy resources. The crust, which is 30 to 50
ki thick, forms much of the outer most part of the continental lithosphere. Study
of the chemical composition and geometrical configuration of the geological blocks
and their relationships to various geological processes in the Earth is essential for an
accurate understanding of our planet Earth. This knowledge, in turn, is crucial for
exploration of buried mineral and fossil fuel resources, and for providing a key to the

understanding of nature, origin and history of plate tectonics.

Our knowledge of the lithosphere may be gained directly from surface mapping
and deep drill core observations or gained indirectly from a variety of geophysical
surveys which record geophysical signatures that reflect the subsurface attributes and
geometry of the rock units at depth. The physical property anomalies and the key
geological signatures can thus be traced to the surface by means of geophysical profiles

or extraction of well log data from depth.

Among many available geophysical methods, seismic techniques play a key role in
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deep lithospheric exploration, because the seismic signal can penetrate deeper into
the Earth with greater resolution than most other geophysical signals. The seismic
reflection method can most effectively image geological boundaries between litholog-
ical units and associated geological structures in the subsurface. A combination of
regional and high resolution reflection techniques provides us both short wavelength
and high resolution seismic energy which images the shallow subsurface structures
with great detail and long wavelength seismic energy which penetrates to the crustal
depth. Rapidly developing data processing techniques along with increasing computer
power make the reflection method more effective than any other sounding techniques.
Seismic refraction surveys play an essentially complimentary role to the deep reflec-
tion techniques. In contrast to the near-vertical incident seismic reflection surveys,
seismic refraction surveys malke use of the arrival time and amplitude of refracted
seismic waves traveling through the crustal interfaces. A vertical seismic profiling
(VSP) technique makes use of the boreholes and records seismic signals directly at
depth up to a few kilometers deep. By correlating and linking the characteristics of
the seismic response with geological well-log information, the VSP technique bridges
the observation gap between the surface observed reflection profiles and the borehole
sonic logs. It thus provides invaluable information for structural, stratigraphic, and

lithological investigation in complex geological areas.

Integration of various above seismic techniques along with other auxiliary geophys-
ical techniques greatly extends the capabilities of seismic techniques. Integrated seis-
mic study has already proven to be a very powerful technique in petroleum explo-
ration, and it has also become a very successful approach in lithospheric exploration.

During the past a few decades, a number of such integrated seismic investigation



for scientific purposes have been carried out throughout the world. They consti-
tute the central cores of several national collaborative, multidisciplinary earth science
research programs such as LITHOPROBE in Canada, ACORP in Australia, and
ECORS in France (Barazangi and Brown, 1986, Meissner et al., 1991). In this thesis
research, multi-offset three component VSP, surface reflection, and high resolution
refraction techniques were utilized to study the complicated Sudbury Structure and
surrounding arca. The seismic surveys investigated are a part of the LITHOPROBE
Abitibi-Grenville Transect (AGT) (Sudbury sub-transect) projects. The participants
of the LITHOPROBE AGT Sudbury sub-transect include Ecole Polytechnique, Laval
University, University of Manitoba, University of Montreal, University of West On-
tario; Geological Survey of Canada, Ontario Geological Survey (OGS), US Geological
Survey (USGS); Inco Exploration and Technical Service (IETS), Falconbridge Ltd.

and other local mineral industry participants.

1.1 Study Area and Objectives of the Research

The study area is the Sudbury Structure and surrounding area in northern Ontario,
which is well known for its unique geological structure and the great economic value
of the area’s mineral deposits. It was chosen as a LITHOPROBE AGT Sudbury sub-
transect as well as a multi-sensor geophysical survey site (1989) by the Geological
Survey of Canada. For similar reasons, the Sudbury area was also chosen as one of
the scientific verification sites for the Earth Resource Satellite (ERS—l) (1991) by the
European Space Agency. A vast number of research activities were carried out in the

past and the trend is expected to continue in the future. Table 1.1 lists some of the



geophysical and geological data sets available for this thesis research in the area.

The first reflection seismic survey in the Sudbury Basin was carried out in 1965
by a Calgary contractor GSI Inc. for IETS. The dynamite survey data, covering
about 6 km across the North Range near Welsner township, were of very poor quality
and the usefulness for mineral exploration was marginal. In 1985, the geophysics
group at the University of Manitoba planned and contracted out a high resolution
reflection seismic survey across the North Range (Moon et al., 1989). The survey
was designed as a shallow high resolution reflection survey with a total line length of
approximately 5 km along an abandoned power line. A high speed explosive source
was used in drilled shot holes. The final processed section imaged at least two south
dipping reflection zones, one of which appeared to represent the granitic gneiss wall
rock.

The LITHOPROBE Sudbury sub-transect experiments were planned for investiga-
tion of the true three-dimensional geometry of the Sudbuwry Structure, the Sudbury
Igneous Complex (SIC) and associated major faults, the geometry of the mid and
lower crust beneath the Sudbury Basin, and the geometry and geological relationship

with the Grenville Front boundary (Clowes, 1989).
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Table 1.1: Geological and geophysical data sets available in the Sudbury area

Lithoprobe Seismic Data
Reflection data (both regional and high resolution )(Oct., 1990, 1993)
VSP data (Vertical Seismic Profiling) (Oct., 1990)
High resolution refraction data (July, 1992)
Well-log data (Summer, 1991)
Multiple Sensor Geophysical Data
Airborne C-SAR data (C-band synthetic aperture radar) (1989)
Landsat TM (thermatic mapper data, 1988)
Ground gravity data (1988)
Ground and airborne magnetic data (1988, 1989)
exposure rate

potassium
equivalent uranium
Gamma ray spectrometer data (1989) { equivalent thorium
eU/eTh ratio
eU/K ratio
Th/IC  ratio
Airborne VLF-EM total field data (1989)
Airborne VLF-EM quadrature data (1989)
Ground EM and MT data (1991)
ERS-1 (Earth Resource Satellite) SAR data (launched in 1991)
Geological Maps
OGS (Ontario Geological Survey) compilation map (1984, 1990)
Limited local mining company maps




The seismic data obtained from the LITHOPROBE seismic surveys, including the
regional and high resolution seismic reflection (1990), three component multi-offset
VSP (1990), and high resolution refraction data (1992), have been processed and

interpreted in this thesis. The scientific objectives include:

e Design of an effective data processing sequence and estimation of optimal pro-
cessing parameters for seismic reflection data acquired in crystalline rock ter-
ranes such as the Sudbury area, and imaging of the subsurface structures asso-

ciated with the Levack Gneiss Complex in northwest of the Sudbury Structure.

e Application of the 3-Component (3-C) multi-offset VSP data processing and
interpretation techniques to explore shallow structures in the Sudbury Basin
and and correlation of the VSP data with the high resolution reflection data to

resolve the relationships between the sedimentary layers within the basin.

e Development of new seismic data processing techniques for both VSP and reflec-
tion seismic data to image complex structural features such as dipping geologi-
cal discontinuities and to improve the S/N ratio of the data from low acoustic

impedance contrast media of the Sudbury region.

e Provision of a preliminary image of the major crustal features in the vicinity
of the Sudbury Structure by combination of the results from the reflection and

the high resolution refraction data.

e Interpretation of the seismic data together with auxiliary airborne and satellite-
borne geophysical data to resolve and clarify the geologically significant seismic

features.
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e While seismic exploration techniques have become the primary exploration tool
of the petroleum industry, these techniques have seen little application by the
mineral industry in the past. However, both major types of the ore bodies found
in the Sudbury area are coincident with pronounced stratigraphic reflectors
such as the sediment-hosted sulfides lying along the Onwatin shale/Onaping tuff
contact and the massive sulfides occurring at the Norite/Footwall contact. Thus
an integrated seismic study is also expected to provide valuable information for

base metal exploration in the Sudbury area.

With the above objectives, this thesis rescarch was developed in two directions.
Each individual seismic data set was investigated in detail, and interpretation was
carried out among various of seismic results and other geophysical iiages interactive-
ly. Chapter 1 introduces and describes the background and objectives of the rescarch.
Chapter 2 describes the geological setting of the study area, the Sudbury Structure. It
includes the current geological and pla‘nefological hypotheses on the origin, formation-
s, and associated tectonic history of the Sudbury Structure. In Chapter 3, previous
seismic and other geophysical studies carried out in the Sudbury area and related to
this thesis research are briefly reviewed. Chapter 4 describes various features of seis-
mic data acquisition such as field survey lines, recording parameters, seismic sources
in the VSP, high resolution and regional seismic reflection, and high resolution re-
fractions surveys. In the follyowing three chapters, Chapter 5, 6, and 7, the seismic
data processing steps and technique developments conducted in this thesis research
are discussed in detail. Chapter 5 focuses the multi-offset 3-C VSP study, which in-

volves data processing techniques utilized and developed for the VSP data sets, such



as travel time inversion, wavefield separation, VSP-CDP transform, and shear wave
analysis techniques, and the VSP data interpretation techniques, for instance, the
development of a particle motion hodogram analysis approach for estimation of true
dip of reflectors, and correlation of the results with surface high resolution reflection
data. In Chapter 6, the seismic reflection data processing techniques particularly
designed for the regional reflection line 42 are discussed. Two newly developed data
processing techniques, the time-varying cross-dip correction and removing of ground
roll noise using the wavelet transform technique, are highlighted. An important result
in this chapter is the successfully imaged subsurface structure in the vicinity of the
Levack Gneiss Complex, the northwest of the Sudbury Structure, which is a key area
for resolving the enigma on the origin of the Sudbury Structure. The integrated in-
terpretation of the seismic results with other geophysical data sets, such as the ERS-1
SAR data and other remote sensing data, is also discussed in Chapter 6. In Chapter
7, the wavelet transform is discussed in detail. The advantages of this new technique
over the conventional methods, its mathematical properties, and the effectiveness of
the new approach to seismic data processing are investigated. Two examples are in-
cluded to demonstrate the application of the wavelet transform. Finally the overall
results of this thesis research are evaluated and discussed in chapter 8. The final

conclusion and recommendation for future research are summarized in Chapter 9.



Chapter 2

Geological and Geophysical
Setting of the Study Area

2.1 Geology setting of the Sudbury Structure

The Sudbury Structure (SS) is located at the ‘junction’ of the Superior, Southern,
and Grenville structural provinces of the Canadian Precambrian shield (Card et al.,
1984). The Superior Province to the north consists of Late Archean supracrustal,
plutonic and gneissic rocks. The Southern Province to the southwest consists of
Proterozoic sedimentary, volcanic, and mafic and felsic plutonic rocks. The Grenville
Front, which is the northwestern boundary of the Grenville Province, bounds of the
Sudbury Structure at about 15 km southeast. The Front is a major northeast trending
structural discontinuity and is well defined in the regional potential field map at the
crustal scale (Clowes, 1989). The Sudbury Structure is also located at the intersection
of several major fault systems, even though the ages of these faults are younger than
the Sudbury Structure itself (Peredery and Morrison, 1984). Figure 2.1 shows the

regional geological setting of the Sudbury Structure.
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The major geological units identified in the Sudbury area consist of (Dressler,

1984Db):

e the Proterozoic mafic and felsic intrusive rocks of the Sudbury Igneous Complex
(SIC), which grades from the outer ring of norite through a transition zone of

gabbro to an inner ring of granophyre (see Figure 2.2),

e the Whitewater group within the SIC envelope, consists of the Chelmsford
greywacke, Onwatin shale, and Onaping formations, including Onaping suevite
(black and gray members of breccias) and Onaping basal member (see Figure

2.2),

o the late Archean gneissic rocks of the Levack Gneiss Complex (LGC), which lies
in the north and east-side of the outer contact of the SIC and contains pyroxene

granulite and amphibolite facies rocks,
e breccias in the Archean and Proterozoic Footwall rocks of the SIC,

e the quartz diorite offset dikes within the swrrounding footwall rocks, which

extend either radially away from, or strike parallel to, the SIC, and

e the post-igneous complex mafic dike rocks, found mainly in the South Range
of the SIC and South Range Footwall rocks, include middle Proterozoic olivine

diabase dikes intruded into all the forgoing rocks.

The so-called Sudbury Structure is made up of extensive regions of brecciated coun-
try rock, the SIC, and the enclosed Whitewater group. The often used terminology

of the “North Range”, “Bast Range”, and “South Range” is depicted in Figure 2.2.
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Figure 2.1: Regional geological setting of the Sudbury Structure (Card et al., 1984).
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Figure 2.2: Simplified geological map showing geological formations in the Sudbury
area including the Whitewater group (Chelmsford, Onwatin, and Onaping forma-
tions) and the Sudbury Igneous Complex (SIC) (Granophyre, Gabbro and Norite
rock units). Modified from Wu et al., 1994.
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On the gravity map (Gupta, 1984), the Sudbury Structure is situated within a
large, SW-NE striking elliptical gravity high of about 30 mgal. It is part of a positive
gravity anomaly extending over about 350 km from Elliot Lake to Englehart, Ontario.
The anomaly itself is much broader than the Sudbury Structure. The airborne total
field magnetic map of the area is characterized by a semicontinuous elliptical ring
anomaly coincident with the SIC. The gabbros and associated ultramafic rocks in the
SIC may be responsible for this anomaly. A linear anomaly of moderate amplitudes
close to the contact between the Onaping and Onwatin Formations on the south side
of the basin, and a broad positive anomaly close to North Range extending northwest

to the LGC are also noticeable in the acromagnetic map (Gupta, 1984).

2.1.1 Origin of the Sudbury Structure

There are at present two main hypotheses for the origin of the Sudbury Structure:

the volcanic explosion theory and the meteorite impact theory.

(a) Early explosive volcanism theory. It is believed that the Sudbury Struc-

ture might have originated from a volcanic explosion 1850 Ma ago or from other
possible endogenic processes. Most characteristic geological features of the Sudbury
Structure can readily be explained through endogenic processes. The Sudbury Struc-
ture is, in various degrees, related to crustal features such as: the Great Lakes Tectonic
Zone - Muray Fault Zone; the Grenville Front Boundary Fault; a large scale curvi-
linear positive gravity anomaly; large elongate positive magnetic anomalies, and the
Wanapitei structure (the convex shape of the East Range, if assuming it is a cryp-

toexplosion). One or more large intrusions underlying the Sudbury Structure were
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invoked to interpret the positive gravity anomaly. The Sudbury Structure is also
genetically associated with large volumes of volcanic rocks present in the Onaping
formation, and plutonic rocks present as the SIC. The setting in time and space of
the Sudbury Structure indicates that it is more likely to be of endogenic origin rather
than the product of meteorite impact (Card et al., 1972; Stevenson, 1980). The pre-
cise mechanisms that resulted in endogenic shock metamorphism, however, remain to

be explained in detail.

(h) Meteorite impact theory. It was proposed that the original Sudbury Struc-

ture may have been produced by meteorite impact about 1850 Ma ago, accompanied
by shock compression and excavation of a transient crater, and ejection of melt. Brec-
ciated country rocks were thrown radially out of the crater followed by elastic rebound
and isostatic adjustment to form a modified crater. The norite and granophyre mag-
ma uplift and intrusion, and subsequent collapse formed the present setting of the
Sudbury Structure (Dressler, 1984a).

The impact theory was first proposed by Dietz (1964) and further evidence of
shock-induced magmatism and tectonism was reported later in the country rocks sur-
rounding the Sudbury Structure. Comparison of the Sudbury Structure with well
documented meteorite impact sites indicates that the features discovered in Sudbury
are of typical large impact sites (Head 1977). These include an original polygonal out-
line, large troughs at the apices of the polygon, terraced walls, the original relatively
shallow inward dipping floor of the structures, and intense and extensive brecciation
of footwall rocks. There also appears to be direct link between brecciation and shock
metamorphism. The convex shape of the East Range (the Wanapitei structure) may

be yet another late meteorite impact (37 Ma) superimposed on the original Sudbury



Structure.

As more impact related evidence is discovered, a majority of scientists regard Sud-
bury as a meteorite impact site (astrobleme), even though the origin is still debated.
The dimensions and shape of the original Sudbury Structure are believed to be criti-
cal to understand the origin of the Sudbury Structure (Boerner and Milkereit, 1994).
Since many observed large impact sites are circular, the present 60 x 30 km elliptical
shape of the Sudbury Structure has been argued for many years. If the original di-
ameter of the Sudbury Structure is 60 km, the energy release is not sufficient to have
generated the estimated volume of the SIC as an impact melt (Boerner and Milkereit,
1994). Some people think that the postulated size of the original crater appears to
require a component of internally generated magmatism to account for the volume of
the SIC and associated lithologies (Peredery and Morrison, 1984). However, recent
isotopic, geochemical, and petrographic studies have demonstrated that rocks and
ores of the SIC were derived largely from the Archean crust and Early Proterozoic
cover rocks with only subordinate contributions (if any) from mantle magmatism
(Faggart et al., 1985; Naldrett et al., 1986; Walker et al., 1991; Grieve et al., 1991).

This result supports the impact origin.

The recent LITHOPROBE seismic high resolution reflection survey revealed a main-
ly southern dipping subsurface geometry across the Sudbury Structure, which sug-
gested a prominent shortening along the NW direction and implied a much larger
size of the original diameter of the Sudbury Structure (at least twice of the present
size). A dense mafic mass is no longer required to interpret the observed gravity
anomaly above the Sudbury Structure based on the geometry defined by the recent

high resolution seismic result (MacGrath, 1994).
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Considering the NW compression of the Sudbury Structure, Roest and Pilking-
ton (1994) studied the deformation by using an inferred horizontal strain pattern to
‘decompress’ the potential field data and recovered a nearly circular shape of the po-
tential field anomalies. Roest and Pilkington (1994) also suggested that the original
diameter of the present exposure of the SIC could have been at least 65 km. Howev-
er, by analogy of the Sudbury Structure to lunar maria, Lowman (1993) still favors
an original impact structure of elliptical shape and only slightly larger size than the
present outcrop of the SIC. In reviewing the recent results from the LITHOPROBE
Sudbury project and other studies, Deutsch and Grieve (1994) concluded that the
present non-circular shape of the SIC is caused by the post-impact ductile deforma-
tion and northwest directed compression, thus the original diameter of the final crater

could be up to 280 km.

Based on the recent LITHOPROBE seismic results, lithologic analysis of the geo-
chemical components of the Sudbury formations, and geological observation, a recent
impact model was presented by Avermann et al. (1994) to illustrate the impact
history and to explain the original size and volume of the melt bodies. The model
described a sequence of the impact event for the formation of the Sudbury Struc-
ture (see Figure 2.3), and also suggested a peak-ring or multi-ring structure for the

Sudbury Structure with original rim diameter on the order of 200 to 250 km.
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Figure 2.3: An impact model presented by Avermann et al. (1994) to represent
various phases of the Sudbury impact crater formation with vertical scale exaggerated:
(a) Geometer of the melt and vapor zones superimposed upon transient cavity; (b)
Formations of the Sudbury breccia, Sublayer and offset dikes, and distribution of melt;
(c) final stage of the transient cavity collapse with formation of peak ring and terraced
rim, emplacement of melt sheet; (d) modification of the final crater by deposition of
sediments; (e) the present Sudbury Structure aiter deformation during Penokean
orogeny, regional metamorphism, and erosion. (after Avermann et al., 1994).
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However, the impact related structural features in the basement of the crater, north
and northwest of the SIC where the LGC is located, are relatively unknown. This
increases the importance of discovering the subsurface structure in the northwest of

the SIC.

In the following two subsections, two local geological units, the Whitewater group
where the VSP borehole located, and the LGC the reflection line 42 crosses, will be
discussed in detail to provide further geological background for seismic data interpre-

tation in the later chapters.

2.1.2 The Whitewater Group

The Whitewater group sediments constist of argillite (Onwatin Formation) and tur-
bidite units (Chelmsford Formation) over the Onaping breccia (Figure 2.2). Argillite
units at the base of the Onwatin formation are the host of hydrothermal sedex Cu-
Zn-Pb deposits (Davies et al., 1991). Structurally the Whitewater group lies above
the SIC and is contained in the central depression of the Sudbury Structure known
as the Sudbury Basin (Dressler et al., 1992). However the relationship between the
Whitewater group and the SIC which extends to as deep as 2700 m along the footwall
contact of the Sudbury Structure (Roussell, 1984) is relatively unknown. Throughout
the Sudbury Basin, geological units in the Whitewater group are poorly exposed, and
little is known about the timing and rate of deposition, and subsequent deforma-
tion. Where exposed, the contacts between the Onaping, Onwatin and Chelmsford

formation, are described as gradational (Roussell, 1984).
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2.1.3 The Levack Gneiss Complex

In the outer northwestern rim of the Sudbury Structure, there is a north to south
progression from the Archean granite-greenstone rocks through massive felsic and
intermediate granitic plutons to the high-grade gneissic terrain, the Levack Gneiss
Complex (LGC). The LGC which forms a 5-8 km wide zone along the Sudbury
Structure wraps around the North and East Ranges of the SIC (James and Dressler,
1992). To the north, it contacts with massive granites of the Cartier Batholith. The

contacts on both sides of the LGC, however, are discordant (Card, 1994).

The LGC was intruded and extensively retrograded by the Cartier Batholith, post-
tectonic Algoman granites, late Archean to Middle Proterozoic mafic dikes, and veins
and irregular masses of the Sudbury Breccia (Pye et al., 1984). It is mostly composed
of migmatitic tonalitic gneisses which contain lower crustal rocks of pyroxene gran-
ulite facies near the SIC and amphibolite facies to the north, indicating an original
depth range of 21 to 28 km (6-8 kbar) assuming the underground temperature ranges
from 750 — 800°C (James and Dressler, 1992). It appears to be subjected to shock
metamorphism related to the Sudbury Event (the tectonic event which created the
original Sudbury Structure) and contact metamorphism related to the intrusion of the
SIC. The uplift of the LGC has many similarities to the I{apuskasing Structural zone,
which is a prominent uplifting of a high-grade gneissic terrain in the center of the
Superior Province. The relationship between the structural uplift (SU) and the size of
the Sudbury Structure suggests that the maximum uplift is of the order of 15-20 km
(Grieve et al., 1991). The LGC is also considered to probably contribute significantly

to the formation of the SIC and its ores (Card, 1994). The Huronian sedimentary and
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igneous rocks and the Nipissing mafic intrusion (2200 Ma) bound the South Range,
some of which even intruded in the west of Sudbury Structure about 10 km west from
the regional seismic survey line 42 (Figure 4.1). Even though the deformation in
~ the northwest of Sudbury is relatively weak compared with the South Range, similar

deformation zones probably exist north of the Sudbury Structure (Card, 1994).

The gravity and magnetic anomalies show that the LGC is situated on the edges
of a large linear positive gravity anomaly zone and an elliptical positive magnetic
anomaly zone. The gravity low in the northwest of the Sudbury Structure character-
izes the Archean phitonic rocks. Airborne y-ray spectrometry data outlines a wider
rim of potassium anomaly in the northwest swrrounding the North Range of Sudbury
Structure (Singh et al., 1993). Whether the y-ray spectrometer anomalies are related

to the outer boundary of the LGC or not remains to be answered.

2.2  Tectonic History of the Study Area

The Sudbury Event (SE), which formed the original Sudbury Structure, occurred
in the Early Proterozoic at about 1850 Ma. During the Sudbury Event, the SIC was
emplaced and immediately followed by deposition of Whitewater group sediments.
The tectonic event closely linked to the Sudbury Structure is the Penokean Orogeny,
a tectonic metamorphic and thermal event which occurred in the Huronian strata of
the Southern Province during 1800 Ma to 1900 Ma (Zolnai et al., 1984). The initial
ductile deformation of the Huronian strata during the Penokean Orogeny appeared
to be transported northward and resulted from countinental-continental collision and

depression of the Huronian wedge to the middle crustal level. The Sudbury basin was



21

then shortened by a tectonic push towards the northwest, which resulted in structural
deformations including foliations, lineations, cleavages, folds, faults, and joints. The
deformation in the area thus can be represented as two phases, the pre 1850 Ma
ductile deformation and the post 1850 Ma brittle deformation (Zolnai et al., 1984).

The intensity of deformation appears to decrease toward the northwest.

Two interpretations for the timing of the crustal uplift of the LGC were proposed
based on the geological and geochemical studies (James and Dressler, 1992). One
interpretation suggests that the the gneisses were tectonically uplifted prior to the
Sudbury Event (possibly during the intrusion of the Cartier Batholith). The other
interpretation is that the gneisses were raised to epizonal levels as a result of meteorite
impact at 1850 Ma. More study is needed to determine when the LGC was uplifted,

and how the distribution of the LGC is related to the SIC.



Chapter 3

Review of Geophysical Studies on
the Sudbury Structure

In this chapter, the previous geophysical research conducted on the Sudbury Struc-

ture and related to the processed seismic data in this thesis is briefly reviewed.

Prior to the LITHOPROBE Abitibi-Grenville Transect experiments, geophysical
studies on the Sudbury Structure were mostly focused on gravity, magnetic and elec-
tromagnetic survey. Gravity and magnetic modeling of the deep crustal structure
was attempted by Gupta et al. (1984) to interpret the observed gravity and magnetic
anomaly. After the late 1980’s, a large number of geophysical surveys have taken place
in the Sudbury area (see Table 1.1 ), providing high quality data sets for geophysical
studies and geological interpretations. Among them the results of the seismic reflec-
tion surveys were one of the most significant achievements, revealing deep subsurface

geological structures previously unknown in the Sudbury area.
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3.1 Results from Previous Seismic Studies

One of the first convincing subsurface deep structural models was proposed by
Milkereit et al. (1992) based on the LITHOPROBE seismic reflection survey results.
The seismic reflection data (Lines 40, 41, and 42) were processed by a contractor,
after which several reprocessing were carried out. Preliminary results of these seismic

profiles except the line 42 profile were interpreted by Milkereit et al. (1992).

The high resolution seismic section across the North Range (line 40-1) releaved
the boundary between the layered LGC and SIC with a clear change from high to
low levels of reflectivity and marked by quasicontinuous reflection event E in Figure
3.1 (Milkereit et al., 1992). The LGC is represented by the prominent horizontal to
south-dipping reflections beneath boundary E. The profile also marks the boundary
within the SIC (granophyre to gabbro and norite sublayer). The transition of mafic

rock to granophyre produces the pronounced reflection event.

An interpreted geological model of the Sudbury Structure from the lines 40 and 41
data was presented by Milkereit et al. (1992) in Figure 3.2. A conspicuous feature of
the seismic section is the marked change in structural style across the center of the
Chelmsford Formation at times < 2.0 s. To the north, the reflection zones (B,C,D,E in
Figure 3.2b) describe slightly south dipping lithological contacts which can be traced
in borehole observations (see Figure 3.2a). To the south of the section, the data are
dominated by broad zones of intense reflections (P, Q, and R). The reflection events
A and B represent the boundaries of units within the Whitewater group (the Chelms-
ford to Onwatin Formations and the Onwatin to Onaping Formations). The strong

reflection events P and Q are interpreted as major faults or shear zones, projected to
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the surface (R1 and R2 in Figure 3.2b) north of the mapped shear zone. In the center
of the basin, the reflections are truncated by a steep south dipping fault marked by

S, which interrupts the layers of the Whitewater group and granophyre.

S SUDBURY NORTH RANGE N
GABBRO-NORITE
ONAPING (SUEVITE) GRANOPHYRE SOBLAYER

TWO-WAY TRAVELTIME (s)

Figure 3.1: The high resolution reflection section (line 40-1) in the North Range,
Sudbury (Milkereit et al. 1992).
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Based on these seismic results Milkereit et al. (1992) suggested that the original
dimension of the major axis of the basin structure was at least twice of the present one.
The recent seismic survey results are also in agreement with the South Range Shear
Zone model proposed by Shanks and Schwerdtner (1991a) from structural geology

studies.

Nevertheless, the subsurface structure beyond the North Range across LGC was not
investigated seismically until now mainly due to the very poor quality of preliminarily
processed result of line 42. Several problems are waiting to be resolved; one of the
outstanding problems is the uplift of the LGC, mentioned by Boerner and Milkereit

(1994) in the special section of LITHOPROBE Sudbury project:

“The highly reflective footwall complex to the SIC, the Levack gneiss, is prominent
geophysically and may represent uplifted continental crust. Theses rocks have variable
properties and appear to have a more dense and more magnetic phase near the contact
of the SIC. Levack gneiss exhumation history and its relation to the time of formation

of the SIC is crucial.”

The data from line 42 which acrosses the LGC were reprocessed in this thesis
research with the objectives of resolving some of the questions related to the LGC.

The details will be discussed in Chapters 6 and 7.
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Most model boundaries are determined by seismic reflection data. Back ground den-
sity is taken to be 2.73g/cm3. Relative densities are based on Sudbury rock samples.
(b) Composite sketch of reflection patterns based on various stack and migrated
seismic images of the lines 40 and 41. Boreholes are shown by triangles and in-
clined and vertical lines. Abbreviations are the same as in the Table of Symbols (e.g.
VLF=Vermilion Lake Fault). (Milkereit et al. 1992).



27

3.2 Review of Other Geophysical and Remote Sens-
ing Studies

3.2.1 Previous Potential Field Studies

Previous geological models of the Sudbury Structure based on gravity data (Gupta
et al., 1984) were constrained by surface geology and by density measurements of
surface and borehole rock samples. In general, the regional gravity lows in the Sud-
bury area are related to large masses of granitic rocks, whereas regional gravity highs
are probably correlated to the gabbro-anorthositic rocks of limited surface exposure,
but which may be much more extensive at depth (Popelar, 1977). Lack of a strong
positive gravity anomaly associated with the Sudbury Structure implies a weak posi-
tive density contrast (< 0.1 g/em®) between the Sudbury Structure and surrounding

country rocks (Popelar, 1977).

To interpret the observed regional positive Bouguer gravity anomaly, Gupta et al.
(1984) suggested a massive mafic layer was hidden beneath the Sudbury Structure
in the depth range of 5 to 8 km with a density of approximately 3.0 g/em? (Figure
3.3), and extended laterally to the west and northeast beyond the present surface

expression of the Sudbury Structure.
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Based on the new deep geometry of the Sudbury Basin outlined by high resolution
reflection data, a new modeling and interpretation were made on the gravity data
along the LITHOPROBE transect (Figure 3.4) by McGrath and Broomes (1994). The
key difference between the Gupta et al.’s and McGrath and Broomes’s models is that
in the Gupta et al.’s model a base level Bouguer gravity value of -58 mGal was assumed
(Gupta et al., 1984), which actually should correspond to a background density of
2.67g/cm? of granitic rocks (even though 2.73 g/km? was used by them). But in the
MecGrath and Broomes’s model a base level value of -42 mGal was used, corresponding
to a background density of 2.73g/em? of the Levack gneisses. Therefore a large
dense mass underlying the Sudbury Structure is no longer necessary to interpret the
observed regional positive Bouguer gravity anomaly. A new gravity model compatible
with the LITHOPROBE seismic results (Figure 3.5) was presented. However, one of

the suggestions related to the LGC in their model is:

“the large, ramplike, gravity anomaly, parallel but largely external to, the northwest
margin of the Sudbury Structure is an expression of a moderatedly northward dipping

boundary within the Archean terrain between the LGC and Cartier granite.”

The above interpretations show that the boundary between the LGC and Cartier
granite is dipping north and the dense LGC layer (density=2.77¢g/cm?) is separated
from the Cartier granite by an additional layer of the LGC with density of 2.73¢g/cm3
in the northern part of the profile (Figure 3.5). At the time of the McGrath and
Broomes (1994)’s study, the subsurface structure beyond the LGC was not available.
Reprocessing of the Sudbury regional seismic reflection line 42 becomes important in

clarifying the subsurface geological structure of this region.
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Figure 3.4: The new Bouguer gravity map of the Sudbury area. The contour interval
is 2 mGal. The Sudbury Structure is located in the zone of high regional gravity.

Interpretation of the profile, N-S, is illustrated in Figure 3.5 (McGrath and Broomes,
1994).
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Figure 3.4 after McGrath and Broomes (1994), where N-South Range norite, Gr-
granophyre, Ow-Onwatin Formation, and Ch-Chelmsford Formations, MF-Murray
Fault. Density boundaries to the north and south of the Sudbury Structure were not
imaged in the seismic data.
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Magnetic modeling study was also undertaken on the restrains of subsurface geom-
etry provided by the LITHOPROBE high resolution reflection data recently (Hearst,
et al., 1994). Unlike the gravity modeling, the initial magnetic modeling performed
by rigidly adapting the geometry defined by seismic data did not give a good match
to the observed magnetic data due to complication involved in the magnetic proper-
ties of the rock units in the SS5. Further attempts were carried out by incorporating
the results of new remanent magnetisation (NRM) and susceptibility measurements
collected along the seismic profile line 41 and detailed magnetic structures within the

broad geometric framework of the seismic and gravity model.

A new magnetic model was then obtained by Hearst, et al. with certain differences
in detailed features from the gravity model (see Figure 3.6). In the magnetic model
(Figure 3.6), the high magnetic anomaly was attributed to the LGC subjacent to
the base of SIC. The Levack gneiss was divided into three groups, the dense Lev-
ack gneiss with susceptibility of 550 x 10" SI, Levack gneiss with susceptibility of
470 x 10~* SI intruded by a couple of diabase dikes of very high susceptibility, and
depleted Levack gneiss with susceptibility of 200 x 10™* SI, to interpret the observed
high magnetic anomaly above the LGC. The Cartier granite was represented as low
magnetic anomaly with susceptibility of 375 x 10™* SI. The high magnetic anomaly
diabase dikes can be traced to the surface from their measurement. However, there
was no observed evidence of high magnetisation zone at the surface where the LGC
is located. The genesis of the enhanced magnetisation and higher density associated
with the LGC, thus, was believed to be problematic geologically. (Figure 3.6) (Hearst,

et al., 1994).
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Figure 3.6: A new magnetic model along the profile N-S shown in Figure 3.4, obtained
by Hearst et al., 1994 (The unit of susceptibility is 10™* SI).

3.2.2 Results of Other Studies

The airborne multi-sensor geophysical data collected in 1989 by the Geological

Survey of Canada (GSC) were one of the good quality data and were preliminarily

studied by Singh et al. (1993). In addition to the traditional processing steps, princi-

pal component analysis (PCA) was applied to the airborne y-ray spectrometry data

~ to evaluate relative lithological information contents. It was concluded that the com-
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posite radioelement image (produced by combination of three separate radioelement
images) and the composite PCA image reflect large scale lithological difference in the
near surface materials. A notable point in the airborne y-ray spectrometry data was
a broad rim of potassium anomaly in the northwest surrounding the North Range of
Sudbury Structure (Figure 3.7). The felsic plutonic rocks, which may be associated
the Cartier granite, are generally rich in potash-feldspar, and thus contain a high
concentration of potassium. Whether the anomaly is related to the outer boundary

of the LGC or not is still remain to be answered.

Figure 3.7: Combined potassium image of the Sudbury area (Singh et al., 1993),
with the geological formation boundary overlaid shown with red lines. Colors used
to create the final image are: K - red; K/eU - green; and K/eTh - blue.



Chapter 4

Seismic Data Acquisition

4.1 Introduction

In October of 1990, the regional and high resolution reflection seismic surveys were
carried out as part of the LITHOPROBE AGT Sudbury sub-transect. Three regional
survey lines, line 40, 41 and 42 with approximate total lengths of 10 km, 42 km
and 22 ki (Figure 4.1) respectively, and two coincident high resolution lines, line
40-1 and 41-1 partially overlying the regional lines, were shot. Line 40 across the
North Range was designed for exploring the SIC structure which exposed in the
North Range area. Line 41 which traverses the Sudbury Basin and the South Range
was aimed at profiling the Whitewater group sediments, the SIC within the basin,
and the South Range structure. Line 42 across the LGC to the northwest of the
Sudbury Structure was designed to examine the structure of the LGC uplift and the
structural relationship between the LGC and the Cartier granites. The coincident
high resolution survey lines were expected to image the near surface structures in

detail.
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At the same time as the reflection surveys, multi-offset 3-C VSP experiments were
carried out using the same recording system and Vibrators as used in the high res-
olution reflection surveys, in addition to a number of dynamite sources used. The
VSP borehole sites were chosen in Chelmsford, North Range, and Crean Hill where
the high resolution reflection lines 41-1 and 40-1 passed through (Figure 4.1) with
the objectives of exploration of the shallow structures of the Whitewater sediments
in Chelmsford, and the SIC in North Range, and subsequent correlation of the VSP

data with the surface high resolution reflection data.

The reflection line planning and scouting were conducted by the Geological Survey
of Canada and the University of Manitoba with logistic support from INCO Explo-
ration and Technical Services and Falconbridge Ltd.. Actual data acquisition was
contracted to JRS Exploration Co. (Calgary). The field data acquisition for the

3-C multi-offset VSP experiment was planned and conducted by the University of

Manitoba geophysical group.

The high resolution refraction experiments were also conducted across the Sudbury

Structure in 1992 to explore the crustal structure in the Sudbury area.
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4.2 VSP Field Survey and Data Acquisition

A multi-offset three component VSP survey was cairied out at the Chelmsford
borehole. Information about the Chelmsford borehole, provided by Falconbridge Ltd.,
indicates that the total depth of the borehole is 447.1 m. It is vertical at the surface
but slightly deviates at depth. At the depth of 400 m, the maximum deviation from

vertical is 10°. To avoid aliasing problem, the depth sampling constraint was set at
Az < 'I»)771‘1'n/2fnm;1:- (41)

The maximum frequency of the recorded signal, fi,q., observed during the experiment
was approximately 110 Hz, and the minimum velocity of media, v,,;,, was estimated
to be about 4500 m/s. Thus Az is chosen as 10 m and 20 m. The VSP data were
recorded between 0-400 m depth intervals (Figure 4.2) with surface shots at offsets of
150 m, 200 m, 250 m, and 300 m. Based on the surface geological map pattern, the
multi-offset survey was planned along a dip-line that ran northwest from the borehole
(Figure 4.3) towards the high resolution seismic survey line 41.  Both high speed
dynamite and vibrators were used as energy sources. For the vibrator experiment,
the LITHOPROBE contractor JRS Exploration Co. (Calgary, Canada) recorded the
data using a 240 channel SERCEL digital system. The three-component VSP data
were collected by means of a GEOSOURCE three-component borehole geophone tool
(one vertical and two horizontal components). The three sensors installed inside the
caliper tool are close enough that the location error can be ignored. In addition to
the borehole tool, two surface geophones were also deployed. Due to limited time and

budget, the geophone tool was not oriented in the borehole at each depth. However,
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Figure 4.2: Schematic diagram of the Chelmsford multi-offset VSP experiment.

the vertical component should not deviate much from vertical since the borehole is
almost vertical and the size of the borehole is small. Detailed instrument and field

parameters are listed in Table 4.1.

The Vibroseis VSP data were also collected in the North Range borehole with
source offsets of approximately 54.5 m approximately west of the borehole and 116.7
m northeast of the borehole (Figure 4.4). Although the depth of the borehole was
957.0 m, the borehole geophone was only deployed to the maximum depth of 600
m with a depth interval of 20 m due to limited time. The field and instrument
parameters were the same as those employed in the Chelmsford experiment. Data
quality, however, is not as good as that from the Chelmsford experiment. There were
high level background noises and also a number of dead traces in the North Range

data.

At Crean Hill, only dynamite data were recorded at the depths of 5, 10, 20, 50,

100 m respectively in order to assist picking of the first breaks for the Vibroseis data.
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Figure 4.3: Swrface layout of the 3-C nmlti-offset VSP experiment in Chelmsford,
Sudbury.

These data sets were also used for verifying shallow near surface seismic velocity

estimations.
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Figure 4.4: Surface layout of the 3-C multi-offset VSP experiment in North Range,
Sudbury. The small circle represents the receiver station of the reflection line 40.



Table 4.1: Equipment and field parameters of the Sudbury VSP experiment

Source: Vibroseis
Client:  Lithoprobe Borehole site:  Chelmsford
Borehole tool:  T42 geophone tool Resonant freq: 14 Hz

Instrument: SERCEL,368,SN135 Alias filter: 178 Hz/72 dB/oct
Sweep type:  Linear No. sweeps: 4
Sweep length:  12s Sweep frequency: 30-140 Hz
No. channels: 5 (2H,1V,2 Surface) Sample interval: 2 ms
Deepest receiver: 400 m Record length: 4 s
Depth intervals:  10-20 m Offsets:  150,200,250,300 m
Source: Dynamite
Shot depths:  2-3 m in water Shot size: 250 ¢
Record length: 45 Sampleinterval: 2 ms
Receiver depths: 20,50,100,200,400 m Offsets: 55,100 m




43

4.3 Regional and High Resolution Seismic Reflec-
tion Data Acquisition

The LITHOPROBE regional and high resolution reflection data acquisition were
carried out on behalf of LITHOPROBE by a contractor, JRS Exploration Co., using a
SERCEL 240 channel digital system. Four synchronized Vibrators were employed as
the energy source. For the high resolution experiment, the vibrator sweep frequency is
30-140 Hz. The data were recorded with 20 m source and 20 m receiver spacings, 2 ms
sampling interval and 4 s record length, and a fold coverage of 1200% (see Table 4.2).
For the regional survey configuration, the sweep frequency was 10-56 Hz with 100 m
source and 50 m receiver spacings. A 14 s vibrator sweep time and 18 s listening time
generated 18 s records of raw data with a sampling rate of 4 ms, corresponding to a
maximum image depth of approximately 54 km. The coverage was 600% (60-fold).

The field survey parameters are listed in Table 4.3.

The Sudbury sub-transect line 40 profiled the North Range igneous complex and
Onaping Formation. Line 41 extended from the North Range to the South Range
before crossing Huronian rocks and Nipissing intrusions (Figure 4.1). The regional
reflection line 42 is the only LITHOPROBE reflection line that traverses the LGC
through the Cartier Batholith to the Abitibi subprovince greenstone belts (see Figure
4.1). This line was designed to probe the subsurface geological structures in the
northwest of the Sudbury Structure and to resolve the persisting questions associated
with the LGC. It is a crooked line and starts at Cartier (Hart Township), the north
end of the line, turns sharply to the east near the Pumphouse Creek, turns to south

again and ends at the north shore of Windy Lake (Figure 4.1). In this thesis research,



reprocessing effort was focused on the line 42 regional data set.

Table 4.2: High resolution reflection seismic field survey parameters
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Contractor J. R. S. Exploration Company LTD.
Source
Source type : Vibrator No. of sweeps: 4
No. of Vibrators: 2 Sweep type: Linear
Source spacing: 20m Sweep frequency: 30-140 Hz
Sweep length: 12 s
Receivers
Geophone frequency: 30 Hz Field Instrument: Sercel 368, SN135
Group length: 20m No. of channels: 240
No. per group & base: 9, spike Field filters: 178 Hz./72 dB/OCT.
Station interval: 20m Sampling interval: 2 ms
Spread configuration: 160/80 Record length: 4s




Table 4.3: Regional reflection seismic field survey parameters
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Contractor J. R. S. Exploration Company LTD.
Source
Source type : Vibrator No. of sweeps: 8
No. of Vibrators: 4 Sweep type: Linear
Source spacing: 100 m Sweep frequency: 10-56 Hz
Sweep length: 14 s
Receivers
Geophone frequency: 14 Hz Field Instrument: Sercel 368, SN135
Group length: 50m No. of channels: 240
No. per group & base: 9, spike Field filters: 89 Hz/72 dB/oct high cut
Station interval: 50 m Sampling interval: 4 ms
Spread configuration: 80/160 Record length: 18's
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4.4 Refraction Field Survey and Data Acquisi-
tion

The planning and scouting of the LITHOPROBE AGT refraction survey lines were
started in the summer of 1991. During the summer of 1992, the survey lines and the
shot sites were flagged and precisely positioned by Global Positioning System (GPS)
survey receivers. Five Canadian universities including the University of Manitoba,
University of West Ontario, University of Laval, Ecole Polytechnique and Dalhousie
University; LITHOPROBE; the Geological Survey of Canada (GSC) and the United
State Geological Survey (USGS) participated and cooperated for this experiment.
Two high resolution refraction lines, the lines AB and XY, were deployed across the

Sudbury Structure (Figure 4.5).

The Sudbury refraction line AB, approximately 285 km long, starts at Parry Sound
in the Grenville Province, runs northwest perpendicular to the Grenville front, crosses
the Sudbury Basin, and ends in the Superior Province (Figure 4.5). The line XY is
oriented northeast with a total length of about 170 km. It crosses the Sudbury
Structure and Wanapitei Lake (Figures 4.5), and forms a cross-array with the line

AB.

A GPS survey was carried out first to position the shot and receiver sites precisely.
The positioning system utilized was the GPS PATHFINDER. It records user posi-
tions, static or dynamic, at a user-selected rate of up to 1 position per second, with
an autonomous accuracy of 25 m. When two GPS PATHFINDER systems are used
in a differential positioning mode, the horizontal position accuracy can be increased

to 5 m after differential post-processing corrections. For the Sudbury survey, the base
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station was set up at the roof of the INCO Exploration and Technical Services build-
ing, and the differential post-processing correction was applied to each position data
to assure good positioning accuracy. Depending on the satellites available during the
survey, some stations’ positions were 2-D fixed, and others were 3-D fixed. The ones
with a 3-D fix can have not only horizontal position, but also determine the elevation

with good accuracy.

A total of fifteen shot holes were drilled along line AB and line XY (Figure 4.5).
The coincident shot holes abb and xy3 were planned and drilled, but were canceled
due to safety considerations. Seismic energy generated from 200 to 1600 kg dynamite
charges detonated in each drilled shot hole (approximately 40 m in depth and 20
cm in diameter) was recorded by single vertical component seismographs and shorter
spreads of three component instruments deployed at station spacings of 1 to 1.5
km (see table 4.4, and Figure 4.5). The three component PRS4 instruments were
deployed across the Grenville Front Tectonic Zone with objectives of studying the
3-D geological structure of the Grenville Front (Figure 4.5).

Four types of seismic recording systems were used in this experiment (Irving et
al., 1992). The GSC (Geological Survey of Canada) instruments included 185 ver-
tical component Portable Refraction Seismograph (PRS1) and 47 three-component
portable Refraction Seismograph (PRS4) systems. Geophones used with the GSC in-
struments were 2 Hz Mark Products L4A for all vertical and horizontal components
except for the 300 series PRS4 which used the L28LBH-4.5 Hz detectors (see Table
4.5). The PRS4 horizontal component instruments were aligned in the magnetic N-S
and E-W directions. Eight COMPAQ model 286, 386, and 486 personal computer

were used as Field Service Units (FSU) to download the shot windows into the PRS’s
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before each deployment and to upload the recorded data afterwards. The PRS’s s-
tored field data in their internal memory at a sampling rate of 120 samples per second,

and were managed by the LithoSEIS field software system (Asudeh et al., 1993).

The USGS (U.S. Geological Survey) instruments included 140 vertical component
single geophone Seismic Group Recorder (SGR) with 2 Hz geophones and 50 vertical
component systems with strings of 8 Hz geophones. The SGR instruments recorded
vertical component data, which were stored on digital cartridge tapes within the units.
Prior to the deployment, instrument turn-on times were entered into laptop computers
and these times were downloaded into each SGR unit. After the instruments were
retrieved from the field, the digital data were read directly into an Everex System
1800 microcomputer system from field tapes and were sorted by shot and station
numbers. Record section plots were then made. Finally the USGS data were written
to nine-track tapes in SEGY format. The SGR records at a fixed sampling rate of
500 samples per second. During playback, the data were decimated by a factor of

four, resulting in a sampling rate of 125 samples per second (see table 4.5).

The data recorded using the USGS instruments were resampled and scaled, and
then merged with the GSC data. The refraction data were then all written into

SEGY format and sorted by shots.

Since there is already a large amount of research work involved in this thesis, only
preliminary processing and forward modeling were conducted for the high resolution
refraction data. Details about the processing and interpretation of the refraction data

are described in the Appendix B.
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Table 4.4: Refraction survey field logistic and timing system parameters

Contiractor: GPR Geophysics International Inc.

Shot information:

No. of shot holes: 15 Dynamite type: Hydromex T3
Depth of holes: 35-43m Detonation velocity: 5400 m/s
Diameter of holes: 20 cm (average)  Size of charges: 400 kg (35 m hole),

800 kg (43 m hole)

Average shot spacing: 30 km

Average receiver spacing: 1-1.5km

Time service system:
Absolute time source: GOES ( Geocentric Earth Satellite ) clock.




Table 4.5: Refraction data recording instrument parameters

GSC instruments:

Seiemograph:
Name of seismograph PRS1 Name of seismograph PRS3
No. of Channels 1 (vertical) No. of Channels 3 (1 vertical, 2 horizontals)
Memory size 1 MB Memory size 4 MB
Sampling rate 120 pre second Sampling rate 120 pre second
recording length 120 S recording length 120 S
Geophone type: 2 Hz Mark Products L4A (for vertical components)

4.5 Hz L28LBH (for 300 series PRS4)

Computer for uploading and downloading: COMPAQ model 286, 386 and personal 486
Software for management of PRS1 and PRS4: LithoSEIS

USGS instruments:

Seismograph:
Name of seismograph: SGR Sampling rate : 125 per second
No. of Channels: 1 (vertical) recording length: 60 S
Geophone type: 2 Hz L4C and 8 Hz strings geophone
Computer for uploading and downloading: Everex System 1800 computer

Software for management: SGR play back software




Chapter 5

Multioffset 3-Component VSP
Investigation

5.1 Background and Objectives

In a VSP experiment, downgoing waves, propagated in either a straight or curved
ray path, are recorded directly by borehole geophones in the subsurface (see Figure
4.3). The VSP experiment thus provides direct information about velocity structures
and layering of the subsurface medium and also makes measurement of interlayer
velocity more easily than in surface seismic surveys. On the other hand, reflected
waves from a reflector below the geophone have an opposite sign of ray parameter p
from the downgoing waves, allowing a wavefield separation. The VSP experiment thus
has a special merit in the exploration of shallow structure because of these particular

properties.

Correlation of the seismic wavefields from both surface and subsurface survey con-
figurations provides additional valuable information for structural, stratigraphic and

lithological interpretation of seismic data. Recently, several such integrated studies

92
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including both VSP and surface reflection survey have been carried out. They have
proved to be very effective in the lithospheric exploration for calibrating surface re-
flection data and mapping detailed seismic velocity structures (Rector, 1988; Liischen
et al., 1991). The VSP technique is also used in determination of polarization of the
seismic wavefield (Li and Crampin, 1993).

The multi-offset 3-component VSP experiments in Sudbury were designed to de-
velop an integrated seismic study approach using both the VSP and high-resolution
surface reflection techniques. The geological objectives include exploration of the
shallow velocity structure of the Whitewater group sediments, mapping of shallow
reflectors below the boreholes logged, and in-situ correlation of the VSP results with
rock properties and surface reflection seismic data. These experiments were also

almed at helping local mining industries in future exploration for new ore deposits.

In this chapter the VSP data processing techniques utilized and/or developed in
this thesis research are described. These techniques include horizontal component ro-
tation, the least squares traveltime inversion for interval velocity analysis, the Radon
transform for wavefield separation, shear wave analysis, and VSP-CDP transforma-
tion. The VSP data interpretation approaches are also investigated, which involve
comparison of the VSP-CDP transformed section and the corridor stack with high
resolution surface reflection data, WIKBJ synthetic seismogram modeling, and parti-
cle motion polarization and hodogram analysis to estimate the dip of a reflector. The
results of this study provide independent and valuable information for interpretation-
s of the surface reflection data and rock properties in the vicinity of the boreholes

studied (Miao et al., 1994a).
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5.2 VSP Data Processing

A flow chart describing the VSP data processing sequence is shown in Figure 5.1.
The main processing steps include horizontal component rotation, velocity analysis,
wavefield separation, shear wave analysis, and VSP-CDP transform. An example of

three component (horizontal 1, horizontal 2, and vertical) raw field data recorded at

the offset of 150 m, Chelmsford, is plotted in Figure 5.2. Most of the three-component
Vibroseis data are of excellent quality, and show strong downgoing transmission P-
and S-waves (Figure 5.2) but weaker upgoing primary reflection which can hardly
be identified directly in the raw data plots. Signal demultiplexing was carried out

first, and followed by noise eliminations including bandpass filtering to remove high

frequency noise and notch filtering to eliminate 62 Hz generator noise.
5.2.1 Horizontal Component Rotation

For the horizontal component data there was evidence of seismic sensor rotation
at the shallow depths. Thus a coordinate transform was performed to rotate the
horizontal components based on the polarization analysis of the compressional wave
(DiSiena, 1981). Since the horizontal projection of the direct arrival particle velocity
has the same direction as the ray’s surface projection from the wellhead towards
the source, the direction of this polarized particle velocity can be used as the fixed
reference frame. After rotation, the horizontal components are actually decomposed
into the radial component with SV polarization, and the transverse component with
S H polarization. Figure 5.3 shows the successfully reoriented horizontal components.

In the radial component plots, the rotation operation reconstructs the direct P— wave
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arrivals and enhances the SV energy which allows more accurate velocity estimations.
In the transverse component, only particle motions in a direction which is normal to
the SV and P polarizations remain. The energy of the direct P—wave thus almost

disappears and the SH component dominates (see Figure 5.3).

5.2.2 Velocity Analysis and Travel Time Inversion

In order to pick the first break time accurately a minimum phase transform was
applied to transform the two sided zero-phase Vibroseis data to the minimum phase.
The first break times were mostly picked from Vibroseis data for velocity analysis,
while the dynamite data were used only for reference and verification of picking the
first break times accurately. The Vibroseis data are of much better quality than the
dynamite data in this experiment due to the old recording system used for dynamite
data collection.

Velocity analysis proceeded with a slanted-straight ray method and a least squares
inversion (Stewart, 1984). The slanted-straight ray method was used at first to esti-
mate the initial average and interval velocity models averaging over multiple offsets

for both P- and S-wave data sets. The interval and average velocities are given by
Av = Az[(At/cosb), (5.1)

7 = (3 Avy)/n, (5.2)
J
where 6 is the angle subtended by the lines from receiver to wellhead and receiver

to shot point, and Az and At are respectively the depth and travel time intervals

between stations. Surface velocity (at z=0) was determined by vertical component



records of the borehole geophone and two surface geophones together. Figure 5.4 and
5.5 display the initial velocity models of both P- and S- waves as grey dotted lines for
the Chelmsford and the North Range boreholes respectively. The north Range data
were interpolated using the Radon transform to compensate some dead traces before

the velocity analysis.

Subsequently a linear least squares traveltime inversion algorithm was programmed
and performed to obtain more accurate interval velocity estimation by using the above
results as the starting models. The least squares inversion is composed of two steps.
The first step involves ray-tracing based on the formula given in Grant and West
(1965):

dt . ~Y2 ap

: 2 1 5 oc
) = [ (1=l - Gl o (5.3)

N

where T'(z) is the traveltime and its derivative is (dt/dh)., both of which can be
obtained from the field data. The computed ray-tracing traveltimes are compared
with the observed times. The difference between calculated and observed times is
assumed to be linearly related to the correction terms and applied to update the

velocity model. The correction terms may be estimated as

: " AT .
czal = Z ‘ CalA'Uj (54)

i=1 dv;

and formulated as a matrix expression of

YV = AX (5.5),

i

». (the difference between the calculated and ob-

where Y is a column vector of A
served times), X is a column vector Awv; (the correction term for velocity), A is the

matrix of partial derivatives dT%,,/dv;.
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The second step is the damped least squares inversion procedure for refinement of

the initial model and can be formulated as:
X = (ATA+ 1)t ATy, (5.6)

where A is the damping parameter, and [ is the identity matrix. This iteration is
repeated until either the difference between the calculated and observed travel times
within the experimental error or the interval velocity parameters converge to a set
limit. The interval velocity models computed using the above inversion process for
hoth P- wave and S- wave are displayed respectively in Figure 5.4 and 5.5 as dark
solid lines. The final traveltime residuals are used to evaluate the solution. In this
experiment the maximum traveltime residuals are respectively 11 ms for P- wave
and 16 ws for S-wave data. Errors in the velocity estimation are relatively larger at

shallow depths.

5.2.3 Velocity Comparison with Results from Drill Core
Samples

Seismic velocity and rock properties provide important correlation between the
interpretation results of various seismic surveys and the actual geology of the study
area. For this reason, this section reviews and summarizes the recent results from

both seismic study and laboratory measurements.

The average P— and S— wave velocity values of rock types were estimated from
the multi-offset VSP velocity models and were compared with velocity measurement
from the drill core samples in the laboratory (Table 5.1). Measurement of the P—

and S-wave velocities from the drill core samples were made using a pulsed oscillator
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with a frequency of 820 kHz at five different pressures, ranging from 3.5 MPa to
44.2 MPa (Messfin and Moon, 1984). The highest pressure, 44.2 MPa, corresponds
to approximately 2 km in depth. The results of the laboratory measurement have,
in general, higher values than the VSP results. The Sudbury norite sublayer and
the meta-gabbro-norite complex have unusually high P-wave velocities and can be
used as a key reflection horizon in the future seismic experiments if they involve these

lithological formations. According to Messfin and Moon (1984), a massive sulfide layer

can produce very large acoustic impedance contrast resulting in strong reflections.
The boreholes used in this study, however, did not encounter massive sulfides so

neither in-site seismic velocity estimation nor observation of seismic reflections could

be made.

Additional velocity and density measurement of the drill core samples have also
been made by Salisbury et al. (1994) recently (see Figure 5.6). The measurement
was carried out under hydrostatic confining pressure ranging from 0-600 MPa for
120 drill core samples representing all major lithologies exposed in the Sudbury area,
including samples from the Chelmsford and North Range boreholes. Their results
show that the velocity for Chelmsford greywackes is 5.91 km/s and for Onwatin
shale is 5.2 km/s. Compared with the VSP results, the average velocities are 5.99
km /s for Chelmsford greywackes and 5.43 km /s for Onwatin argillite. For the North
Range borehole, the velocities from the laboratory measurement are 6.20 km/s for
granophyre and 6.47 km /s for norite. These results are close to the velocity estimated
from the VSP data, which shows an average velocity of 6.27 km /s for felsic norite and
6.35 km/s for sublayer norite (Figures 5.4 and 5.5). The detailed velocity values are

listed in Table 5.2.



Table 5.1: P- and S-wave velocity for typical rock types in the Study area (The
numbers in the bracket for Messfin and Moon(1984) represent the number of samples).

Rock Types

Felsic Norite
Mafic Norite
Sublayer Norite
Micropegmatite
Quartz Gabbro
Granite Breccia
Granite Gneiss
Mafic Gneiss
Massive Sulfide
Sudbury Breccia
Meta-Gabbro-
Norite Complex
Olivine Diabase
Grey Onaping

Black Onaping
Onaping

Greywacke(Chelmsford)
_ Argillite (Onwatin)

P-wave Velocity

Lab. Measurement
{(km/s) (Messfin
& Moon, 1984)

5.555-6.412 (3)
5.912-6.480 (3)
5.791-6.371 (6)
6.310-6.721 (3)
5.647-6.317 (4)
5.568-6.141 (2)
5.741-6.850 (4)
4.914-5.209 (1)

5.845-6.176 (1)

6.335-6.702 (1)

6.133-6.363 (2)

P-wave Velocity
from VSP
(km/s)

(This Study)
5.837-6.790*#
6.67 -6.90*
4,50 -5.712*

4.08 -6.791*#

4.75 -5.52%**

6.41 -6.821*

4.700-5.425~
5.252-5.475~

4.38 -6.51**
5.11 -5.75**

S-wave Velocity

Lab. Measurement
(km/s) (Messfin
& Moon, 1984)

3.333-3.562 (3)
3.428-3.540 (3)
3.444-3.600 (6)
3.638-3.912 (3)
3.187-3.581 (4)
2.946-3.524 (2)
3.342-3.752 (4)
2.763-2.845 (1)

3.479-3.564 (1)

3.466-3.551 (1)

3.620-3.686 (2)

S-wave Velovity
from VSP
(km/s)

(This Study)
2.838-3.896*
3.317-3.960*
2.424-3.640*

3.401-4.451*

3.263-3.935*

2.95 -3.74**

2.87 -3.08**

Comments

*- North Range
#- includes
White et al. (1994)

#- includes
White et al. (1994)

***. Crean Hill

*- North Range

~ Moon et al. (1989)

** includes
Moon et al. (1989)

¥9
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Figure 5.6: Velocity and Density measurement of the recent drill core samples from
the study area. RC=reflection coeflicients (Salisbury et al., 1994).




Table 5.2:

recent drill core samples (Salisbury et al., 1994).
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The P- and S-wave velocities from the VSP experiment and from the

Rock Type Velocity from VSP (km/s) Velocity from core sample (km/s)*
Vp Vs Vp
Chelmsford greywacke 5.99 * 0.54 3.49 + 0.38 5.91% 0.18
Onwatin shale 5.16 +0.30
Onwatin Argitlite 543 + 0.28 3.02+ 0.10
Onaping tuff 6.09+0.25
Meta pegmatite 5.61% 0.33 2.61 + 0.35
Granophyre 6.2040.13
Quartz gabbro 6.56 ¥ 0.52 3.56 ¥ 0.37
Norite 6.47+ 0.24
Felsic norite 6.27 + 0.47 3.34 + 0.63
Sublayer norite 6.35 + 0.18 3.89 + 0.14
Levack gneiss 6.57+0.20

* Results from Salisbury et al. (1994)
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5.2.4 Wavefield Separation

The downgoing direct waves which arrive first have much stronger energy than oth-
er waves, and the later arrivals with small amplitudes are difficult to identify in the
original records. The purpose of wavefield separation is to suppress the downgoing
waves and enhance the upgoing waves. Of the VSP data processing steps, the wave-
field separation is the most crucial step, because it determines whether the reflection
events can be used or not. The nature of the wavefield separation problem leads to
the concept of velocity filtering, a multichannel processing method introduced by Em-
bree et al. (1963). This method suppresses undesired signals with apparent velocities

which are significantly different from those of the desired signals.

In recent years, several wavefield separation techniques have been published which
include 2D f — £k filtering (frequency-wavenumber domain) (Hardage, 1983), the
Radon transform (Moon et al., 1985; 1989), multi-level median filtering (Hardage,
1983) and optimum array filtering (Seeman, 1983). The f — k velocity filtering tech-
nique utilizes different signatures of apparent velocities between the downgoing waves
and the upgoing waves. Due to employment of the FFT algorithm, it requires a con-
stant sampling rate. Median filtering is actually a first break muting procedure which
depends on the statistical characteristics of the data. Optimum array filtering is a
kind of autocorrelation processing procedure. Although it malkes no assumption as
to the spacing of geophones, the method requires some knowledge of the impedance
structure and well-posed data for a VSP section in which the reconstructed wavefield
is properly placed. The Radon transform has no requirement of a regular sample

rate, the wavefield separation in the research was thus carried out using the Radon
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transform separation technique.

Radon Transform

The theory of the Radon transform was first introduced to seismology by Chapman
(1981). Mathematically the Radon transform is a linear invertible integral transfor-
mation from the z — ¢ (receiver depth - traveltime ) reference plane to a reference

plane of 7 — p ( intercept time - ray parameter), where 7 = ¢ — pz and ray parameter

sini

p is defined by p = . ¢ 18 ray incident angle and v is velocity.

The 2-D Radon transform, under the assumption of a line source, of seismic data

u(z,t) to U(p,7) in the 7 — p plane is defined by

e el

[](])-/ T) = / U(FJ,])Z + T)("ZZ. (57)

=00
It can be numerically implemented by two steps. First, a linear moveout is applied

to the data through a coordinate transform (Claerbout, 1978)
T=1—pz.

Next, the amplitudes are summed along the ray parameters over the offset axis. With
application of the equation (5.7) to the VSP data, the upgoing and downgoing waves
which have p values with opposite signs are separated and mapped into different

quadrants of the 7 — p plane (see Figure 5.7) respectively.

To avoid aliasing during the 7 —p transform, the sampling rate for the ray parameter
p must be chosen to satisfy the aliasing criteria (Moon et al., 1986). If fnqq is the

maximum frequency of propagating wavelets, the sampling constraint is given by

Ap < 1/(27 frnazZmaz) (5.8)
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Figure 5.7: A schematic plot of the theoretical 7 — p plane information produced by
Radon transform. The upgoing and downgoing waves, which have opposite signs of
p, are separated and mapped into different quadrants in the 7 — p plane.
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where 2,4, Is the maximum spatial length of the data. For the Chelmsford data with
Zmaw = 0.4 km, fi,40 = 110 Hz, Ap should be less than 0.0036, thus AP = 0.002 was

chosen as the p sampling interval.

For the North Range data, there was clearly a violation of the Nyquist sampling
constraint in the depth sampling interval (see equation 3.1) due to several dead traces
in the records. The data sets were less useful and excluded from the subsequent

processing.

The inverse Radon transform that images seismic energy from the 7 — p plane back
to the z —# plane is defined as (Chapman 1981)

oo

{
w(z,t) = /_ EH[U(])’t — pz)]dp, (5.9)

where H represents the Hilbert transform. It is implemented as a three-step pro-
cedure. The first and second steps involve application of the Hilbert transform and
then computation of the time derivative. Reconstruction of the wavefield separated
seisnogram in the z —¢ plane is completed by integrating the resulting function along
different lines of 7 =t — pz. To reconstruct upgoing wavefield, a negative-pass win-
dow or filter is imposed on the 7 — p plane so that the output plane retains only the
desired upgoing waves. Despite the fact that the basic idea of wavefield separation in
the 7 — p plane is similar to the f — k filtering, the Radon transform method is more
flexible due to its capability to accommodate an unequal sampling interval along the

depth axis.

In principle, application of a negative pass window in the 7 — p plane can reject
the undesired downgoing wave in reconstructed wavefield. But it is often not easy to

obtain an optimum separation, energy smearing between the downgoing and upgoing
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waves in the 7 — p domain sometimes occurs, especially in the region of small ray
parameters. The effectiveness of separation becomes poorer as the ray parameter

approaches small values or far offsets (see Figure 5.8 for explanation).

This may be attributed to the following points: low acoustic impedance contrast in
a crystalline rock environment producing less clear reflection events, dip of reflectors
and undesirable artifacts in the 7 — p transform. The Chelmsford formation consists
of different sequences of graywacke, across which acoustic impedance contrasts are
very low. The Onwatin formation which underlies the Chelmsford formation has, in
general, lower seismic velocities. In addition to the lithology, dip of the reflectors can
also affect the arrival times of reflection events. If a reflector dips toward the borehole,
it will result in advanced arrivals of the reflected energy, which can interfere with the
downgoing waves. Some of the numerical artifacts associated with the 7 —p transform
introduced by the line source approximation can also be a cause of less satisfactory
performance of the waveficld separation process, especially near the region of small
ray parameters (far offset) where energy smearing occurs (Brysk and McCowan 1986).
Since the energy of the downgoing waves is at least several times larger than that
of the upgoing waves, a little energy smearing during the wavefield separation can
cause appreciable energy of the downgoing waves to be retained in the reconstructed

wavefield.

This problem was also reported by Kappus et al. (1990). By comparing the per-
formance of five different methods of the Radon transform on marine multichannel
data and similar synthetic profiles, they found out that at small ray parameters, on
fully sampled synthetic profiles, only the methods that assume a three-dimensional

(3-D) nature of the point source provide correct amplitude and phase information,
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Figure 5.8: A schematic plot demonstrating decrease of the ray parameter p as offsets
increase.
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whereas 2-D linear source and asymptotic approximation of point source methods do
not. Thus a hyperbolic filter was designed in this research. It was applied together

with the Radon transform for wavefield separation.

Hyperbolic Filtering

The hyperbolic filter applied to a data set in the 7—p plane actually acts as a muting
process along two hyperbolic curves in the 7 — p domain. The Radon transform of
cach individual trace is muted along the curves depending on the velocity limits. This
technique was discussed by Ielamis et al. (1989) for surface reflection data. For the
V5P configuration, some modifications were made. The basic principles of hyperbolic
filtering are summarized as follow.

For a transmitted (downgoing) wave, the travel time is given by

ZL‘2 - (:2 + ‘lljfou,v'cc)/vz' (510)

Differentiating ¢ with respect to z and substituting t = 7+ pz into equation (5.10),

the ray parameter of the downgoing wave is obtained as a function of 7:

Pdown = — (511)

For a reflected (upgoing) wave, the travel time equation becomes (see ray paths in
Figure 5.9):
t* = (22 +(2h — 2)%) /v (5.12)

“Ysource
where h and z are depths of reflector and receiver respectively, Zsource is offset distance,

and v is velocity. The ray parameter p then is

2 2h

2z z
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Figure 5.9: Geometric depiction of the downgoing and upgoing ray pathes in a VSP
experiment.

. . . . . 9
which is a hyperbolic curve equation. Since the term (2

—1)/v? is always larger than

zero, the p,, always has a negative sign, which is opposite to the piown.



Therefore, the range of the ray parameter p for the upgoing waves is given by:

2z v2 2z v2

max max

A 4 2

_i/ _ \/(1)2 — 1 (g]_z —1)<py < —9—2 + \/(—T~)2 — ,)1 (z]z —-1) (5.14)

where v, is the maximum velocity in the media. The pyow, will lie in the different

part of the 7 — p domain.

If one restricts signals to within these two hyperbolic curves (Figure 5.10) in e-
quation (5.14), the desired image of upgoing waves will be obtained. Application
of a hyperbolic filter to real data, by specifying v,,., as 6.5 km/s in this study, has

enhanced the reflected energy after wavefield separation.

The results of wavefield separation turned out to be satisfactory, especially for near
offset data (offset = 150 m and 200 m). Figure 5.11 shows an example of the wavefield
separated data. At the 150 m offset, the downgoing waves were almost completely
rejected after separation. The upgoing waves, which were hardly recognizable in the

original section, were clearly identified in all of the three-component data.

Figure 5.12 shows the flattened upgoing wavefield of the vertical component data
for P-wave at offset of 150 m, which was obtained after separation of the wavefield
and converted to the two-way traveltime by the moveout correction. The information
was then plotted with the velocity, density (the density data were provided by J.
Mwenifumbo of the GSC, and reflectivity coefficient. At three depth levels (160 m,
280 m, and 380 m) where the velocity and density produced an anomalous reflective
coefficient, the corresponding reflection signals are shown in the processed P-wave
section (Figure 5.12d). Especially at the depth of 380 m where obvious decrease

occurs in both density and velocity, a strong reflection event is seen.
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Figure 5.10: Schematic plot of the pass band in the hyperbolic filtering. Seismic
energy outside the two hyperbolic curves is muted during the filtering.
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Figure 5.12: The P-wave flattened upgoing wavefield of the VSP data at the 150 m

offset, Chelmsford, with density and velocity information. (a) Velocity estimation
from VSP; the dotted line is the initial S-wave interval velocity estimated by slanted-
straight ray average, and solid line is the interval velocity estimated by a least-squares
inverse; (b) the density data from well-log; (c) the reflective coefficients computed
from the density log and the P-wave interval velocity (a result from a least square
inversion); and (d) the P-wave VSP flattened upgoing wavefield.
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5.2.5 Shear Wave Analysis

The reoriented horizontal component data were processed for shear wave analysis.
The wavefield separation results were better for the horizontal component data than
for the vertical component data (Figure 5.11b and ¢). One possible reason is that
energy of the downgoing direct P-wave, which contaminates the upgoing P-waves,
is weaker in the horizontal component data. Several reflection events can be traced
in the separated wavefields of the horizontal components even though there appears
to be some P-wave and converted wave energy. Comparison with the PP-wave data
indicates that the S-wave data are more sensitive to geological interfaces probably
due to its shorter wavelength. Discontinuities associated with each known interfaces

can also be observed in the flattened upgoing wavefields (Figure 5.13d).

In the original records arrival times of the downgoing S-wave can be clearly seen
(Figure 5.2) except at very shallow depth. The arrival times of the downgoing S-wave
were picked through an interactive procedure with both the original data records and
the flattened upgoing wavefields. If the reflectors were flat and the arrival times were
correctly picked, the primary reflections should align in an approximately straight
line after delaying of the first arrival times. The S-wave interval velocity model was
obtained using the same traveltime inversion approach as discussed in the previous
section, which was used later to flatten the S-wave upgoing wavefield. Figure 5.13d
shows the flattened upgoing wavefield recorded with a source at the 150 m offset.
Primary reflection events from the depths of approximately 120m, 160 m, 280 m,
and 380 m are clearly observable. They also correlate closely with the reflection

coefficients computed using the well-log density data and the S-wave velocity model.
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Figure 5.13: The S-wave flattened upgoing wavefield of the VSP data at the 150
m offset, Chelmsford, with density and velocity information. (a)Velocity estimation
from VSP; the dotted line is the initial S-wave interval velocity estimated by slanted-
straight ray average, and solid line is the interval velocity estimated by a least-squares
inverse; (b) the density data from well-log; (c) the reflective coefficients computed
from the density log and the S-wave interval velocity (a result from a least square
inversion); and (d) the S-wave VSP flattened upgoing wavefield.
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The reflection event at the depth of 380 m coincidences with significant decreases in
both density and S-wave velocity. This in turn corresponds to the geological contact

hetween the Chelmsford and Onwatin formations.

5.2.6 VSP-CDP transform

The wavefield separated PP-wave sections were VSP-CDP transformed to correlate
the VSP data with the surface reflection data. The algorithm, based on Moeckel
(1986), pertains to upgoing wavefields only, which assumes that separation of wave-
fields has been achieved and all the reflectors are horizontal. Since there are dipping
reflectors involved, the method is an approximation and was used to test geological
correlation. In this transformation, amplitudes of a single VSP trace are mapped onto
several traces in the x — ¢ty plane as illustrated in Figure 5.14, where @ is the lateral
distance from reflection point to the borehole and ¢y is the twoway travel time. The
resulting @ — fy section counsists of traces similar to the traces of a migrated zero-offset

section.

The VSP-CDP transform consists of three steps: binning, moveout correction, and
stack. As shown in Figure 5.9, a VSP experiment carried out with a source at Zgource
on the surface has a reflection point at @ on the reflector. The reflection loci located

within the range of +A/2 are sorted into the same binning gather.

Inspection of Figure 5.9 indicates the relation

(h B Z)~Tsou7-ce

Let tg represent the twoway traveltime from the surface to a reflector and back to

the surface, and ¢, represent the one-way vertical first-break time from geophone to
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Figure 5.14: Schematic diagram of the VSP-CDP transform and horizontal stack of
the VSP data. The top is a VSP trace recorded at depth z; and converted to the
two-way vertical travel time. The lower part of the diagram shows the four reflection
events in a twoway time and offset plane. (Modified from Hardage (1983)).
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surface. Replacing h by t5/2, and z by t, in equation (5.15) results in

tn — 21‘,, Teource
T = ( 0_ I)ll- . (516)
2(ty — ty)

Rewrite it, one has

to = th(l"sourc‘e - 7')

0 — — Dy
(*l’som‘ce _ ~5L)

The equation (5.17) is the bin relation equation, and is valid only when  lies within

the range of 0 < @ < 245umce-

The formula for moveout correction is given by

AZLZ = l'?,' - to, (518)

where

2 2
a T

Moy 12 »
t, =1, 14+ S()'ZL;}vCCA _ f,, 1 sou'rce( ' 519
°J (o — )22 (m) ' Tt = t)207() (5.19)

The VSP-CDP transformation proceeds according to the following steps:

(1) Zsource 18 evenly divided into xy, zy ..... s T , Tn with interval of A. The
interval A is data dependent. If A is very small, little data will be collected in a bin,
whereas more data will be collected in a bin if A is very large, however, reflection
energy smearing may happen. The data in a bin are called common reflection point

data.

(2) each trace reflected at x is sorted according to the bin equation (5.17), and
t; can be derived from equation (5.19). Then the data set in a bin is generated as

follows:

Wty Tsource, 4, t) = 0, if ¢ & [t(, Tsource 2), t(1 + 1, Zsource, 7))



U(‘i, Tsources % IL) = u’(;vsozu'cea 2 t), if ¢ € [T<Z7 Tsources :/)s ZL(I + ]-; Tsources :)] (520)
Repeat the procedure for all traces.

(3) moveout corrections are applied to each set of binned data using equation (5.18)

to align them in twoway travel time tg.

(4) moveout-corrected VSP data are stacked in cach bin (indexed 7) and placed at
bin centers:
2i+1)A .
r; = x + %, for i=1,2,...n. (5.21)

=

The final stack is then derived by the formula
ﬂ'(-’l"i, fO) = Z ’lU{lL('l., Tsources <4 iO) (5
Tsource %
The weighting factor w; can be determined by counting the total number of non-zero

contributions to the indicated sum at time ¢g in the ith bin.

The optimum bin spacing A was determined by testing with the data. Because of
limited offsets and receiver points, the coverage in each bin was inhomogeneous and
sometimes very poor regardless of A, especially when the reflector was shallow. A =
12.25 m was judged to be a suitable bin spacing for this experiment. The Chelmsford
data which have excellent wavefield separation were VSP-CDP transformation into

the x — ty plane.

The final CDP x — ¢y sections can be compared with the surface reflection sections
to determine the depths of reflectors (see Figure 5.15) if there is no serious deviation

from the assumption of horizontal reflectors.



5.3 VSP Data Interpretation Techniques

The techniques used for the VSP data interpretation are mostly developed in this
research, which include correlation of the VSP data with the high-resolution surface
reflection, particle motion polarization hodogram analysis to estimate dips of the key

reflectors, and WKBJ synthetic seismogram modeling (Chapman, 1981).
5.3.1 Correlation with Surface High Resolution Reflection

The VSP-CDP transformed section was inserted into the high-resolution surface
reflection data at the borehole site. At very shallow depth level, the frequency content
in the VSP data is lower due to the NMO stretch. However at greater depths, there
are several reflections which match with corresponding ones in the surface reflection
section. They are observed at depths of 560 m, 650 m, 1240 m, 1520 m and 2305
m respectively (Figure 5.15). That the reflection event at about 380 m in the VSP
section does not match well with the high-resolution surface data events is probably
due to the effects of the dip of the reflector and weaker-reflection in the high-resolution

surface reflection section.

The corridor-stacked P-wave VSP section was also spliced at the approximate bore-
hole location into the interpreted high-resolution surface reflection section for com-
parison (Figure 5.16). In the high-resolution reflection section two major reflections
are observable (also see Milkereit et al., 1992), which correspond respectively to the
lithological contacts between the Chelmsford and Onwatin formations and between

the Onwatin and Onaping formations. These reflection events are also clearly shown
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in the corridor-stacked VSP section at 0.21 s and 0.45 s, both of them are in very
good agreement with the surface high-resolution data.  Since the high-resolution
surface data were obtained after datum correction and surface consistent statics, the
first reflection event in the corridor-stacked VSP section actually corresponds to the
reflector at the depth of 380 m at the borehole location, and the second one is at the

depth of approximately 1240 m in the vicinity of the borehole.

5.3.2 Hodogram and Particle Motion Analysis

Estimation of reflector dip using hodogram analysis stems from the fact that a
compressional disturbance causes rock particles to oscillate in a polarized direction
normal to the P—wave wavefront. Thus the particle displacement created by a P-wave
wavefield points to the direction from which the P-wavefront comes. This direction
will be the raypath’s arrival angle at the borehole. The direction of the arrival vector
carries information about the dip of the geological interfaces from which the reflection
occurs. Therefore, one can estimate the dip of a reflector from three-component

analysis of compressional reflection events (Figure 5.17).

The principle for estimating the dip of reflector is described by Hardage (1983)
for the case when the propagating vector is normal to the reflective interface and of
constant velocity. Throughout the Chelmsford formation, the velocity is not constant.
However the data used for the hodogram analysis were recorded in a small receiver
depth range between 340m and 370m. It was assumed that within this depth range
the velocity variation can be negligible. The method requires vertical component data

and either one of the two horizontal component data as long as the vertical sensor
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Figure 5.15: The VSP-CDP transformed P-wave section plotted and inserted into
the high-resolution surface reflection section. The reflections at depths of 560 m, 650
m, 1240 m, 1520 m and 2305 m match well between the two sections.
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Figure 5.17: Schematic diagram depicting the basic principle of the particle motion

hodogram estimating dip of reflectors.

stays vertical. In the case of the Chelmsford VSP experiment the direction of the
propagation vectors was not always perpendicular to the reflectors, therefore some
modifications were necessary to the method. Figure 5.18 depicts the geometry for
estimating the true dip (Miao et al., 1994). When the source and reflector are on the
same side of the borehole, the apparent dips obtained from the hodogram analysis
which corresponds to the propagating vectors that are not perpendicular to reflector
are always larger than the real dip (Miao et al., 1994b). The relationship between
them is given by

& = ¢+ u, (5.23)

and
;2 + 22)2¢05(0 — ¢)

(:L source

(@Zouree + ) 25in((0 = @) +2(h — 2)cos¢)’

where 7, is the reflection angle with respect to the reflector, ¢ is the real dip and ¢,

tan(¢g, — @) = (5.24)

is the apparent dip for the receiver station b, and 8 = tan™'(z/Zsouree) (Figure 5.18).
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Other parameters are the same as in equation (5.14). The angle ¢, can be estimated
for each receiver depth on the basis of the hodogram analysis. Thus the only unknown

in the equation (5.24) is the real dip angle, which can then be determined graphically.

Since the P—wave particle motions in the vertical and radial components oscillate
in the same plane, which allows more accurate estimation for hodogram. Thus the
vertical and the reoriented radial horizontal components were used to estimate the dip
of the major reflector sequence at the depth of 380 m. This level corresponds to the
contact between the Chelmsford and Onwatin formations. The computed reflection
P—wave particle motion hodograms hetween the receiver depths of 340 m and 370 m
are plotted in Figure 5.19. The results exhibit an almost constant orientation. The
apparent dip for each receiver was obtained from the hodograms, then the real dip
was estimated as shown in Figure 5.20. The intersection of the two curves (Figure
5.20) that represent the left and the right sides of the equation (5.24) respectively is
the solution for each receiver depth. The real dip of a reflector sequence, thus, can
be obtained as the horizontal coordinate of the solution. The values estimated in this
case have an average value of approximately 10.4°4+1.94° for the 150 m source offset
data. Since the surface reflection data indicates that the Chelmsford and Onwatin
formations are dipping southeast, the result estimated from the hodogram analysis
supports that the reflector really dips toward the southeast at about 10.4°+1.94°

(Figure 5.20).
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Figure 5.19: The particle motion hodograms for the P-wave reflection from the
Chelmsford-Onwatin contact recorded by a three-component geophone located be-
tween 340 m and 370 m depths with the source offset of 150 m. Here the time
window length is 16 ms, and Z represents the vertical component and X represents

the horizontal component 2.
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5.3.3 WKBJ Seismic Modeling

In order to evaluate the estimated P- and S-wave velocity models, theoretical syn-
thetic seismogram modeling was also carried out in this research. The synthetic
seismogram algorithm used was a WIKBJ method developed by Chapman (1981). It
not only can handle vertically inhomogeneous media with horizontal layering, but
also can compute various body wave phases of both primary reflections and any order
of multiples with various source and receiver geometries. The synthetic seismogram
is computed from the solution of the elastic wave equation under the WIKB.J approxi-
mation, which assumes that the change in slowness functions in one wavelength must
be much less than the slowness itself. In most realistic situation the WIKB.J algorithm
provides acceptable approximation, and it works well in generating seismograms for

bhoth shear waves and converted waves.

Independent of the algorithm, the final synthetic seismogram is programmed as a
simple convolution model

u(t) = w(t) * e(t) (5.25)

where u(t) is the seismogram, w(t) is the seismic wavelet including source signature
and recorder response, and e(t) is the earth’s impulse response. Depending on the al-
gorithm used, e(t) can be derived by solving the wave equation with specific boundary

conditions.

The initial velocity models for P- and S- wave were based on the results of VSP data
analysis, and the density model was determined from the well log data (Falconbridge
Co.). The final shallow velocity model derived from the WKBJ modeling produced

excellent near true amplitude and arrival times for all of the four offset data. Figure



95

5.21b shows the synthetic section of the vertical component data for the offset of
150 m. Inspecting the original record of the vertical component data (Figure 5.21a),
one observes that at shallow receiver levels the amplitudes of the downgoing P-wave
are weaker. As the depth increases they become gradually stronger. In contrast,
the next prominent seismic phase, which is the downgoing S-wave, shows strong
amplitudes at shallow levels, while the amplitude gradually decreases with depth.
This can be explained by the radiation pattern of the Vibrator source sweep signal.
At shallow depths the geophones recorded stronger horizontal vibrations, and as the
depth increases the recorded vertical vibrations become stronger. This feature in
the raw data section is faithfully reconstructed in the synthetic seismogram section.
Another feature worth pointing out is the very strong downgoing waves. Even though
both primary and multiple reflections were generated at each reflection level, they
were hardly observable in the raw data due to large amplitude of the downgoing
waves. This is consistent with observation of the original records. Figure 5.21c¢ is
the velocity model used for computation of the synthetic seismograms plotted along
with the well-log data. In general, the velocity model correlates well with the well-log

lithological interfaces.
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Figure 5.21: The VSP data recorded at the offset of 150 m (Chelmsford): (a) the
vertical component of the original VSP record; (b) the vertical component of the
WKBJ synthetic VSP seismogram; (c) the corresponding velocity model plotted with
the well-log lithological data (Falconbridge Ltd..). (Arg=argillite, Wack=graywacke,

and Int=intrusive).
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Chapter 6

Seismic Reflection Investigation

6.1 Characteristics of Seismic Reflection in the
Crystalline Rock Terrane

Upcoming seismic reflection energy is generated from subsurface contrasts in acous-
tic impedance. The factors which affect the acoustic impedance contrast, actually
densities and seismic velocities within rock units, are diverse. Lithology is one of
the most obvious factor that determines velocity and density of a rock formation.
Porosity of rocks, temperature and pressure under which rocks are buried are also
unportant factors for velocity change. The interstitial fluid in porous rocks can affect
the seismic velocity and rock properties as well. In terms of the propagation of seismic
waves, reflection strength is modified by geometrical spreading, anisotropy of rocks,

constructive or destructive interference, and anelastic attenuation.

The physical processes of seismic reflection in a sedimentary basin is in general
different from that in a crystalline rock terrane. In a sedimentary basin reflection

occurs mostly at the interfaces between depositional layers, at tectonically imposed
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structural boundaries, and is governed by the properties of interstitial fluids (Sheriff
and Geldart, 1986). The signatures of reflections are much more pronounced than

those from a crystalline terrane.

Seismic reflection data from a crystalline rock environment are usually characterized

by:

e low S/N ratio - rock types are usually of ignéous and metamorphic origin, and
the acoustic impedance contrast between these rock units is generally low com-
parced with that in sedimentary environment. There are often gradual changes
in the physical properties even in the same rock units. The interfaces from
which reflections occur are of structural or intrusive ones in most cases, and the
reflectivity or reflection coefficient is commonly lower than that from a more

consistent and continuous sedimentary boundary;

o lack of lateral continuity - disturbance of layering resulting from later tecton-

ic activity, igneous intrusion, and local metamorphic reaction superimposed
on older crystalline rocks, often complicate the geological environment (Dahl-
Jensen, 1989, Mike, 1990), and consequently reflection horizons become discon-
tinuous and are commonly replaced by dipping or subhorizontal events with

complex attitudes;

e scattering energy from shallow inhomogeneities - shallow subvertical faults, joints,

and near surface fracture zones produce energy scattering, which distorts shal-
low reflection images. Careful processing is required to preserve true images of

shallow structures (Strahler, 1981).
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e sensitive to multi-layered boundary - seismic reflections are more sensitive to

multi-layered boundaries than to a single lithological contact due to the low
acoustic impedance contrast in igneous and metamorphic rocks units, and also
due to wavefield interferences between primary, converted and multiple reflec-

tions.

In spite of the above unfavorable factors, some strong reflections have been observed
in crystalline rock terranes in recent years. Explanations for reflection process fall
ito five principal categories (Green et al., 1990): (1) primary unmetamorphosed
depositional layering; (2) primary intrusive layering; (3) tectonically imposed layering,
including shear zones of various types; (4) metamorphic layering; and (5) fluid related
phenomena. These physical explanations are not exclusive of cach other. Depending
on local geological setting, one or more factors may play a major role for causing

seismic reflection energy.

Recent study shows that in the Abitibi greenstone belt (Jackson, et al., 1990)
Archean igneous layering and the tectonically high-strain zones are the most likely
sources of strong seismic reflections, even though fluid-rich horizons such as fault
zones, extensive zones of deformation, brittle fault zones, mylonite zones, and litho-
logical contacts may also be responsible for the reflections. In the Kapuskasing high-
grade metamorphic terrane (Green et al., 1990, Milkereit et al., 1991), where the
lower crustal gneissic units containing granulite facies were uplifted to the surface,
with certain similarities to the Sudbury LGC, prominent reflection zones are associat-
ed with sheared rocks along the cataclastic zone and the interlayered package of gneiss

and tonalite. Shallow reflections are generated from tonalitic rocks enclosing lenses
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of mafic gneisses and paragneisses. In the Grenville front tectonic zone (Green, et al.,
1990), the reflections are characterized by relatively discrete bands of strong reflection
bordering by the area of low reflectivity. The strong reflections are mostly generated
at the mylonitic boundaries between lenticular units of less deformed or very finely
layered gneissic rocks (Green et al., 1989). Intensely sheared rock is probably another
one of main sources for enhanced reflectivity (Calvert and Clowes, 1990). The trans-
parent characteristic of seismic reflection data across some high-grade metamorphic
terranes may be due to very steep dips, lack of significant variation in lithology and

strain, or extremely complex structures (Klemperer, 1987).
6.2 Seismic Reflection Data Processing

There were three seismic reflection profiles surveyed in 1990, and the results of two
profiles (lines 40 and 41) were interpreted and published by Milkereit et al. (1992)
after preliminary processing. The result of the preliminarily processed line 42 data,
however, releaved almost no identifiable geological information. It was thus excluded
in the published preliminary interpretation of the Sudbury reflection data (Milkereit
et al., 1992). Therefore reprocessing of the Sudbury line 42 regional reflection data
was planned and carried out at the University of Manitoba, and constitutes one of

the major parts of this thesis research.

Preliminary processing of the line 42 data by the contractor included crooked spread
geometry, datum and weathering correction, velocity analysis, CDP trim statics, s-
tacking and spectral whitening. The quality of the stacked section turned out to

be unsatisfactory, particularly in the shallow part (0-3s) where almost no significant
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reflection events can be observed (Figure 6.1). The possible reasons for the poor qual-
ity are probably due to (1) low S/N ratio environment in the crystalline rock terrain,
(2) discrete reflection bands, (3) complex subsurface structures, and (4) inadequate

processing parameters.

Examination of the raw reflection data from Sudbury regional line 42 found out
that random noise is minor. The main sources of noise appear to be ground roll and
air-wave. The reflections tend to lack lateral consistency, even though they exist in
many shot gathers. Reflective patterns are thus highly variable from one shot gather

to another.

The strategy for reprocessing of the line 42 data emphasized improvement of the
S/N ratio and focusing of the reflection energy, which include traditional approaches
such as spectral balance, f — & filtering, refraction statics, careful velocity analysis
cascaded with residual statics, and offset limited stack. In addition, two advanced
processing techniques were developed for this processing task, which include focusing
of the reflection energy using the time-varying cross-dip correction and removal of
ground roll by means of the wavelet transform. Figure 6.2 shows the specially designed
reprocessing flow chart. The important reprocessing parameters are listed in Table
6.1, and the new programs developed in this thesis are also marked as double stars

in Table 6.1.
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Figure 6.1: The preliminarily processed profile of the regional seismic reflection line
42 of the LITHOPROBE Sudbury Transect.
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Figure 6.2: Flow chart for reprocessing of the line 42 data. The wavelet transform
and time varying cross-dip correction are the two new techniques developed in this

thesis research.
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Table 6.1: Processing parameters and INSIGHT modules used in the line 42 data

processing.
Processing task parameters Modules
Spectral balance 10-56 Hz, 10 Hz slide window EQRA *
0.5s AGC
Removal of ground roll —
i-k filter <4850 m/s rejected FKSURG
Wavelet Transform WT program
Refraction statics
First break picks Interactive .
Datum correction 400 m, 6100 m/s DATM .
Refraction statics REFSTAT2
Crooked line geometry
B?n width 25m CDPBIN'
Bin height 800 -1000 m
Cross-dip correction SLNR”

Slant stack scan
Cross-dip correction

Velocity analyses

Constant velocity scan
Semblance analysis

Residual statics

Super-fold statics
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Actual processing of the data was implemented using IT&A’s INSIGHT software
(Version 4.0), to which the newly developed routines for this project were interfaced.
In this study the time varying cross-dip correction was applied to the data with time
window of 0-3 s two-way traveltime, and the other processing steps were limited to

the time window of 0-6 s.

6.2.1 Crooked Line Geometry

Since the reflection survey line 42 is a crooked line, the common depth points (CDP)
for each pair of the shot and receiver no longer stay along the survey line. They are
scattered around the survey line in both in-line and cross-line directions. To stack the
traces in a specific CDP bin efficiently, a slalom line was chosen to replace the true
survey line for the CDP binning (see Figure 6.3). This was accomplished by using
the processing module CDPBIN in the INSIGHT-4.0 package. For processing without
the cross-dip correction, a bin height of 800 m and a bin width of 25 m were used.
For processing including the cross-dip correction, the bin height increases to 1000 m.
The CDP binning strategy for cross-dip correction will be discussed in section 6.2.4
in detail. Figure 6.3 shows the survey line geometry and the CDP binning used for

processing including the cross-dip correction.
6.2.2 Refraction Statics and Filtering

The raw data were first tested with bandpass filtering and automatic gain control
(AGC) to gain some knowledge of the frequency ranges of the signal and noise. It

was found that the reflection signals had a spectral range from 20 to 50 Hz. A
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bandpass filter with the frequency band from 10 to 56 Hz was initially applied to the
shot gathers and an AGC window of 0.6 s was used. Subsequently spectral balance
was carried out over the frequency band from 10 to 56 Hz with a sliding bandpass
filter of 5 Hz width and 5 Hz taper at both ends of the band. A 0.6 s AGC was
also applied to each component trace during the spectral balance. Application of the
spectral balance slightly increased the S/N ratio, but was not as effective as for high
resolution data because of the limited spectral width of the regional data. Figure 6.4
shows an example of a shot gather after application of bandpass, AGC and spectral
balance.

Static corrections consist of datum correction and refraction statics. Datum cor-
rection was carried out using a datum of 400 m and replace-velocity of 6100 m/s.
The time-term method of Farrell and Euwema (1984) was used to solve for surface-
consistent refraction statics by assuming a weathering layer of varying thickness and
velocity overlaying a half-space of laterally varying velocity. In the approach, each

first break time is considered to consist of three terms as follows:

Tjk = f,sj + 1t +p X Tk, (61)
where: T} is the picked traveltime for a seismic ray travelling between the shot j and
the receiver k;
tey = zs(vi — v2)%/vpv,, is the downward vertical traveltime at source loca-

tion, z, is the depth to bedrock below the receiver, v,, is the weathering layer velocity,

and v, is the bedrock velocity;

t: = 2p(v§ — v2)!% [vpv,, 15 the upward vertical traveltime at receiver locations,

z, 1s the depth to bedrock below the shot;




p is the ray parameter; and
@i 1s the offset distance between the shot j and the receiver k.

By giving an estimated half-space velocity and knowing the offset distance, the
unknown terms Z,; for shot location and ¢, for receiver location can be computed by
the least-square decomposition method. In the time-term method, the estimation of

the weathering velocity is made by smoothing the results of a preliminary estimation.

Although many people have considered that the weathering layer in the crystalline
terrane is usually very thin and refraction statics could be neglected, the result of
application of the refraction statics to the line 42 data has proved its effectiveness
when the first break times were carefully picked. Figure 6.5b shows a segment of
the stacked section with refraction statics applied. The corresponding segment of the
stacked section without application of refraction statics is shown in Figure 6.5a. After
the refraction statics, the long wavelength anomaly is removed and reflection events

between 4-6 s are enhanced (see Figure 6.5D).

The short wavelength anomaly, however, can not be removed by refraction based
statics (Yilmaz, 1987), hence reflection based residual statics was applied in cascade.
Figures 6.5¢ and 6.5d show the results after both refraction and reflection statics.
Both long and short wavelength anomalies were removed. Further detail on the

residual statics will be discussed in section 6.2.5.
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124 bin 1010 bin fold I , bin 5365 124.0

182.7
62.0
41.3
20.7
0.0
0.0 0.0
454901.5 463635.1
5171756.0
north
east
5159584.0 _|

Figure 6.3: Geometry of the line 42 survey line and CDP binning: dots represent the
mid-points between each receiver and shot pair. The fold coverage is shown by grey
level plot at the top of the figure. The bin height is 1000 m and bin width is 25 m.
The slalom line is depicted as a thin line in the middle.
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6.2.3 Removal of Ground Roll Noise Using the Wavelet
Transform

The f — k filtering technique has been traditionally used to remove ground roll
noise. Although it is generally very effective for removing coherent f—& domain noise,
the approach often introduces undesired artifacts. In order to minimize processing
artifacts, apparent velocities used for rejection of the ground roll noise were carefully
tested and selected for every 5 shot gathers. After applying the f — k filter to the
data, ground roll noise was effectively suppressed and shallow reflections which were
originally contaminated by the ground roll noise became visible (see Figure 6.6).
However, processing artifacts are clearly observable. The wavelet transform technique

was thus developed and tested to remove the ground roll noise and associated coherent

noises.

The wavelet transform (WT) is a new signal processing technique developed in
the computer science and engineering disciplines in the recent years (Chui, 1992,
Daubechies, 1990, Mallat, 1989). A special characteristic of the new approach is that
it provides insight into the combined features of time and frequency domains. It
also has zoom-in and zoom-out capability in signal sampling. Although the WT is a
relatively new mathematical tool, it has developed rapidly because of its attractive
features for the time-frequency analysis. It has gained wide application in signal pro-
cessing and other transient process analysis. The detailed principles and applications
of the WT will be further discussed in Chapter 7. Only the result of application of

the WT for removing ground roll noise from the line 42 seismic data is discussed here.

Ground roll noise generated during the surface seismic survey is a kind of surface
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wave characterized by low frequency and low apparent velocity. It becomes disper-
sive when the propagating medium consists of multiple layers with increasing veloc-
ity with depth (Aki and Richards, 1980). Hence the general characteristics of the
wavelets of the ground roll noise vary in both traveltime and frequency. The wavelet
decomposition of a seismic signal represents its time and frequency characteristics
simultaneously. Coherent noise, such as ground roll noise, which has distinct features
from the seismic signal in both time and frequency can then be effectively suppressed

through the weighting of information content during the inverse WT.

Figure 6.7a shows a shot gather (the shot gather #29) which contains strong ground
roll noise. Reflections in the shallow depth at near offsets are contaminated by the
ground roll noise. Figure 7.9 in the next chapter is the WT panel for the shot gather
29. In the panel, the ground roll is separated from the desired signals by existing only
in the octave range from 3 to 5. While reflections lie between the octave range of 1 to
253 By excluding those octave bands containing ground roll during the inverse WT,
the ground roll can be rejected. Figure 6.7b shows the shot gather after removing
ground roll noise by the WT. Comparison of the result with the f — & filtered data in
Figure 6.6b, significant improvement is clearly visible in the results produced by the
new WT technique. The major reflection event at approximately 2.0 s is enhanced
without significant artifacts and the outline of the reflection hyperbola is now further
extended to the near offset region. This fact demonstrates that the new WT approach
can remove coherent noise very effectively if its time and frequency characteristics are

distinct.

Another approach for removing coherent noise is combining deconvolution and the

inverse WT. From the WT panel one can easily find a band containing only the
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ground roll noise. It can be chosen as a template gather of the ground roll noise, and
therefore the ground roll can be removed by deconvolution of the WT panels with
the template gather and followed by the inverse WT. Figure 5.7¢ shows the result of
combination of the deconvolution and the WT methods. Although the result does
not have a good quality as applying the WT method alone due to boosting of high
frequency components by deconvolution, combination of other conventional filter with
the WT is certainly a good method worth to try in the future research for coherence

11018¢ SUPPTession.
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Figure 6.6: Removal of ground roll noise using the f — k filtering: (a) the original
shot gather, (b) the same shot gather after the f —k filtering.
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6.2.4 Time Varying Cross-Dip Correction

The method of CDP stack is based on the assumption of flat subsurface reflectors
and constant velocity horizontally. If the survey line is straight, the reflective points
will form a line on the reflector which lies vertically below the survey line (Figure 6.8a),
so that the CDP stack after NMO correction will intensify the reflection energy. When
the subsurface reflector is dipping but the survey line is straight, the CDP points lie
along the survey line. There is no transverse offset (in this thesis, transverse offset is
defined as the offset distance between the mid-point of a CDP bin and a true mid-
point of each shot and receiver pair) (Figure 6.8b), hence only in-line dip moveout
correction (DMO) may be required for focusing reflection energy. If the survey line is
crooked but the reflector is flat, the reflective points will scatter in both in-line and
cross line direction, but the amount of NMO correction will be the same for reflection
points sorted in a CDP bin (Figure 6.8¢) because of the assumption of the constant
velocity horizontally. There is no additional moveout involved. However, when the
reflector is dipping and the survey line is crooked, the situation becomes complicated.
Reflection points are no longer located in a 2-D profile, they scatter in both in-line and
cross-line directions (Figure 6.8d). The dip of subsurface reflectors in the cross-line
direction, or called cross-dip, can introduce substantial reflection energy smearing
associated with transverse offsets, which degrades the seismic image (Larner et al,
1979; Kim et al., 1992), because the amount of moveout associated with transverse
offset is not taken into account in either NMO or DMO corrections. The cross-dip
correction, thus, as a reflection energy focus technique was investigated and applied

to the line 42 data.
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To derive the cross-dip moveout, a 3-D coordinate system has to be constructed. Let
z be the depth direction, 2 be the in line direction and y be the cross-line direction.
Since the above 3-D coordinate system is constructed with respect to the survey line
and the survey line is not usually coincident with the strike of subsurface reflectors,
both in-line and cross-line dip are referred to as apparent dip in the structural geo-
logical term. When the survey line travels along the strike of structures, the cross-dip
angle reaches a maximum value, then the cross-dip correction may make significant
improvement for focusing reflections. When the survey line travels perpendicular to
the strike, the cross-dip angle approaches to a minimum value, and the amount of

cross-dip moveout is negligible.

In the 3-D coordinate system, a seismic trace for the ith shot and the jth receiver
reflected at the CDP bin number & has a traveltime of:

2

; . T
t2,=(to+ CDM)* + =L —
/ 2

2 g2
X7 81 Ey,

; (6.2)

02
where

to 1s zero offset two-way time at the CDP point;

v;; is offset distance between shot and receiver:

&k 1s in-line dip angle of the reflector;

CDM is the cross-dip moveout.

In equation (6.2) the second term is associated with the zero-dip normal moveout
(NMO), while the third term is associated with the DMO (in-line dip moveout) since

it is the moveout related to the in-line dip of reflectors.
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Cross-dip moveout

To derive the term associated with cross-dip moveout, first assume there is only a
single reflector with cross-dip angle of « or the reflectors underground are conformly
dipping along the depth direction. Figure 6.9 illustrates the geometry of the cross-
dip moveout. In a CMP gather, after NMO and DMO correction the reflection
rays located in the gather should be perpendicular to the reflector. The ray path
corresponding to the exact CDP point has a traveltime of ¢, which is the exact
zero offset (zero in-line and cross-line offsets) two-way traveltime. The other rays
whose CMP points deviate from the CDP point in the CMP gather all have two-way
traveltimes either longer or shorter than the ¢y depending on the cross-dip direction
of the reflector. From the diagram 6.9 the cross-dip moveout can be expressed as a
simple equation:

Ssin{ayg)

Aty = ZT%]' = 2DYij (6.3)

where

Aty is cross-dip correction associated with the shot number ¢ and receiver number
J;

vy 18 velocity at the CDP bin k;

g 1s cross-dip angle at the CDP k;

Yi; 1s transverse offset between the mid-point of CDP bin and the corresponding
CDP point; and

Pi 1s the cross-dip ray parameter at the CDP bin index k (as depicted in Figure
6.9), in the case of conformly dipping reflectors, p;, is a constant along the depth or

two-way time direction.
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However, in most geological cases there may be several reflectors with arbitrary dips.
Time varying, or depth varying, cross-dip correction is required to focus reflection
energy efficiently. To complete this the cross-dip correction term At;; is replaced by
a summation of At;; which represents the cross-dip moveout corresponding to each
reflector, where the index [ represents a index variable of two-way time. It can be
calculated with a varying value of parameter py;. The equation (6.3) then is modified
as

Aty = At = > 2puyiy (6.4)
1 ;

Lo see the physical meaning of pyy, a case of two reflectors with arbitrary dips is
lustrated by Figure 6.10. From the diagram, the cross-dip moveout for each reflector

can be derived as

L SinQ
Atij = 2———y;j, (6.5)
vl
and
sin( o+ Jcosoy,
V2
Therefore
51N
Ppp = ——— (6.7)
v,
and
SINdigs
Dy = —— 6.8
Pro 02 ) ( )

where ap, = sin"l[sin(akl +age )cosay], the sign of plus or minus depends on the
direction of dips (if subsurface reflectors dip in the same directions, it should be

minus, otherwise it is plus.).
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Figure 6.9: Schematic diagram for the geometry of the cross-dip correction. At the
CDP bin k, At;; is the cross-dip correction for the trace associated with the shot
number ¢ and receiver number j, vy is the velocity at the CDP bin k, oy, is the cross-
dip angle at the CDP k, y;; is the transverse offset between the mid-point and the
corresponding CDP point, and p is the cross-dip ray parameter.
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Figure 6.10: Two reflectors with arbitrary cross-dips. At;; is the cross-dip moveout
for the CMP point with the shot number 7 and receiver number ;.

However the cross-dip of the nearest reflector to the surface can still be estimated
from equation (6.7) if py; is known. The values of py can be estimated through a

slant stack scan (details will be discussed later).

Implementation of the cross-dip correction consists of three steps: crooked line
geometry, a slant-stack scan to determine the cross-dip ray parameter py;, and appli-
cation of cross-dip correction (see Figure 6.11 for flow chart of cross-dip correction).
At first several binning strategies were examined and tested with line 42 data. The
final slalom line for binning was selected based on the criterion of raising the fold
coverage by using large CDP binning heights and simplifying the geological interpre-
tation by straightening the slalom line during the binning. To exclude the data from

very far offsets, which may be introduced by large binning height, the in-line source
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Figure 6.11: Flowchart for the cross-dip correction.
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to receiver offset range was restricted in the final stacking. Thus the slalom line was
straightened into mainly two parts. From the northern end (CDP number 1025) to
the CDP number 3140, the line runs approximately north-south, and the rest of line
runs approximately west-southeast. The CDP bin height was raised from 800 m to
1000 m to avoid poor fold coverage resulting from straightening of the slalom line in
the southern end of the line, and in-line offsets were limited to 5000 m in the final
stacking. Thus the fold coverage was increased and reached a maximum fold of 124,
Figure 6.12 shows the west-southeast part of the CDP binning. The fold coverage is
shown in the left corner of the diagram and the amounts of cross-dip near the surface
derived from the slant stack scan are plotted at the top.

Slant stack scan

The slant-stack is equivalent to the Radon transform (discussed in Chapter 5).
To construct slant-stack gathers, data in the time-offset coordinate are transformed
mto the 7 — p coordinates by summing amplitudes in the offset domain along ray
parameters, or slanted ray paths. The slant stack can be implemented in the CMP
gather, common shot gather or poststacked sections. In the cross-dip correction case,
the slant-stack transform is carried out in the CMP gathers, the offsets are replaced
by the transverse offsets and p represents cross-dip ray parameter.

After the slant stack transform, the traces with same p value are sorted into a
stacked section in the CMP coordinate. The stacked sections with different values of
p construct the slant stack scan panel. Reflection events with a preferred alignment of
special p value will generate constructive waveforms, thus the p value can be estimated
in the slant stack scan without requirement of prior knowledge about dip of the

structures. This is equivalent to the velocity scan to estimate stacking velocity values
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for the NMO correction.

For line 42 data the slant-stack with respect to the transverse offsets was scanned
from the two-way horizontal slowness of -0.2 ms/m to 0.2 ms/m with a ray parameter
interval of 0.01 ms/m, and pairs of ray parameters and corresponding times were

picked from the slant stack panel.

A program for time varying cross-dip correction was written in this research and in-
serted into the IT&A INSIGHT-4.0 version to implement the cross-dip correction in a
similar way to the NMO correction. The algorithm only requires pairs of input param-
eters of the cross-dip ray parameter p and the corresponding time determined from
the slant-stack scan. It is sufficiently flexible to deal with reflectors with arbitrary
cross-dips. Figure 6.13 displays a CMP gather with and without cross-dip correction.
The CMP gather was sorted into transverse offsets. The offsets with negative sign
corresponds to the CMPs situated in the south of the CDP. A cross-dipping trend
toward the south in the CMP gather (Figure 6.13a) is clearly observable. However,
with application of the cross-dip correction, the dipping trend becomes flat (Figure

6.13b).

The velocity semblance analysis, which will be discussed in section 6.2.5, further
demonstrates the significant improvement in elimination of time deviation with ap-
plication of the cross-dip correction (Figure 6.14b). The reflection energy is obviously
more focused after cross-dip correction. For comparison of the results with and with-
out the cross-dip, a portion of the stacked section is shown in Figure 6.15, in which a
strong southeast dipping reflection event at 2.0 s to 2.5 s was imaged clearly after the

cross-dip correction (Figure 6.15b). This reflection event can not be identified in the
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original profile (Figure 6.1), or in the profile before the cross-dip correction (Figure

6.15‘&,).

"The cross-dip correction has greatly improved focusing of the reflection energy. The
amount of the cross-dip varies along the line from 5.7° to 27° approximately. At the
southern end of the line, the cross-dip is relatively larger. From the CDP numbers
of 3400 to 4265, the cross-dip is about 17.25° between 0-1.2 s time range, but the
apparent cross-dip angle decreases to 11.2° at 1.2-3.0 s twoway time. From the CDP
numbers 4275 to 5365, the cross-dip in the shallow part (0-1.6 s) is south dipping with
a dip angle of approximately 27°. At deeper parts (1.6-3.0s), the apparent cross-dip

becomes more gentle (Figure 6.14).

6.2.5 Velocity Analysis and Residual Statics

Velocity analysis

The velocity analysis was carried out using both constant velocity scan and sem-
blance analysis. To generate a constant velocity scan panel, the CMP gathers are
NMO corrected over a range of velocity values and displayed side by side in a form
of panel. A reflection event may be overcorrected if the velocity used is low, and it
may be undercorrected if the velocity is high. A flat event corresponds to the proper
stack velocity value used for NMO correction, this velocity can be picked as a stack

velocity.

The velocity semblance analysis is an alternative technique for constant velocity
scan. At first a velocity spectrum can be generated by applying NMO correction to

a CMP gather over a range of velocity values and stacking all the traces together.
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Figure 6.13: An example of the CMP gather (CMP 4150) data: (a) without cross-dip

correction and (b) with cross-dip correction.
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Figure 6.14: The velocity semblance plot for the CMP gather 4150: (a) without

cross-dip correction and (b) with cross-dip correction.
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The highest stacked amplitudes occur when the scanned velocity coincides with the
velocity of a particular reflection hyperbola. Instead of simply stacking the amplitudes
of the traces, a coherency technique, semblance analysis, is based on the following

formula (Yilmaz, 1987):

1 M A M
NE = i Z(Z’lti7ti)2/ZZQLizi, (6.7)
M E i i=1

where w;,, is the amplitude of the ith trace at the two-way time ¢;, AL is the number
of traces in the CMP gather. The semblance NE represents the normalized output to
iput energy ratio. If the lateral coherency in a CMP gather is good and the output
energy is high, then the value of NE is large. Stacked velocities can be picked in such
a velocity semblance spectrum. In comparison with the constant velocity scan, the
velocity semblance analysis is more suitable for data containing multiple reflections
(because of lower coherency of the multiples than the primary reflection) and less
suitable for a complex structure problem. Figure 6.14 displays an example of the
velocity semblance plot for the CMP gather 4150 over the velocity range of 5800 m/s

to 7400 m/s with a 100 m/s velocity interval.

After several tests with the constant velocity scan it was found that the stacked
patterns in the very shallow part (0-1s) were very sensitive to velocity variation. This
phenomenon is probably due to complicated shallow structures including geological
variations and minor structures, which scatter the seismic reflection wavefield. Thus
the shot gathers were examined again at this stage to check the true trends of reflec-

tions.

The velocity depth functions were picked for every 14 CDP gathers from semblance

plots. The final stack velocities listed in Table 6.2 were determined by velocity analysis
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and testing with the data. A noticeable point in the result of the velocity analysis
(Table 6.2) is that in the vicinity of the CDP number 4700 and the near surface part
of the CDP number 4205, which corresponds to the southern end of the line and also
where the Levack Gneiss Complex (LGC) located, the velocity is much higher than in
the rest of the line, especlally near the surface. This result indicates that the LGC has
much higher velocity values than the Cartier granitic intrusions. An example of the
stack section with velocity analysis is also plotted in Figure 6.16, which shows much
improved stacked reflection patterns near the surface when careful velocity analysis
is applied to the data (Figure 6.16D).

Residual statics

The residual statics correction is reflection based statics. Tt is used to correct short
wavelength anomalies associated with near surface uregularities. Based on the surface
consistent model (Figure 6.17), in 3-D space the traveltime that corresponds to the
Jth receiver station, the ith source station, and the Ath midpoint along the /th horizon

can be approximately modeled as:
Tji =tsi + b0 + g + MpaZi + Opys g, (6.8)

where
ts; 1s the traveltime from shot point 7 to datum;
t.; 18 the traveltime from receiver J to datum;

grr 1s the normal two-way traveltime from datum to a subsurface reflector at the
CDP bin & and the Ith horizon. It refers to structural variations along the horizon

and is called the structural term;



Table 6.2: Velocity functions picked from velocity analysis.

\
CDP 2825 CDP 3430 CDP 3885 CDP 4205 CDP 4700

time velocity time  velocity time velocity time  velocity time velocity
0.007 5900 0.010 6100 0.009 6000 0.124 5900 0.117 6400
0.227 6100 0.539 6200 0.127 6100 0.265 6100 0.204 6800
0.545 6900 1.023 6900 0.344 6700 0.425 6200 0.390 7200
0.685 7000 1.269 6900 0.777 6800 0.590 6300 0.790 6700
0.821 6900 1.481 6700 0.863 6600 0.950 6600 i 0.803 7100
0.922 6900 1.601 6700 1.028 6900 1.042 6700 | 1.065 6700
1.276 7000 2.000 7100 1.380 6600 1.521 6800 1.604 6900
1.834 6800 2.169 7100 1.586 6700 1.986 6900 1.740 7000
1.847 6600 2.620 6400 1.956 7000 2.064 7100 2.290 7200
2.315 6500 2.860 6500 2.062 6900 2.216 7000 2.640 7300

2.293 6900 2.465 7100 )

8¢l
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Figure 6.16: Velocity analysis: (a) a stack section with application of rough velocity
analysis, and (b) the same stack section with application of careful velocity analysis.
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My 25 1s the residual moveout that accounts for imperfect NMO moveout;
buyi; is the residual moveout that accounts for cross-dip moveout.

After the cross-dip correction, the equation (6.8) can be rewritten as

1

Ti = Tijt — by = tei + toy + gt + mpgs;. (6.9)

Hence the existing conventional residual statics method in the INSIGHT package
can be applied directly with enhanced accuracy (Kim et al., 1994), since ambiguity
associated with the cross-dip is reduced. To determine residual statics, a three step
algorithm is involved: (1) picking time value Ty; (2) decomposition of T} into its
compouents: source and receiver terms, structural term and residual moveouts; (3)

application of the derived source and receiver statics to its traveltime.

A super fold program based on the Ronen-Claerbout algorithm (Ronen and Claer-
bout, 1985; Dahl and Jensen, 1989) in the INSIGHT-4.0 package was used to im-
plement residual statics. In the algorithm, the time picking is replaced by the stack
power maximum method. That is, the preliminary time shift of a trace is determined
by maximum cross-correlation with a preliminary supertrace, while the preliminary
supertrace itself is formed by stacking the NMO corrected traces in this CMP gather.
The preliminary time shifts are applied to each trace in this CMP gather, and a final
supertrace is composed by stacking each trace after the preliminary time shift, and
it is cross-correlated with other traces again in the gather to determine the final time
shifts. A stack trace is constructed after application of the final time shifts in the
CMP gather and this stack trace is used as preliminary supertrace for the next CMP

gather. Subsequently the time shifts for entire data set can be calculated and they are
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O w

Surface-consistent statics model
Here, T = surface topography, B = base of
weathering layer, D = datum to which static corrections are
made, R = deep reflector, j = shot station index, i = receiver
station index, & = midpoint location index, x; = offset
between the shot and receiver stations.

Figure 6.17: Surface-consistent residual statics model after (Yilmaz, 1987).
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then least-squares decomposed into source and receiver terms. The residual statics

then can be applied to the data set.

The processing flowchart for residual statics is illustrated in Figure 6.18. First the
NMO correction was applied based on estimated velocity values, and subsequently
the residual statics was calculated. After these steps, the NMO was removed and
residual statics was applied to the data, and the velocity analysis was carried out
again. Such steps were repeated three times. The above approach was found to be
very effective and produced a much improved subsurface seismic image (see Figure

6.19Dh).

6.2.6 Offset Limited Stack and Coherency Filtering

The final profile was obtained by stacking the data within an offset limit of 5000 m.
Migration was performed, but the discontinuous nature of the reflections produced
significant concave-up artifacts with this data. Thus the unmigrated reprocessed
section is presented in Figure 6.19c after application of the coherency filtering for
display. It shows considerable improvements compared with the preliminary processed

profile in Figure 6.1.
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1. CMP Gathers with
Field Statics Applied

|

2. Velocity Analysis

3. NMO Correction Using
Preliminary Picks

5. Apply
Residual Statics

}

4. Compute Residual Statics

— 6. Velocity Analysis
J

7. NMO Correction Using
Final Picks

8. Stack

Figure 6.18: The flowchart for residual statics correction.
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Figure 6.19: The final stack section: (a) the stack section without cross-dip correction;
(b) with cross-dip correction; (c) the bias plot of final stack section after cross-dip
correction, residual statics and coherent filtering. Continue on the following pages.
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6.3 Results from Line 42 Seismic Reflection Data

The subsurface structure across the Levack Gneiss Complex (LGC) towards the
ADitibi granite-greenstone belts is optimally imaged after the reprocessing steps de-
scribed above and is shown in Figure 6.19¢. The main features of the line 42 reflection

section include three major reflections and a couple of uninterpreted events.
The Contact between the LGC and the Cartier Granite

The contact between the LGC and Cartier granite intrusive rocks is probably an
intrusive interface and is marked in the seismic profile by an in-line east dipping
event AA’ (Figure 6.19¢). It intersects the surface close to the CDP number 3760,
which is approximately 1.5 - 2 km north from the present geological boundary on the
compilation map (Dressler et al., 1984). This is, however, consistent with the field
mapping carried out by Fueten et al. (1992) who reported that the LGC/Cartier
granite boundary is a couple of kilometers north of its current position in the com-
pilation map. Even though the reflections along the projected interface are not very

coherent, the trend of the contact is seen clearly (Figures 6.19b and 6.19¢).

The reflective patterns in the LGC generally vary from horizontal to slightly sub-
horizontal, and they change to east dipping on the west side of the contact. The
reflected energy within the layer is probably produced by the compositionally layered
gneissic rocks. By means of compressional wave velocity and density measurements
to hydrostatic confining pressures of 600 Mpa for drill core samples, Salishury et al.
(1994) found that the LGC has velocity and density values as high as 6.5 km/s and

2.86g/cm3 respectively and that the density value of the LGC is highly variable. Al-
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though the average reflection coefficient at the norite/ LGC boundary is low (-0.01),
density variation in the LGC suggests that the Norite/LGC and LGC/Cartier granite
contacts can be strong reflectors locally. This is consistent with the observed reflection
patterns along the LGC/Cartier granite boundary. The reflections from the contact
are not as coherent as from sedimentary contacts, but they are locally strong enough

and the trend of the contact can be traced in the final processed profile.

Figure 6.20 shows a schematic plot of the profiles for line 42 and the related part
of line 41. From the results of line 41 profile, the lower boundary of the LGC lies at
approximately 2.3 s at the north end of the line 41 (Milkereit, 1992). At the south
end of line 42 the base of the LGC lies at approximately 1.3 s. The travel time
difference may have resulted from the geographic offset of the two lines for about ten
kilometers (see Figure 4.1). The thickness of the LGC at the north end of line 41 and
at the south end of line 42 appears almost unchanged. The in-line dip of the interface
1s approximately 32¢ - 35° southeasterly in the line 42 profile. This is steeper than
that of the line 41 profile (Figure 6.20). According to the cross-dip correction, the
cross-dip in the shallow part (0-1.6 s) of this portion is southwest dipping with an
apparent dip angle approximately ranging from 17.25° to 27° as it approaches to the
south end of the line.

Reflection event R2 - a major fault or shear zone?

The most distinct reflection event in the seismic profile of Line 42 is the reflection
event R2 (Figure 6.20). It dips southeast extending through most of the line from the
CDP number 1860 on surface towards the CDP number 4300 down to the two-way
time of 2.5 s. It appears to be approximately parallel to the interface between the LGC

and the Cartier granitic intrusive rocks (event AA’). The reflection patterns across
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this event change markedly. There is a main trend of southeast dipping patterns in
the hangingwall side of the R2 event, but irregular reflection patterns are displayed
in the footwall side. On the geological compilation map there is no distinct fault or
structural boundary in the vicinity of the CDP number 1860. Thus the interpretation
is carried out with the aid of an ERS-1 (Earth Resource Satellite) SAR (Synthetic
Aperture Radar) and other airborne geophysical images, which will be discussed in
section 6.4.

Other events

Two uninterpretated events, reflection event ?1 below event R2 and event ?2 in the
northern portion of the line at 2.0 to 3.0 s depth are prominent in the profile 42. The
geophysical significance of the convex-shaped reflection event ?1 and the south dipping
event 72 is uncertain at this time. For more convincing geological interpretation of
these events, further laboratory and field investigation of the geological and tectonic

evolution of these rocks must be carried out.

6.4 The SAR and Airborne Geophysical Sensor
Images

Since no detailed geological mapping has been carried out in the northwest portion
of the Sudbury Structure at the time of interpretation of the line 42 data, the ERS-1
Synthetic Aperture Radar (SAR) image (Figure 6.21) along with airborne EM and
magnetic data were processed and carefully examined in the vicinity of the line 42
to help the interpretation of the seismic data (Miao et al., 1994c). The field survey

parameters and preliminarily processing of the C-band SAR image data and the multi-
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parameter airborne geophysical data are described in Appendix D and E respectively

The main linear features that are found in the SAR data include the Pumphouse
creek fault (F1 in Figure 6.21) which corresponds to the event R1 in the reprocessed
seismic reflection profile (Figure 6.20), three northwest striking dikes in the northeast
corner of Figure 6.21 and the major north striking Fecunis Lake Fault. In addition to
these, there are two other distinct linear features on the SAR image which intersect
with the northern portion of the seismic line 42. Oune is the northwest striking linear
feature F2, and the other is a less noticeable linear feature F3. This feature is oriented
northeast and parallel to the North Range ring structure of the SIC. The F2 has the
appearance of a major structural feature such as a major fault or shear zone based
on the surface expressions. It cuts through the SIC structure implying a post-impact
origin. F'3 in the SAR image also may be a fault or shear zone. Both F2 and F3 have
surface expressions of major subsurface structural boundaries, one of which should
correspond to the major reflection event R2 in the reprocessed line 42 seismic profile.
At shallow depths (0 - 1s) of the reprocessed seismic data, the reflection event R2
is mainly south dipping with a slight west dip (0° - 5.7° cross-dip). But as depth
increases, the event becomes southeast dipping with in line dip of approximately 35°
east and cross-dip of approximately 11.2° south. The near surface expression of the
reflection event R2 seems to align with the northwest striking feature F2 in the SAR
image (Figure 6.21). But at great depths, the attitude of the reflection event R2
appears correlate to the linear feature F'3 in the SAR image. It is also possible that
the reflection event R2 is a result of a later shallow tectonic event associated with

the surface feature F2 in the SAR image superimposed on the earlier deep southeast
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dipping structure which originally has a surface expression associated with F3 in the
SAR image. Geological interpretation of the major events F2 and F3 requires further

detailed field investigations.

Examination of the airborne magnetic and EM total field and quadrature data
together with the SAR image (see Appendix D and E for the SAR and airborne lmage
data processing) indicates that the three diabase dikes in the northeast corner of the
SAR image match well with the linear anomaliesin the magnetic and EM data. Events
Fl and F3, however, do not coincide with any of the linear anomalies prominent in the
airborne geophysical data. There is, however, a major linear anomaly with uncertain
significance in the magnetic data which lies a few hundred meters northwest of the F3
with same orientation. The event F2 does not exactly coincide with a linear anomaly
in the airborne data. The resolution of the airborne magnetic and EM data are much
lower than that of the SAR data, which can sometimes result in broader appearances
than that of real anomalies in magnetic and EM images, while the SAR images display
much finer features. It is, therefore, uncertain whether the weaker linear anomalies
in the airborne geophysical data do correlate with the event F2 in the SAR image.
Of course not all linear features in the airborne geophysical data correspond to mafic
dikes in the area. Some features shown in the EM data, for example, do not match
with magnetic anomalies. They are probably noise produced by man-made structures

such as power lines and railroads (see Appendix E).
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Chapter 7

The Wavelet Transform and
Application in Seismic Data
Processing

7.1 Introduction

7.1.1 Conventional Approaches for Signal Analysis

Fourier analysis.

The Fourier transform (Papoulis, 1962), which decomposes a time series into or-
thogonal frequency components or vice versa, has been widely used for geophysical
data processing for many years. Not only is the Fourier analysis technique of fun-
damental importance in many areas of sciences and engineering, but it also has a
significant physical interpretation. In addition, the development of the fast Fourier
transform algorithm has made the Fourier analysis very attractive and useful, mainly

because of the orthogonality properties of the Fourier series and of its simple expres-
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sion. However, upon inspection of the Fourier transform formula:

F@):/mfuy4wm, (7.1)

one must notice that the Fourier transform extracts periodic signals from a function
f(t) of infinite time duration and the frequency information can not be associated
with time locally. One can only analyze and process signals in either time or frequency
domain.

Short Time Fourier Transform.

To compensate for the inability of the Fourier transform to deal with time-frequency
analysis of non-stationary time series, the Short Time Fourier Transform (STFT) was
developed. One such typical STFT is the Gabor transform, which is defined as (Chui,

1992):

OO

Gap(f) = / f(t)e ™™ g (t — b)dt,

o =00

—~
=]
N}

S’

where g(t) is a Gaussian function,

1 2 /dar
_(ja(t) /e

= We
It is also called a window function (in other forms of the STFT, the Gaussian function
is replaced by other window functions). Thus the Gabor transform localizes, or
windows, the Fourier transform of a signal f(¢) around ¢ = b. The width of the
window is determined by a fixed positive constant «. In all of the STFT methods
there is very undesirable computational complexity when narrowing of the window
is required for good localization or when widening of the window is required for

producing a more global picture (Chui, 1992).
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7.1.2 Wavelet Transform—A New Approach

Recently, a comprehensive foundation of the wavelet transform (WT) has been
developed (Daubechies, 1990 and Chui, 1992) and has become a powerful tool in
inhomogeneous fractal physics, in turbulence phase transition, as well as in transient
signal and image processing disciplines. The distinct advantage of the WT over the
Fourier transform is that the WT has the capability of combining the features of
both time and frequency information. One feature especially worth mentioning is
treatiment of transient effects and events. A further advantage of the WT which
distinguishes itself from any STFT is its zoom-in and zoom-out capability. Unlike
the Gabor transform in which the width of the window is fixed, the WT localizes
signals in a variable window governing by a dilation parameter a (which will discuss
later). Hence the sampling rate is higher for high frequency components and lower

for low frequency components.

Seismic signals are characterized by their traveltime, frequency characteristics, and
phase information, and as well as coherent noise (Sheriff and Geldart, 1986). In
seismic data processing, it is often necessary to carry out time-evolution frequen-
cy analysis for which conventional Fourier analysis is not suitable. Nonstationary
properties of a seismic wavelet can be caused by dispersion, attenuation and other
nonlinear processes which vary with frequency and time simultaneously. The WT is
well suited for such problems and has a potentially powerful application in seismic

data processing.

The algorithm for implementing the WT varies depending on whether the basis

wavelet function chosen is orthogonal or non-orthogonal. For the orthogonal WT, a
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fast algorithm conjuncted with the multiresolution analysis was developed and called
the orthogonal multiresolution analysis (Mallat, 1989; Meyer, 1985,1896). In appli-
cations, practical implementation of the transformation is performed by using a basic
filter bank (mo(w + ), Mo(w + 7)e ™), where myq is a low-pass transfer function and
My 1s a high-pass function. They are also called quadrature filters. The wavelet func-
tion can be derived from them. However, the algorithm imposes the reconstruction
condition of [mg(w)* + |nip(w + 7)> = 1. This orthogonal relation is very strict for
filter designs. Furthermore, it is impossible to find a such filter mg(w) with finite
~impulse response (FIR) and linear phase at the same time (Feauvean, 1992). For the
non-orthogonal WT, the algorithms are variable depending on different wavelet func-
tions, and a fast algorithm for implementation of the non-orthogonal WT remains
under investigation. Even though the WT has become very popular in the image
processing field, application in seismic data processing is relatively new. Because the
popularly developed wavelet functions are compactly supported orthogonal wavelets
which are mostly not symmetric or anti-symmetric, such as Daubechies wavelet, their
non-linear phases create distortion problems after the W'T. This is undesirable when
subsequent data processings are required. The non-orthogonal WT provides a better

choice since it behaves like a linear phase filter.

In this chapter, the WT theory to explain the relative properties of the WT and
wavelet function is introduced first, which are essential for understanding what kind
of wavelet should be selected for each individual application (this is also the difference
between the WT and any other transformations, in which the operators are usually
unchanged). Then a non-orthogonal WT using the Morlet wavelet function for testing

with seismic data is discussed. The Morlet wavelet is a continuous complex wavelet

e,
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function, however, it is compactly supported and well localized in time and frequency
domains. We explore and try to provide insights into certain properties of the trans-
form and its physical meanings in digital signal analysis. Application of the WT is
studied and tested with both synthetic and real data to analyze the time-dependent
frequency features of seismic data. A method of suppressing coherent noise such as
ground roll is developed and applied to the Sudbury reflection line 42 as mentioned in
the Chapter 6. The purpose of this study is to see how the WT can apply to seismic

data processing and what kind of effects it will have.

7.2 The Wavelet Transform Theory

7.2.1 Continuous Wavelet Transform

The Forward Wavelet Transform.

The wavelet transform of a continuous signal S(¢) is defined as an inner product in

Hilbert Space of the L? norm:

Wa(a,b) = (hP, S(£)) = — / s ar, (7.3)

Jlal - a

=1 _ . . . .
= h( t—ab) is a family of wavelet functions, generated from a mother

where h{®") = |q
wavelet through dilation, determined by the parameter ¢ which governs frequency,

and shift, controlled by the parameter b which determines position translation

pleb) o h(t).
~—~—

dilation a and shift b

The family of the wavelet functions h(“) constitutes the basis functions for the WT
and the WT transfers signals from a one dimensional space of ¢ to a two dimensional

space of (a,b).



The mother wavelet function 2(t) must be a square integrable function and satisfy:
Cy = /clw|w]"1]fz(w)]2 < 00, (7.4)

where h(w) is the Fourier transform of i(t) (Daubechies, 1990). This condition re-
quires that when the frequency approaches zero, the Fourier transform of the wavelet
function must also approach zero.

The Inverse Wavelet Transform.

The inverse WT is defined as:

s =t [ 5 - [ Wia, e =t [ 2 e 3 [ b <ne®, S(t) > ped (75)

((“

Thus a function S(t) can be reconstructed using the inverse WT from W,(«,d). The
basis functions defined in the Hilbert space arve usually orthogonal. However, in the
framework of the WT, the basis functions are not required to be orthogonal, and the
coefficients are not always required to be independent to each other. This leads to
the theory of the frame - an alternative to the orthogonal basis functions. It has
been proved that even when the basis functions are not mutually orthogonal but are
“overcomplete”, the basis functions can be a good frame for decompositions of any

signal function in the Hilbert space (Daubechies et al., 1986).
7.2.2 Discrete Wavelet Transform

In a discrete time-frequency space (the time-frequency space is also called the phase
space), one can discretize the dilation parameter ¢ as ¢ = ag', where ¢g is a fixed

dilation step ag > 1 and 1 is an integer, and take b as b = nbgal?, where by is a fixed
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translation step (b > 0) and n is an integer. The discretized basis functions of a

given wavelet are then defined as
/Lm’,l(t) _ h((lo"l’"'bo(‘om)(t) — CL()_m/Qh((l'O_m t — nl)o) (76)

Usually «p is taken as 2, in which case m is called octave. When m > 0, the wavelet
spreads out; when m < 0, the wavelet shrinks. For a finer division of the dilation

parameter, the basis functions can be defined as:

W (t) = g™ hag™* t) j=0,1,2,...N—1 (7

=1
-~
e

where N is the number of “voices” per octave and j represents a voice. By combining

equations (7.6) and (7.7), the basis functions can be written as

J m

h’jm,n(t) = (LO_T(T h’vn,'n,(ao“%v t) = a’O—W : (1’0_T h’((l'()—(mﬂ}—‘.’_\’]) i — ”1)0)7 (78)

where m = 0,41, 42, ...... ,and 7 =0,1,2, ... N —1.

Figure 7.1 shows an example of the phase space lattice where the time and fre-
quency relationship associated with each sampling point is explained. The vertical
axis represents frequency and the horizontal axis represents time. The sampling rate
in time is Ab = ag™ by, and the frequency interval between neighboring octaves is
Aw = wyag™™(ag! — 1), where wy is a constant associated with the mother wavelet
function. From the schematic diagram one can observe three features of the sampling
lattice corresponding to the WT approach. Unlike the conventional Fourier transfor-
m methods, the frequency is represented in a logarithmic scale. In contrast to the
STFT in which the time-frequency sampling window is rigid (Chui, 1992), the time-

frequency sampling window in the WT is flexible. When m > 0 the sampling interval
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Figure 7.1: Phase space lattice corresponding to the wavelet transform. The wy is a
constant associated with the mother wavelet, ag = 2 and h is assumed to be even.
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is coarser, and when m < 0, the sampling interval becomes smaller. Therefore the
sampling resolution is higher for high frequency components, and it is lower for low
frequency components. This is a very efficient way for information representation for
any large data storage and processing tasks and for the time-frequency analysis of a

signal with both high and low frequency components.

7.2.3 The Wavelet Functions and Properties

Since the basis functions are wavelet functions, the WT always depends on the selec-
tion of the mother wavelet. Understanding the properties of the wavelet functions is
therefore very important for the selection of a proper wavelet for specific applications.

Localization of the WT Representation

One of the important properties of the WT is localization of the WT coefficients
for signal representation. A wavelet function is called “well localized” when only
those m,n for which {4ap™™, nag™bo} lies in or close to [-Q, Q] x [~T, T] play a
significant role in reconstruction of the signal S(t) (Daubechies 1990). Here [T, T]
and [—£, Q] are time and frequency ranges respectively. A wavelet function can only
be “essentially” well localized, because no one function and its Fourier transform are

both compactly supported.

The conditions which make a wavelet function well localized are called decaying
conditions. They are defined by the following theorem (Daubechies, 1990).
Suppose

Rmn(t) = aam/gh(agmt — nbg)

constitutes a frame with frame bounds A and B, and its dual frame h,,, (the du-
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ality between N and /7:: n 18 expressed as: for any given function f and ¢ in the
Hilbert space, (f,g) = >(f, /ﬂ:,l)(h,,,w.n_, g)), then a given function S(¢) € L? can be
reconstructed by its inner product with the frame I and the dual frame /’Lnf:n as
S = 2 (o) (hway S@)), (7.9)
mnes
where = is 1-D integer space. Assuming the Fourier transform of the mother wavelet
h(w) satisfies:

)] < elufP(1 +w?) a2 (7.10)

where § >0, o > 1, and for some v > 1/2 the mother wavelet itself h(t) satisfies:
/dt(l + YRt < oo (7.11)

for a fixed time range 7" > 0 and a frequency range 0 < Qp < €, where ) is a
constant. There then exists a finite subset Be(T, 0, Q) of Z2 (the 2-D integral
space) such that, for all S(t) € L?,
|S(t) — Z (h,Tn) (hinn, S(t))] — very small value.
m,neBe (T, Q0,0)

This is equal to the phase space localization. Equation (7.10) and (7.11) are respec-
tively the decaying conditions for the Fourier transform of a wavelet function and the
wavelet function itself. However, wavelet functions which satisfy these two conditions
are often not orthogonal.

Wavelet Functions

There are several kinds of wavelet functions which are suitable for normal appli-
cations. Among the common ones are the Mexican Hat wavelet, the Meyer wavelet,

the Morlet wavelet, and the Daubechies wavelet (Daubechies, 1990; Sheng and Szu,
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1992). Some of these wavelet functions are orthogonal while others are not. They all

have different useful properties depending on application.

(a). The Meyer wavelet- To derive orthonormal wavelet basis functions, Meyer
constructed a wavelet function (Meyer, 1985-1986). The Fourier transform of the

Meyer wavelet is defined as:

N _
H(w) = e’“’”——_)——(l/(w) + U(=w)), (7.12)
2w
where ; !
0 w< Forw> I
Uw) =< sin —’:)EU(‘;—? — 1) .23_"( <w< ’1_3”
cos Tv(22 — 1) T<wE,

v(w) =0 forw <0, v(w) =1forw > 1, and v(w) +v(1 —w) = 1 for w € [0, 1]. Figure
7.2 shows the wavelet and its Fourier transform. The Meyer wavelet is a largely
supported and orthonormal wavelet It is symmetric but not compactly supported,

thus it is not suitable when good localization is required.

(b). The Daubechies wavelet— By giving a set of constraint conditions for
quadrature filter, Daubechies constructed another orthonormal discrete wavelet func-
tions (Daubechies, 1989). Figure 7.3 shows the graph of the Daubechies wavelet and
the module of its Fourier transform. There are two features in the graph. First of all,
it is not regular. It is found out that the support widths for wavelet functions increase
linearly with their regularity. Thus highly compactly-supported wavelet functions are
usually less regular. Another feature is the lack of any symmetry or antisymmetry
axis for the wavelet. It is also known that there exist no compactly-supported orthog-

onal wavelet bases in which the wavelet function is either symmetry or antisymmetry
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Figure 7.2: The function of the Meyer wavelet and the module of its Fourier transform.
(a) The Meyer wavelet function; (b) the module of its Fourier transform.

around any axis (Daubechies, 1989). However, the Daubechies wavelet is an excellent
compactly-supported and orthonormal wavelet. Based on it a fast algorithm was de-
veloped, and it is popularly used in many image processing problems as long as the
non-linear phase produced by non-symmetry of the wavelet does not affect processing

tasks.

(c). The Morlet wavelet— One of the useful non-orthogonal wavelet functions
is the Morlet wavelet (Morlet, 1982). It is a continuous and complex wavelet. The

definition of the Morlet wavelet and its Fourier transform are:

-1, K2 2
h(t) = w%(e’k"t e )e 7, (7.13)
-1, —(w—kg)? ko w?
Hw)y=n7(e” 2 —e 2e 7), (7.14)

where ko = 7 (%5)%
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Figure 7.3: The function of the Daubechies wavelet and the module of its Fourier
transform. (a) The Daubechies wavelet function; (b) the module of its Fourier trans-
form.

Figure 7.4: The real part of the Morlet wavelet and its Fourier transform. (a) The
real part of the Morlet wavelet function; (b) its Fourier transform.
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The graph of Morlet wavelet is shown in Figure 7.4. The negative terms in equa-
tions (7.13) and (7.14) assure that the spectrum decays to zero when the frequency
approaches zero. This wavelet is not orthogonal but compactly supported in Hilbert
Space. The ratio of the frame bounds for the Morlet wavelet is close to 1 when proper
parameters of N and by are chosen (Daubechies 1990). Thus, even though the Morlet
wavelet is not orthogonal, it is an excellent alternative for the orthogonal basis. It is
also noticed that the Fourier transform of the Morlet wavelet has no imaginary part,

hence there is no phase distortion introduced during the WT.

7.3 Application of the Wavelet Transform

7.3.1 Non-orthogonal Wavelet Approximation Algorithm

The Morlet wavelet function was selected as the basis function for testing of the
WT with real seismic data. The selection was made after careful consideration of
its properties of compact support, lack of phase distortion, and localization in both
time and frequency space. The WT integral is approximated by the Runge-Kutta
algorithm, and the inverse WT is based on an approximation formula derived by

Daubechies (1990) as following:

2
S(Lppro:v = m Z h'm,n < hm,n; S >) (715)

mon
where < A, ,,.S > is the inner product of the wavelet function P with the signal §
(it is also the WT of the signal S), and A and B are the frame bounds of the wavelet
function. If the parameters by=0.5, ag=2, and N=4 are chosen (see equation (7.8)

for detail), the ratio of A to B for the Morlet wavelet is equal to 1.0006 (Daubechies,
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1990). Thus the formula (7.15) becomes a good approximation for the reconstruction

equation (7.5) (Daubechies, 1990).

The family of wavelets used as the operators of the WT is shown in Figure 7.5.
Figure 7.6 shows the decomposition of a seismic trace into different bands using the
WT. The original signal is shown in the middle of the plot. The 33 traces in the
upper half of the fignre show 33 octave bands of the wavelet transformed data of the
original signal. The original trace is shown in the middle of the figure. For display
purposes, the fraces are normalized. Since ag is 2, different values of m represent
different octaves as described by the definition in equation (7.4) and each octave is
divided into a number of voices with a physical meaning similar to the one in music.
In this example, the octave m ranges from 0 to 8 and the number of voices is 4. The
trace with octave m = 0 has the finest resolution and the one with octave m = 8 has
the coarsest resolution, which also has the lowest frequency. The trace at the bottom

of the figure is the reconstructed one using the WT.

Figure 7.7 shows comparison of the spectra of the reconstructed trace with that of
the original one. Both the reconstructed trace and its spectrum are almost identical
to the original trace and its spectrum in every detail. This stems from the properties
of the Morlet wavelet, i.e., when proper value of by and N are chosen, it serves as a

good frame in the Hilbert space.
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Figure 7.5: The family of the Morlet wavelet used as the operators in the WT integral.
The octave ranges from 0 to 8 (m=0,1,..8) and the number of voice is 4 (N=4).
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Figure 7.6: A sample seismic trace and its wavelet transform of the 33 octave bands
(m=0,1,...8, N=4). The 33 traces in the upper part of the figure are the wavelet
decomposed traces; the middle trace is the original seismic trace; and the bottom one
is the reconstructed seismic trace.
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Figure 7.7: Comparison of the spectra of the reconstructed seismic signal with the
original signal. (a) The spectrum of the original seismic trace (left); (b) the corre-
sponding spectra of the reconstructed trace (right).
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7.3.2 Rerﬁoval of Ground Roll Noise

A reflection shot gather from the LITHOPROBE Sudbury line 42 was used to test
the effectiveness of the WT in removing coherent noise. Figure 7.8 shows the original
shot gather. The usual characteristics of the first break, ground roll and reflections

are all included in the data.

Figure 7.9 shows decomposition of the original shot gather using the WT. In this
example the same octave range (m: 0-8) and the number of voices (N=4) as in the
previous example are used. Altogether there are 33 octave bands decomposed and
plotted. For convenience of display, only every 4 bands are shown in the Figure 7.9,
which correspond to m=0, 1, 2, 3, 4, 5, 6, 7, and 8 and N=0. The octave band 1
(m=0) has the finest resolution. The wavelet transformed data in octave 1 and 2 have
relatively higher frequencies and the reflections are dominated. In both octave bands
there is no any significant indication of the ground roll. The first break is relatively
weak also. In the octave 3, the first break become stronger as the dominant frequency
approaches that of the true first arrival waves. As the octave bands increase, ground
roll appears and it becomes the strongest in octave 4. Reflections are completely
invisible in these low frequency bands. In the higher octave bands, low frequency
components become dominant. From the WT panels, one can identify reflections,
ground roll, the first breaks and other coherent events. An important fact is that
when m changes, even in a very narrow bandwidth, signals still maintain their time

positions.



173

Time (s) Time (s)
040 0.0

A g s IS ‘) SUIRN
. cjg _ g S -;.’4' ‘,‘a{‘s 11.<~",’3’.
TS
oo AL =
T g
A
2

Ry
Tdas
.«; > :« =

71
IS8 Ls e i gﬁz ﬁ 3SR §£5
%3203 T»_, 236G "')\j > i

e

S o I
R0 S OX= S N Pl D) 2
T o LS T Peect
"‘e,fé}%éczif’« s
:&étsvs‘ss}'—f«%!* B
-v‘ '4'?‘4"“ 1“‘«;4’ {; ” ‘4 “‘:—5’4'
-{‘:"g f.,fi ,;: 5‘3 i '«45:«

3 “ ‘ S «1
;3%72-*,!& 202) J _{j« a,;j;;‘ :*;;:;.;;_5,.

= NY
W)
i

Qa9 0a3

1.0 1«0

lIIIIllIIllllllllllllllllll

llllllllll(lllll!ll'llll

1ad a3

llllllllll

2s0 2.0

) . o, '{\x o3 ' «(_P ~:)
33 "{‘E-‘t’é ij‘i ‘q ;g.g:‘«:, gg
T "‘343‘( “’ } ’( ey ‘ t"
55' “‘ 4)0‘ 3
SHEE ﬁ?i@“ﬁ’” }ﬁﬁﬁi ‘”3
€’ SRR

249 249

Il[lllllll!IlllllllllIIII|lllllllllllllllll]lllllllllll

IIIII]IIICIIIIIIIIIIIllIllllIIllIllllllllllllllllllllll

Illlllllllllllllllllllllli

lllllllllllllll!

Figure 7.8: An original seismic shot gather from the Sudbury Line 42 regional reflec-
tion data.
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Figure 7.10 shows the corresponding spectra of the WT panels (Figure 7.9). In the
octave band 1, which has the highest resolution, the spectral band is broader and it
contains the highest frequency components. As the octave bands increase, the highest
peaks of the spectra shift to lower frequency and the bandwidth becomes narrower
because of the tight localization of the signal information. In octave band 1 and 2,
the reflection signals are dominant. Ground roll noise starts to appear in band 3
and become dominant in band 4. In band 4 the ground roll noise has a dominant
frequency of approximately 11.0 Hz. The other WT panels appear to contain signal

information of low frequency components.

The characteristics of the WT panels shown above are very useful for removal
of specific coherent noise. Figure 7.11a shows the reconstructed shot gather using
the Inverse WT. The reconstruction was performed by simply excluding the bands
containing the ground roll noise. They are the bands 11 to 15 . One can see that
the ground roll is almost completely removed and the reflection events are enhanced

compared to the original shot gather (Figure 7.8).

The Fourier spectrum of the reconstructed gather (Figure 7.12b) obtained from the
inverse WT is examined and compared with the spectrum of the original shot gather
(Figure 7.12a). It can be seen that ground roll which has the peak of frequency at
about 11 Hz is effectively suppressed. This fact further demonstrates that the new
WT approach can remove coherent noise very effectively if their time and frequency

characteristics are distinct.

A bandpass filter can not be compared to the WT in coherent noise suppression.

Because in most cases signal and noise are mixed in the same frequency range. In
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the WT method, both time and frequency features of the data are utilized and also a,
spatial filter can be applied to the octave bands which contain both noise and signal.
The inverse WT, thus, can reconstruct the signal with noise suppressed. While a
bandpass filter can not achieve such a result. The computation speed with the present
version of the wavelet transform algorithm is not as fast as the conventional FFT
algorithms. However, a fast wavelet transform algorithm (Mallat and Zhong, 1992)

can be adapted to increase the computation speed for this application.

The above results (Figure 7.11a) are also compared with the f-k filtered data (Fig-
ure 7.11b). Significant improvement is clearly visible in the results produced by the
new WT approach. The major reflection event at approximately 2.0 s is enhanced
without significant artifacts and the outline of the reflection hyperbola is now further
extended to the near offset region. The results of the WT processed shot gather is
obviously superior to the f-k filtered one. The f-k filtered shot gather exhibits pro-
cessing artifacts. Another point worth mentioning is that suppression of the ground
roll using the WT is not limited by the geometry of field survey lines. Data from very
crooked survey lines is not suitable for the f-k filtering approach to remove ground

roll, however, it can be accepted by the WT approach.



Time (s) Time (s)
05 + 0.5
L0 & F 1.0
Led =+ T 1.5
200 & + 2,0
209 F 2.5
Octave m =0 Octave m=1 " Octave m=2
ST ; BT u)w))'c s
0.5 £ :'c, if,ii?i;izg g,;f’*iizizzi § % % ‘f % , 1o
Eiizsiﬁzg;z;;fséééi.%é?'%??ﬁ!z;gii’;; i ?5; (,
o £ §§§§5:5‘53‘?5"?5522:§§:$'z'§i§§£§:,.ésf ; 43*» g. i
§§5§%§§3§§§’5§§§§‘f§?2§§%§§§5§f§,§?§3? 3, I o “3$§$‘ § | i ‘a, ,,
=1 gszzés:zeséi%ziié;szzz;};'::iéfi;ére,»z:é% i i .s‘ ..*:... "§§ ' £
X R
; ::55;zﬁgﬁ?f*;éff;g:;;%}!@:;§ ‘%M i ; ), ‘\ ‘ ‘ "
ot G 32, il y T 2.0
§5§2§§s{§5§§§2§?§§§§;35;:33§5§§§:§§§§;:§§ i :a’g,, f i | z;
2 3«53352'::'3\:12'3 '40':' f "1)"34 F o
=L W &‘é:_g :I $ . i i i O,Q 2
Octave m=3 Octave m= 4 Octave m=5
L
0.5 1‘ ‘ F 0.5
1o0 + ": ‘ ‘ + 1.0
1e5 F “ \J U + 1.5
2.0 &+ ‘ ‘ W “ + 240
-1 SR

Figure 7.9: The wavelet transformed panels of the test shot gather shown in Figure
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7.8. Every 4 octave bands are shown which correspond to m=0, 1, 2,...8 and N=0.
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7.3.3 Detection of Reflection Events

The characteristic of simultanuous time and frequency localization allows the WT
technique used for detecting amplitude and phase discontinuity of a signal. The initial
test was carried out with simple sinusoid waves. Figure 7.13a shows two decaying
sinusoid waves sl(t), s2(t), and their summation s(t). The sl(t) and s2(t) have
frequencies of 48 Hz and 55 Hz respectively. The s1(t) starts at 0.078 ms and ends
at 0.924 ms, and the s2(t) starts at 0.098 ms and ends at 0.902 ms (Figure 7.13a).
After summation, it is difficult to see when the signal s2(t) starts and it ends. The
WT was tested to detect the arrival and ending times of the signals s1(t) and s2(t).
Figure 7.13b shows the wavelet transformed result of the signal s(t). Four peaks in
the Figure (7.13b) clearly mark the arrival and ending times of the original signal

s1(t) and s2(t).

Further test was carried out with a synthetic seismogram modeling. The model is
a two horizontal layers with a limited extent thin layer inserted between them. The
velocities of the two layers are respectively 3550 m/s and and 3850 m/s, and the
velocity of the thin layer is 3680 m/s, and the thickness is 8 m as shown in Figure
7.14a. A Ricker wavelet was used as the source wavelet and the receiver interval was
25 m. Seismic modeling was carried out using the modules in ITA INSIGHT 4.0
seismic processing software, and the synthetic traces are displayed in Figure 7.14b.
From the data shown in Figure 7.14b, the effect of the thin layer across the section
can be hardly identified and it is impossible to tell where the thin layer starts, pinch-
out, or how thick the thin layer is. To detect the thin layer, the WT approach was

tested. Figure 7.15 shows a corresponding wavelet transformed section of the synthetic
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data in Figure 7.14b at octave band m=0. It is the the octave band having highest
resolution. In this band, short wavelength discontinuities in the signal are detected.
The starting and pinch-out points of the thin high velocity trapezoid can be easily
identified. The corresponding four velocity discontinuity points are respectively at
the offsets of -400m, -200m, 200m and 400m. With enlarged vertical scale, the two
amplitude peaks corresponding to the reflections from upper and lower boundaries
of the thin layer trapezoid can also be distinguished. This result suggests that the
wavelet transform provides a powerful tool for multi-resolution analysis. The short
wavelength discontinuities can be effectively detected in the high resolution octave
band, while the long wavelength variations can be characterized in the low resolution
octave band. The above tests suggest that the WT method can find wide applications
in raising resolution for thin layer and fine structure exploration in the oil and gas
field, even though more tests are certainly required to overcome the noise problem in

real applications.
7.4 Summary

The WT can localize information in both time and frequency space simultaneous-
ly. It thus provides a potentially powerful technique for seismic data analysis and
processing. Based on the preliminary analyses and tests with real seismic data, the

following points can be summarized:

1. The WT provides an efficient sampling method, which has a higher sampling rate

for high frequency information and lower sampling rate for low frequency components.

2. The WT critically depends on selection of the mother wavelet function. Cer-
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Figure 7.13: A test example showing detection of discontinuities using the wavelet
transform: (). decaying sinusoidal waves s1(t), s2(t) and their summation trace s(t);
(b) the wavelet transform of the signal s(t).
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tain wavelet functions which are compactly supported and well localized may not be
orthogonal, whereas certain wavelet functions which are orthogonal may not be com-
pactly supported. However, there exist wavelet functions that have both properties.
For seismic application, the non-orthogonal Morlet wavelet provides a better choice
due to its properties of good localization in the time and frequency space and lack
of phase distortion, which, however, exists in the compactly supported orthonormal

WT.

3. By representing and localizing signals in both time and frequency space simul-
taneously, the W'T' provides a new approach for time-dependent frequency analysis,
which can make significant contributions in seismic data analysis, and detection and

enhancement of reflection events.

4. After decomposition of seismic data by the WT, coherent signals, such as seismic
reflections, refractions, air wave, and ground roll, can be identified in the time and
frequency space panels, and unwanted coherent mnoise can be removed during the
inverse WT. Both the direct WT and the WT - deconvolution methods tested in
this paper were very effective in removing the ground roll noise without significant

artifacts. The results are superior to the conventional f — k filtering technique.

5. Application of the WT approach for detecting discontinuity shows that the
WT provides a powerful technique for high resolution analysis which can be used for

detecting short wavelength discontinuity effectively.

Even though the test results with seismic data are superior to other popular pro-
cessing application results, further investigation will certainly broaden the theory and

and application of the WT techniques in seismic data processing.



Chapter 8

Results, Interpretations and
Discussions

The subsurface structures of Sudbury and the surrounding area were investigated in
this thesis research by means of the seismic reflection, refraction, and VSP techniques.
Considerable efforts were devoted and significantly new and interesting results were
obtained. In the following sections, the overall results from each experiment are

summearized.

8.1 Results of the Multi-offset VSP Experiment

The VSP technique provides specially valuable and detailed information on velocity
structure and stratification of rocks and directly links the velocity information to
lithology when well log information is available. The multi-offset three component
V5P experiments carried out in Sudbury represents one of the first such experiment

for crustal seismology research and the results can be summarized as follows:
(1) The P— and S- wave interval velocity models obtained using the least squares

186



187

inversion api)roach provide the basic velocity information for the Chelmsford bore-
hole, and correlate well with the well-log data. The horizontal component rotation
processing has improved the accuracy of velocity estimation for the S— wave. Based
on the VSP data, the average P— wave velocities are 5.99 km/s for the Chelmsford
greywacke and 5.34 km/s for the Onwatin argillite, which are close to the laboratory
measurements (Salisbury et al., 1994) of 5.91 km /s for the Chelmsford greywacke and
5.16 km /s for the Onwatin shale. The results of the VSP also indicate that the seismic
velocity contrasts between different lithological unit are significant enough that the
seisniic technique can be very useful for both direct and indirect mineral exploration

applications.

(2) The Radon transform wavefield separation technique has proved to he very
effective for separating the upgoing wave from the downgoing wave. Application of a
hyperbolic filter further improved the wavefield separation, and the vertical resolution
of the primary reflection data was increased, especially for the near offset data. As the
offset increases, which corresponds to the ray parameter diminishing, energy smearing
between the upgoing and downgoing wave may happen. This is partially caused
by the linear source approximation in the Radon transform implementation. Low
and irregular acoustic impedance contrasts in the crystalline rock environment with
complex geological structures and advanced reflection arrivals from reflectors dipping

toward the borehole are also responsible for this energy smearing.

(3) From the flattened upgoing wavefields of P-wave and S-wave data, three re-
flection events from the depth levels at 160 m, 280 m and 380 m can be clearly
identified. They are in close agreement with the lithological information obtained

from the well log data. The reflector at the 160 m depth corresponds to an intrusion
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(Figure 5.9¢), which is probably a local feature near the borehole. The reflector at 280
m corresponds to the interface between different wack sequences in the Chelmsford
formation, and the reflector at 380 m represents the lithological interface between the

Chelmsford and Onwatin formations.

(4) The effectiveness of the CDP stack after VSP-CDP transform depends crucially
on the preceding wavefield separation. In Chelmsford the VSP-CDP transformed
VSP section has good correlation with the high-resolution surface reflection data at

several deep horizons.

(5) The corridor-stacked P-wave VSP section is in excellent agreement with the in-
terpreted surface high-resolution reflection data for the two major lithological contacts
(Figure 5.16). The reflections from these two contacts can be consistently identified
in both sections. They are located at the depths of about 380 m and 1240 m re-
spectively and correspond to the lithological interfaces between the Chelmsford and

Onwatin formations and between the Onwatin and Onaping formations.

(6) The hodogram analysis results based on the reflection events from the contact
between the Chelmsford and Onwatin formations at an approximate depth of 380 m
indicates that the geological contact dips toward southeast with an estimated true

dip angle of 10.4°.

(7) The WIKBJ synthetic seismograms computed with the velocity models obtained
in this experiment demonstrate remarkable similarities with the original VSP field
records. This indicates that the velocity models obtained in this study represent
near true subsurface velocity structure at the survey site, and has demonstrated that

the synthetic seismogram modeling technique can provide an effective tool for true
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amplitude wavelet analysis when the dip of the reflector is not too steep.

8.2 Results and Interpretation from Seismic Re-
flection Line 42

In contrast to the refraction, the seismic reflection technique images subsurface
strnctures in greater detail due to its higher spatial resolution. Reprocessed line 42
reflection data using traditional and novel seismic data, processing techniques has
successfully imaged the quasi 3-D subswiface geological structures in the northwest

of the Sudbury Basin. The results can be summarized as follows.

1. Careful design and implementation of the reprocessing steps using the tradi-
tional processing techniques, such as refraction statics correction, velocity analysis,
and residual statics correction, along with the newly developed techniques, such as
removal of the ground roll noise using the wavelet transform and time varying cross-
dip correction, are shown to be essential for imaging of the true subsurface geological
’structur(-zs. The reprocessing effort has resulted in a significantly improved seismic
image (Figure 6.19) compared to the preliminarily processed one (Figure 6.1). The
result has provided valuable new information for the structural interpretation of the

northwestern portion of the Sudbury Structure.

2. From the reprocessed seismic reflection line 42, three major reflection events can

be identified.

LGC/Cartier Batholith Contact.- The contact between the LGC and granitic in-

trusions (AA’ in Figure 6.20) is approximately a few kilometers north of the present

location in the geological compilation map (Dressler, 1984), and has a in-line dip of
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approximately 302’ — 35% southeast. This result is consistent with the field structural
mapping carried out by Fueten et al. (1992), who also indicated that the true loca-
tion of the boundary is approximately 2 km north of the current geological map. The
contact is not as coherent seismically as that of a sedimentary boundary in a seismic
section due to the density variation in the LGC. The trend of the contact, however,
can be clearly seen. Strong local reflection energy can be observed, which represent
local high-amplitude reflections along the contact and within the LGC. The result of
velocity analysis with the reflection data (Table 6.2) shows that the velocity of the
LGC is very high. At the surface the velocity reaches 6.4 km/s It is much higher
than that of the northern neighbouring area, where the surface velocity is only 5.9
km/s. The velocity variation clearly marks the petrological boundary between the
high velocity LGC and the low velocity Cartier Batholith. The result of this velocity
analysis is in good agreement with the velocity measurements which reported an av-
erage velocity of 6.5 km/s for the LGC (Salisbury et al., 1994). It is also compatible
with the recent gravity model that assumed a very dense (2.87g/cm?) LGC layer

immediately underlying the SIC (McGrath and Broome, 1994).

However, in order to model the gravity anomalies associated with the Sudbury
Structure and the surrounding area, an additional LGC layer with a density of
2.73g/cm? was assumed to follow the dense LGC layer (2.87g/cm?) and has a north-
ward dipping boundary with the northern Cartier granitic rocks (McGrath and B-
roome, 1994) (see Figure 3.5). This is incompatible with the result from the repro-
cessed seismic section. The reprocessed result shows that the contact between the
dense LGC and Cartier granite is dipping southeast, and no additional layer with

density of 2.73g/cm? lies between them. Instead, a major shear zone or fault, dipping
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southeast, marked as R2 in the line 42 reflection profile (Figure 6.20), lies adjacent to
the LGC/Cartier contact on the north side. From the surface exposure, the rock type
between the LGC/Cartier granite contact and the reflection event R2 is the Cartier

granitic intrusive rock, which has lower values in both seismic velocity and density.

A major shear zone or fault R2.- The newly discovered major southeast dipping re-

flection event R2 almost extends to the surface, which probably corresponds to the
surface linear features of either F2 or F3 in the ERS-1 SAR image. The ERS-1
SAR image shows that F3 strikes northwest, which should correspond to a subsurface
structure with southwest dip, and the other linear feature F2 strikes northeast and
corresponds to a southeast dipping structure (Figure 6.21). Based on the cross-dip
correction information, the reflection event R2 has an attitude of southeast dip. Thus
1t appears to correspond to the surface expression of F2. It is also possible that the
reflection event R2 is a result of a later shallow tectonic event associated with the
surface feature F2 in the SAR image superimposed on the earlier deep southeast dip-
ping structure which originally has a surface expression associated with F3 in the

SAR image.

Pumphouse Creek fault.- The Pumphouse Creek fault, which exists in the geological

compilation map and clearly shows in the SAR image, appears in the reprocessed
seisimic section as an almost vertical shallow fault. The depth extension appears very

limited.

3. The reprocessed seismic profile for the line 42 also indicates that the structure
further north of the reflection event R2 (Figure 6.20) is quite different from that of

the southern side. Whether this implies that the reflection event R2 represents the
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last ring structure of the original basin structure remains to be investigated in the

future.

4. One of the unusual features of the line 42 reflection profile is numerous scattered
low frequency reflections marked as local high amplitude reflections. Does this relate
to density variation of the LGC? Or does it represent some older rock trapped by later
granite intrusion (xenoliths)? A probable geological interpretation could be that the
older LGC was uplifted to swrface with a wider areal extent than it is now, and was
then intruded by the Cartier Batholith. The layer between the LGC /Cartier contact
and the major shear zone or fault R2 appears to be the margin of the intrusion,
and thus contains some trapped xenoliths of the LGC, which generate locally strong

reflections.

The major fault or shear zone R2 should be investigated further and verified on sur-
face by detailed field mapping. From a recent geological study, Card (1994) reported
that there were two major ductile shear zones, or deformation zones, identified to
the northwest of Sudbury. Figure 8.1 shows the schematic geological map prepared
by Card (1994). The Benny deformation zone is located near the Cartier Batholith
- Benny Greenstone Belt, and the other is found near the contact between the LGC
and Cartier Batholith and it is called the Pumphouse Creek deformation zone. How-
ever the surface expression of R2 is a few kilometers north of the Pumphouse Creek

deformation zone.
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Figure 8.1: Geological map in the northwest of the Sudbury Basin after Card (1994).
Three deformation zones are identified. The seismic reflection line 42 is also marked
as a solid line in the figure.
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8.3 Summary of the Theoretical Studies - the
Wavelet Transform and the Time Varying Cross-
dip Correction

To improve the quality of reflection images, two advanced seismic reflection data
processing techniques were investigated theoretically and the algorithms were de-
veloped for seismic data processing applications. These new techniques were very
successtul with test data, and they played key roles in enhancing the reflection image
of the LITHOPROBE seismic line 42 data. The results of the theoretical investigation

may be summarized as follows:

1. The time varying cross-dip correction, a non-traditional processing technique, is
avery effective technique for focusing reflection energy, especially for crooked line with
complicated structures. By means of the cross-dip ray parameter analysis through
slant stack scans, the optimum cross-dip ray parameters can be estimated and applied
to the data for subsequent cross-dip corrections. The technique is flexible and appli-
cable to data sets from various complex geological structures with consistent and Jor
inconsistent cross-dips at varying depths. It not only greatly enhances the seismic
image, but also provides additional cross-dip information on the dipping reflectors for

the final interpretation.

2. The wavelet transform (WT) is an advanced signal processing technique devel-
oped recently. By localizing information in the time and frequency spaces simulta-
neously, the WT provides a potentially powerful technique for seismic data analysis
and processing. Successful application of the WT very much depends on the se-

lection of the mother wavelet, from which a basis function can be constructed for
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signal decomposition. There are two types of wavelet functions: orthogonal and
non-orthogonal wavelet functions, thus the algorithms of the wavelet transform vary.
The popularly developed wavelet functions are orthonormal and compactly support-
ed, but do not have a finite impulse response and linear phase. For applications in
exploration seismology, these properties are undesirable, especially when subsequent
complex processing is required. Compactly supported non-orthogonal wavelets do
not cause phase distortion after the transform, and thus provide a better choice for

scismic data processing application.

3. Test application of the new WT approach in seismic data processing has proved
that the WT technique is an effective method for removing coherent noise, such as
ground roll. Since the ground roll noise has time and frequency characteristics that are
cistinet from the desired signals, it can be suppressed effectively through weighting
of information content during the inverse WT. The method has also proved superior
to the conventional f — k filtering method (Figures 7.11 and 7.12). The WT can
also be applied to detect hidden reflectors which are not discernible casily due to its

capability of localizing information in both time and frequency spaces.

8.4 Regional Structure from the High Resolution
Refraction

Since the number of available seismic profiles across the Sudbury Structure is very
limited, the high resolution refraction data were preliminarily processed and described
in the appendix B. Based on the ray tracing modeling of the high-resolution refraction

data, a preliminary regional subsurface structure for the Sudbury Basin and the

e
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surrounding area was obtained. It can be summarized as follows:

1. The refraction data interpretation being presented here is a preliminary result
from the forward modeling, and no attempts were made for detailed velocity inversion

processing.

2. Preliminary structural and velocity models along a northwest-southeast direction
(line AB) and approximately west-east direction (line XY) crossing the the Sudbury
Structure and the surrounding area were obtained by using C‘erveny’s two point dy-
namic ray tracing algorithm, which can handle both 2-D and 3-D laterally varying
structures. The major structural units and velocity distribution in the area are out-
lined in the models shown in Figures B.11 and B.15. The computed travel times based
on the preliminary models fit well with most observed refraction sections, which in-
dicates that the preliminary model represents the major geological structures of the

study area.

3. The first arrivals from the Moho discontinuity can be clearly identified from the
refraction sections for the shots on the south side of the line AB, but they appear
to be interrupted by dipping structures of the GFTZ and Britt domain for the shots
on the north side of the line. However, the clearly observable wide-angle reflections
from the Moho provide additional information. The results of modeling indicate
that the Moho discontinuity is located at a depth of approximately 37 km in the
Superior Province, north of the Sudbury Structure, and it is slightly dipping towards
the southeast. When approaching the Grenville Province the Moho becomes as deep
as 44 km. The velocity at the Moho discontinuity gradually varies from 8.06 to 8.24

km/s. The intermediate crustal discontinuity which produces pronounced refraction
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waves is located at the depth of approximately 17-19 km.

4. There are a large numbers of shallow wide-angle reflections in the southern
portion of the refraction sections. Four such events are interpreted as arising from
the GF'TZ and Britt domain dipping structures with approximate dip angles of 22.0°
tor the Grenville Front and 8°—15° for the remaining three reflectors. This is similar to
the structural model obtained from the GLIMPCE refraction line J (Epili and Mereu,
1991). The GLIMPCE line J crosses the eastern boundary between the Southern and
Grenville Provinces, which is shown in Figure B.1 and the crustal model of Epili and
Mereu (1991) is shown in Figure B.3. The width of the GFTZ ranges from 34 to 40

km (at the surface it is 34 km) when projected onto the line AB.

5. The Sudbwry Structure, located at the center of the Sudbury cross-array refrac-
tion lines, was modeled with a high velocity rhomboid-like block underlying near-
surface slightly lower velocity media. The high velocity block was invoked by the
near surface shallow strong reflections observed in several shots of line AB data (see
Figures B.5a, B.6a, B.7a, B.8a), despite the shallow reflections appear not obviously
observable in every shot of line XY data (without this high velocity block, the in ad-
vance arrivals of the near surface event can not be interpretated). The high velocity
block has a length of about 35 km in the northwest-southeast direction and a width
of approximately 80 km in the west-east direction. The block is dipping slightly to-
ward southeast and lies at a depth range of approximately 4.5 km to 11.0 km (see
Figures B.11 and B.15). Above the high velocity block the velocity varies from 5.9
km/s at the surface to 6.2 km/s at the top of the high velocity block boundary. This
velocity is lower than in the surrounding area, which has the velocity of about 6.1

km /s near the surface. The average velocity within the Sudbury high velocity block
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is 6.45 km /s. For the shot points located on both sides of this Sudbury high velocity
block, the results of ray tracing fit very well with the observed travel times in each
refraction section (see Figures B.6a, B.7a and B.8a).

The seismic velocity values for the new crustal model are compatible with the
velocity and density measurement reported by Salisbury et al. (1994), who indicated
that the SIC norite has a velocity value as high as 6.47 km /s and the LGC is as high
as 6.5 km/s. Considering the average effect of the SIC (granophyre with 6.2 km/s
and gabbro with 6.3 km/s) and the underlying LGC, an average velocity of 6.45 km /s
of the Sudbury high velocity block can reasonably represents the velocity feature of
the structure. The near swface slightly lower velocity distribution in the preliminary
model is also supported by the velocity measurements, which report velocity values
of 5.91 km/s for the Chelmsford greywacke and 5.16 km/s for the Onwatin shale
(Salisbury et al., 1994). The new crustal model is also in agreement with the results
from Sudbury LITHOPROBE reflection lines 41 and 42 (Milkereit et al., 1992: Miao
and Moon, 1993), which suggested that the SIC and the underlying LGC are dipping
southeast, and that the bottom boundary of the LGC is located at a depth range of

6-12 km. This is in the same depth range as the Sudbury high velocity block.

The results obtained in this thesis research are based on the ray tracing forward
modeling approach and optimum traveltime matching between the observed and com-
puted seismic sections for multiple shot data with other geophysical information ob-
tained from previous studies being incorporated as constraints. The results, therefore,
reflect the observed seismic data and are compatible with the geological and geophys-
ical setting defined by the previous studies. However, for a refraction profile with

multiple shots, it is difficult to obtain a perfect match between the calculated and
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observed values using only the forward modeling method. The results are only for
presenting a gross picture of the regional structures in the Sudbury area as it was

initially intented.

Further detailed interpretation has to be carried out with finer structural units such
as observable wide-angle reflection in the northern part of the line AB. A velocity
inversion should be carried out to provide a more accurate velocity model. A 3-D
model can also be derived by combining the present results with the fan shooting

sections.

8.5 An Interpretation Model for the Sudbury Struc-
ture and Surrounding Area.

Based on the information obtained from the high-resolution refraction lines AB
and XY and the reprocessed reflection line 42 along with the interpretation of the
preliminarily processed reflection lines 40 and 41, a more complete structural model

for the Sudbury Structure and the surrounding area can be derived.

Figure 8.2 shows such a model. The Sudbury Structure is located approximately
10 km north of the Grenville Front. A rhomboid-like high velocity zone (“Sudbury
high velocity block”) (90 x 60 km in the model) dipping slightly southeast is located
at 4.5 - 11 km depth range and has an average velocity of approximately 6.45 km /s.
The high velocity norite and gabbro in the SIC and the high density and velocity
LGC underlying the SIC appears to be responsible for this anomalous block. Near
the surface the velocity of the Sudbury Structure, in general, is slightly lower than the

surrounding area, which is probably caused by the sediments of the Whitewater group
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above the SIC. Beneath the Sudbury Structure, the intermediate crustal boundary is
located at an approximately 17-19 km depth range. The depth of the Moho boundary
is about 37 km in the Superior Province, however it increases to 44 km under the
Grenville Province. The Grenville Front is a major intracrustal tectonic boundary
and it has an attitude of about 22° southeast dip along line AB profile. The structural
trends below the GFTZ and the Britt domain dip southeast with dip angles varying
from 87 — 15°. The seismic velocity values in the GFTZ are generally higher than in

the neighboring area to the north.

The detailed structure under the Sudbury Structure can be extended further north
after inclusion of the information from line 42 (see Figure 8.3). The boundary be-
tween the LGC and Cartier Batholith is actually located a couple of kilometers north
of the current location in the compilation map (The exact surface location of this
contact must be verified by detailed field mapping). Unlike the interpretation in the
recent gravity model (McGrath and Broome, 1994) the interface is dipping southeast
at about 32° — 35°. Immediately north of the LGC/Cartier Batholith boundary is
probably a major fault or shear zone, which is located at approximately 7-9 km north
of the boundary and also has an attitude of southeast dip. Further to the north, no

structural trend can bhe traced from the available data.
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Figure 8.2: A schematic diagram of the velocity structure model for the Sudbury area
based on interpretation of the LITHOPROBE seismic refraction and reflection data.
The numbers represent P— wave velocities (km/s).
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8.6 Implication of the Seismic Results Related to
the Origin of the Sudbury Structure

The semi-elliptical map pattern and the original size of the Sudbury Structure have
been the focus of the debate with respect to the origin of the Sudbury Structure for
many years. Advocates of the volcanic origin argue that the Sudbury Basin was never
circular and no corresponding amount of impact melt sheet has been found in the
Sudbury area which can satisfactorily explain the original size of impact crater (Muir,
1984; Peredery, 1984). The SIC was rejected as an impact melt sheet on the grounds
that its volume relative to the size of the crater was in excess of that expected in the

impact event (Dence, 1972; French, 1970).

Recently, Grieve (1991) indicated that by analogy with other terrestrial impact
structures, the spatial distribution of shock features and Huronian cover rocks at the
Sudbury Structure suggest that the transient cavity was in the range of 100 km in
diameter. This places the original diameter of the final structure rim in the range
of the 150-200 km with more circular shape. Theoretical calculation and empirical
relationships indicate that the formation of an impact structure of this size will result
in -10"%%m? of impact melt, more than sufficient to produce a melt body the size of the
present SIC (4 — 8 x 10%.km?) and the Onaping basal member. Thus a self-consistent
argument was proposed which suggests an impact origin for both the Sudbury Strue-
ture and SIC. In reviewing the results from the LITHOPROBE Sudbury project and
other recent studies, Deutsch and Grieve (1994) also concluded that the SIC is a

coherent impact mels.

Nevertheless, by examination of the ERS-1 C-band radar imagery of the Sudbury
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area along with follow-up fieldwork, Lowman (1992) pointed that the North Range
and adjacent Superior Province show no evidence of pervasive compression directed
to the northwest, as would be expected if the structure’s present shape in plan view
resulted from regional deformation. It was therefore concluded that the outline of
the North Range is original (the original final structure rim of the impact crater?
even though he did not directly indicate that), supporting the elliptical crater in-
terpretation (Rousell, 1972). Lowman also suggested that the elliptical shape of the
present structure may be understandable if an obliquely impacting body hit an active
orogenic belt. Its unusual shape should no longer be cited as an argument against an

impact origin (Lowman, 1992).

The line 42 reflection profile extends the subsurface structural image of the Sud-
bury area to an additional 20 km northwest. The results provide further evidence on
the issue of the original dimensions. The reprocessed line 42 profile and interpreted
seismic model (Figures 6.20 and 8.3) show that in spite of weak swface deformation
as mentioned by Lowman (1992), there appears to be significant subsurface struc-
tural deformation outside the North Range, even in Levack township, including the
reflection event R2 (a major fault or shear zone ?) and the adjacent reflection pat-
terns (Figure 6.20). This reflection event has the same southeast dipping attitude as
the main Sudbury structural trends. The surface intersection is fairly close to the
location of final outer rim pointed by Gold (1980) (Figure 8.4). It is about 12-15 km
from the north shore of the Windy Lake, where the line 42 survey line starts (Figures
4.1 and 6.20), and 7-9 km from the LGC/Cartier Batholith contact. This structural
feature might have been caused by an impact event or the Penokean Orogeny. If the

deformation outside the North Range including the newly imaged reflection features
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is impact related, the original size of the impact should be considerably larger than
the present size. Thus the result from this study supports a much larger dimension

of the original crater proposed by Grieve and Deutsch (1991 and 1994).

However, the line 42 seismic profile is not sufficiently long and the geometrical
construction alone can not resolve the problem. The original final outer rim and
shape of the original impact crater are still open for debate. An extension of the
reflection survey across the Cartier Batholith - Benny Greenstone deformation zone
may help to determine the original size of the impact crater. A 3-D tomographic
inversion with fan shots of the refraction lines AB and XY will also be useful and
may provide important information on the subsurface structure in the northwest of

the Sudbury Basin and the surrounding area.
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Chapter 9

Conclusions

Since the discovery of extensive massive sulfide deposits in the Sudbury area in the
late 1800’s, continuous effort has been expended to determine the origin and con-
figuration of this unique geological structure and associated unusually rich mineral
deposits. Even though mapping and extensive drilling at many strategic sites have
provided a much better understanding of the surface geology and stratigraphy of the
structure, the origin of the structure remains enigmatic. Because the geometry of
the Sudbury Structure can be closely tied to its origin, an integrated seismic study
including seismic refraction, reflection and VSP experiments were carried out and
interpreted in this thesis research, which provides valuable information for under-

standing this unique structure.

The high resolution refraction experiment, carried out in 1992 as a part of the
LITHOPROBE AGT Sudbury Transect, explores a cross-array of two profiles that
are approximately 285 km long in NW-SE direction and 170 km long in W-E direction,
which provide major subsurface regional structures for the Sudbury Structure and the

surrounding area. The preliminary results suggest that there exists a “Sudbury high
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velocity block” with an average velocity of 6.45 km/s underlying a slightly low velocity
media with respect to the surrounding regional velocity structures. The SIC norite
and gabbro and the LGC appear to be responsible for this high velocity block, and
the Whitewater sediments may be responsible for the overlying low velocity structure.
The depth of the Moho boundary is about 37 km in the Superior Province but is
as deep as 44 km under the Grenville Province. There is geological evidence that
the Grenville Front overthrusted onto the Southern and Superior Provinces with a
southeast dip of about 22° near the Sudbury Structure. Further to the southeast, in
the Grenville Front Tectonic Zone and Britt Domain of the Grenville Province, three
southeast dipping structures are founded which appear to be responsible for the wide

angle reflections (Figures B.9 and B.10).

Carefully designed traditional processing steps combined with advanced data pro-
cessing techniques developed in this research has dramatically enhanced the seismic
image of the Sudbury Transect line 42 regional reflection profile. With application
of the time varying cross-dip correction, which greatly focuses reflection energy in
complicated geological environments and the new wavelet transform approach, which
effectively removed the ground roll noise, the reprocessed Sudbury regional reflection
line 42 data successfully extends the reflection image of the Sudbury area to about 20
km further northwest. The profile has revealed the subsurface structural relationship
between the LGC and the adjacent Cartier Batholith. The results indicate that the
contact between the LGC and Cartier Batholith is actually a couple of kilometers
north of the current position in the geological compilation map. It dips southeast in
parallel with the general structural trend of the main Sudbury Structure. The LGC

is about 5-8 km thick and has a relatively high velocity and density. Immediately
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north of the LGC is the Cartier granite, which has a lower seismic velocity and is
interrupted by a major fault or shear zone dipping southeast. The major fault or
shear zone imaged in the north of LGC suggests that the structural deformation in
the subswiface is stronger than the surface expressions, thus it partially supports a
much larger original diameter of the final structure rim proposed by Grieve et al.

(1991).

The time-varying cross-dip correction technique developed here is a very efficient
method for focusing the seismic reflection energy in the complicated geological struc-
tures and crooked survey lines. It not only greatly enhances the seismic image, but
also provides additional cross-dip information on the dipping reflectors for the final in-
terpretation. The new signal processing technique, the wavelet transform, has proven
to be a specially powerful technique for time-frequency analysis. The development
carried out in the research for this thesis on the application of the wavelet transform
should find wide applications in the future in seismic data processing and other signal
processing fields. Further work on application of the wavelet transform, such as de-
tection of nonstationary signals and laminate structures and suppression of coherent

noises etc, should be continued in the future.

The VSP technique can play an important and complementary role in bridging the
observational gap between surface seismic reflections and well-log surveys. The multi-
offset VSP experiment carried out as part of this research has demonstrated that the
integrated seismic study is useful not only in the interpretation of the shallow struc-
tural geological attitudes but also in accurate correlation of the reflecting interfaces
with local lithological formations. The results indicate that the contacts between the

Chelmsford and Onwatin formations and between the Onwatin and Onaping forma-
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tions are respectively located at 380 m and 1240 m depths in the center of the basin.
The hodogram analysis of the VSP data provides independent evidence for the dip-
ping attitude of the Chelmsford/Onwatin contact. Correlation of the VSP velocity
analysis with the well-log data suggests an average P— wave velocity of 5.99 km /s
for the Chelmsford greywacke, which is consistent with the velocity measurement in

the laboratory from the drill core samples.

Most of the VSP data processing and interpretation techniques developed and im-
plemented in this thesis research, such as the horizontal component rotation, travel
time inversion for velocity analysis, combination of the hyperbolic filter with the
Radon transform for wavefield separation the VSP-CDP transform, and particle mo-
tion hodogram analysis for estimating reflector dips are very effective. They should be

very useful for processings of other VSP data sets from the crystalline rock terranes.

The results from this integrated seismic investigation of the Sudbury Structure
have been very encouraging, and suggest that integrated seismic experiments can
be very useful in exploring complicated geological structures such as the Sudbury
Basin. It can provide both regional and detailed subsurface structures and help one
to understand the origin and paleo-setting of the structures. The results of this thesis
research suggest that application of seismic techniques in the mining area can be as

effective and useful as in petroleum exploration.
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Appendix A

Logistic Lay-out of the Seismic
Data Processing System

The VSP data were processed utilizing mostly the main frame computer IBM 3090-
200E. The reflection line 42 data were processed using the IT& A’s INSIGHT software
along with the in-house developed software at the University of Manitoba (see Chapter
6 and 7) and plotted utilizing the LSPF plotting facilities. The refraction data were
processed at University of Manitoba using the in-house developed software and the
progrzuns provided by Dr. Bob Mereu at the University of West Ontario (see Chapter

4 and Appendix B).
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Figure A.1: Seismic data processing system lay-out.



Appendix B

High Resolution Seismic
Refraction Data Processing and
Ray Tracing Modeling.

Even though the author has fully participated in all the phases of refraction exper-
iment including line scouting, GPS surveying, and field data acquisition, processing
and interpretation of the refraction data carried out here are limited to preliminary
level because there is already a large amount of research work involved in this the-
sis research and limited time. The purpose of including the preliminary results in
this appendix is to provide a complementally picture of the Sudbury Structure along
with other seismic data interpretation. Only the in-line shot data will be discussed
and preliminary models will be presented based on the forward ray tracing seismic

modeling and interpreted with other results.
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B.1 Objectives, Target Refractors and Reflectors
of the Experiment

The high resolution refraction seismic experiment conducted in the Sudbury region
(lines AB and XY see Figure 4.5) was planned and aimed at exploration of the crustal
structure of the Sudbury Basin and the surrounding area and study of the structural

relationship between the Sudbury Structure and the Grenville Front.

The 1992 LITHOPROBE Sudbury refraction line AB, from northwest to southeast,
traverses the Abitibi subprovince in the Superior Province, the Sudbury Structure,
the Huronian group in the Southern Province, and the Grenville Front Tectonic Zone
(GFTZ) and Britt Domain in the Grenville Province. The refraction line XY traverses
the Sudbury Structure and the Huronian group in an approximate west-east direction.
In the northwest, the Abitibi subprovince represents the latest and youngest of the late
Archean plutonic granite-greenstone terranes to be accreted in the Superior Province.
The Sudbury Structure, in the center of the refraction survey lines (Sudbury cross), is
one of the primary targets of the survey (Figure 4.5). It produced significant reflection
events in the earlier 1990’s LITHOPROBE Sudbury reflection profiles (Milkereit et
al., 1992; Miao and Moon 1993 and 1994). The SIC, which contains high velocity
rocks such as the gabbro and norite, and the Levack Gneiss Complex (LGC), which
has relatively high density and velocity values (Salisbury el. at., 1994; McGrath,
1994), can be good reflectors and refractors. The structural relationship between the
SIC and the intermediate crustal boundary can also be investigated by means of the

high resolution refraction survey.

To the southeast of the Sudbury Basin, the GFTZ is approximately 30 km wide
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and superimposed upon earlier structures such as the Southern, Superior, and Nain
provinces (Lumbers, 1978). It separates the high-grade metamorphic rocks of the
Grenville Province from the low-grade metamorphic rocks of the Superior Province
to the northwest and the Southern Province to the southwest. The region is in general
characterized by ductile deformation and mylonite zones with foliation and layering
aligned parallel to the GF. In other words, it is represented by a series of southeast
dipping stacked crustal sheets (Gibb et al., 1983). The Britt domain of the Central
Gueiss Belt in the Grenville Province (Davidson and Morgan, 1980; Davidson, 1984) is
characterized by quartz feldspathic gneisses of both supracructal and plutonic origin,
deformed together and metamorphosed to middle and upper amphibolite facies along

with local migmatite formation.

The GFTZ appears to have a profound effect on the nature of the reflector patterns
according to the GLIMPCE (Great Lakes International Multidisciplinary Program)
seismic reflection and refraction studies (Behrendt et al., 1988, 1989, and 1990; Green
et al. 1988, 1989, 1990, Milkereit et al., 1990) (see Figure B.1 for locations of the
GLIMPCE reflection and refraction lines). These reflectors are also well imaged in
the wide-angle migrated reflection profiles (Figure B.2). The line J refraction sections
of the GLIMPCE experiments show that the GFTZ is composed of bands of reflectors
dipping with angles of 20° - 35° extending to the lower crust. The Britt domain is
generally represented as shallow southeast dipping reflectors (Epili and Mereu, 1991).
Figure B.3 shows the velocity structure model obtained from the line J refraction
survey. Seismic data from other lines crossing the GF to the east in Quebec provide
evidence for a 5 to 10 km depression in the Moho along the GFTZ (Mereu and Jobidon,

1971; Berry and Fuchs, 1973; Mereu et al., 1986). All these reflectors and refractors
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and their extensions were the potential targets of the 1992 refraction seismic survey.

B.2 Seismic Refraction Data Processing

The original data received at the University of Manitoba were stored in a SEC-Y
formatted tape. They were extracted from an exabyte tape and copied on the hard
disk by using a FORTRAN program kindly provided by Professor B. Mereu of the
University of Western Ontario. The data were converted to the IT& A INSIGHT
format by a program developed in this research. The INSIGHT software wwas then
utilized for screen display, trace edit, and time domain filtering. Other processing
steps including time correction, offset and azimuth information manipulation, and
reduced time plotting were all implemented using the programs developed in this

thesis research.
B.2.1 Time Correction and Filtering

The time errors of the seismic field data come mainly from two sources. One is
shot time errors, which were corrected hefore the data were distributed. Another is
the seismograph clock errors. The information about these errors was stored in the
SEG-Y header files. Hence the clock service errors were corrected on all the traces

after the data sets were received.

The raw data traces were contaminated with various types of noise. In order to
interpret the observed data effectively, a series of processing steps were applied to

improve the S/N ratio. The following steps were carried out in order to create the
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final recording sections for interpretation, which include bandpass filtering, automatic
gain control (AGC), median filtering, and spectral balance. A bandpass filter with a
pass band from 8 to 35 Hz was applied to the data and a median filter was used for the
data to remove high-frequency electric-storm noise. The gain-control processing with
a 0.8 s time window effectively suppressed the strong air-wave noise in the near shot
traces and enhanced the subsequent reflection events which were often overwhelmed
in the coda phases of the air wave noise. Subsequently spectral balance with a sliding
window of 0.5 s was applied to the data to further enhance refraction and reflection
signals. Figure B.4 shows a comparison of the data before and after the processings.
It is obvious that the strong air-waves and electric storm noises are suppressed after

the processing.

B.2.2 Data Display

The original data were recorded in a -5 to 55 s time window and were reduced to the
¢t — /8.0 time section. To observe both intermediate and Moho boundary refractions
more clearly, the data were converted to the reduced time sections of ¢ — x/6.8.
The offset distances and azimuthes between the sources and receivers were calculated
from the latitude and longitude information stored in the original SEG-Y header files.
The plotting routine was developed for a SUN Sparc workstation and the data were
plotted on a 400*600 resolution HP laser printer. The processed, trace-equalized,

seismic refraction sections are plotted and shown in the Appendix C.

The data from line AB shows significant Moho reflections (see the hyperbola-like

curves in Figures C.1 and C.3. There are also clearly observable reflections, mostly
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very shallow events, which intersect the surface (Figures C.4 and C.6). They are
probably related to the Sudbury Structure and the dipping structures associated with
the GFTZ. The head wave arrivals from the Moho boundary can be identified from
the shots in the southern part of the line (see shots ab9 and abl0 sections (Figures
C.9 and C.10)). However, they are not sufficiently clear to be identified from the
shots in the northern part of the profile, which have been probably disturbed by the

GFTZ’s dipping interfaces.
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Figure B.1: Location of the 1986 GLIMPCE refraction seismic experiment. Line J
traverses from the Britt domain, the GFTZ, and to the Southern Province (Epili and

Mereu, 1991). The relative location of the Sudbury Structure is shown with respect
to the regional tectonic setting.
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Figure B.2: The f — k migrated seismic wide-angle reflection data of the eastern
part of the GLIMPCE seismic marine profile J across the Grenville Front Tectonic
Zone (GFTZ) and interior of the Grenville Orogen in Lake Huron/Georgian Bay.
After Green et al. (1990). Note the steep dipping reflectors in the GFTZ and Britt
Domain.
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Figure B.3: Seismic P— wave velocity model showing the schematic geological struc-
ture below the GLIMPCE line J (Epili and Mereu, 1991). V represents velocity and
o represents Poisson’s ratio.
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Line XY is not long enough to record Moho refraction events as the first arrival
signals. However, refractions from the intermediate crustal discontinuity are observ-
able. There are also significant reflections at shallow depths in the line XY records,

which are probably related to the Sudbury Structure (Figures C.13 and C.15).
B.3 Ray Tracing and Seismic Modeling

There are several published ray tracing programs. The (u)ervenj;"s ray tracing pro-
gram ((u]erveny 1985 and 1989; éerven}’f and Psenéik, 1984; Cferven}’f and Ravindra,
1971) is one of the most effective programs and can handle both 2-D and 3-D inhomo-
geneous media and generate realistic ray tracing as well as synthetic seismograms. It
was thus utilized in this thesis for ray tracing and seismic modeling for interpretation

of the Sudbury refraction data.

B.3.1 éerveny’s Ray Tracing Algorithm

(V;'erven}’f’s ray tracing algorithm is a two-point dynamic ray tracing approach (C‘ervenjf
and Psencik, 1984). The wave field generated by a line or a point source situated in
a 2-D laterally varying layered structure is computed as a superposition of elemen-
tary waves (reflected, refracted, converted, etc), which correspond to the zero-order
approximation of the ray method. The source time function has a form of a harmonic

carrier modulated by a Gaussian envelope:

F(t) = exp(—(wt/v)*)cos(wt + 1),
where ¢ is time, w is angular frequency, v and 7 denote the parameters of the source-

time function. With a proper choice of these parameters it is possible to simulate
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a broad variety of wavelets which are close to the observed data in seismology and
seismic prospecting. The two-point ray tracing (i.e. determination of rays which
arrive at specified receiver positions along the Earth’s surface) is performed by a
modified shooting method and the rays are determined by the initial value (Cauchy)

ray tracing. The ray tracing equations have the forms:
- A S — _.— 15
daj/dr = v°p;, dp;/dT = —v™ Ov/dz;,

where 7 is the travel time along the ray, 2-; and p; are the Cartesian coordinates and
the components of the slowness vector along the ray respectively, v is the propagation
velocity. The equation system is solved using the Runge-IKutta method. The geomet-
rical spreading is determined by solving a system of two linear ordinary differential
equations of the first order (so called dynamic ray tracing) by a modified Euler’s

method.

The algorithm can deal with various interfaces and laterally varying velocity struc-
tures, which include vanishing layers, block structures, fractures, and isolated bodies.
The interfaces and velocity distribution are approximated by a cubic spline interpo-

lation.

B.3.2 A Preliminary Model for the Line AB Shots

Using Cerveny’s program, ray tracing was performed for lines AB and XY refraction
data. For line AB data, a starting model consistent with the geology of the area was
first determined from analysis of the first arrivals and the information from other
refraction line studies across the area (GLIMPCE line J (Epili and Mereu, 1991)).

For a modeling procedure, rays were traced from the source to the surface, and a
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comparison was made between the (:ompu‘tved and observed travel times. Adjustments
were then made to the velocity values and/or the boundary positions until a good
fit was achieved between all the computed and observed data. The results of the ray
tracing are shown in Figures B.5, B.6, B.7, B.8, B.9, and B.10 for the shots ab0,
ab2, ab3, ab6, ab9, and ab10 respectively. The computed travel times were overlaid
on the processed sections to show how well the computed values match with the
observed data, which are shown in Figures B.5a, B.6a, B.7a, B.8a, B.9a, and B.10a.
The corresponding seismic rays and the model interfaces are shown respectively in

Figures B.5b, B.6Db, B.7b, B.8b, B.9b and B.10bh.

Shots ab0, ab2, ah3 were located at the northern side of the Sudbury Structure
(see Figure 3.2), the Sudbury Structure appears to produce clear effects in these
refraction sections. By inspecting the recorded data section of the shot ab0 (Figure
C.1), one may notice there is a strong near surface reflection at receiving distance
of approximately 100 kim. This event can also be traced in the adjacent shots, the
shots ab2 and ab3, in which case the strong events appears at receiving distances of
approximately 60 km and 40 km respectively (Figures C.3 and C.4). For the records
with the shots on the south side of the Sudbury Structure (see Figure C.6), this strong
near surface reflection can also be traced. It appears in the right side of the shot ab6
data section at an approximate receiving distance of 20-45 k. This strong amplitude
event can be generated by the near surface high velocity structure. In the preliminary
model (Figure B.11) for the line AB, a rhombus block with a slight higher velocity
(v=6.45 km/s) was used to simulate this structure. The computed travel times fit
well with the observed data (see Figures B.5a, B.6a, B.7a, and B.8a). This structure

may be related to the SIC rocks of the norite or gabbro and/or the high density LGC
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which underlies the SIC and has a density of 2.77 g/cm?® and velocity of 6.5”km/ S
based on the most recent result of gravity modeling (McGrath, 1994) and velocity

measurement (Salishury et al., 1994).

For the shots at the southern end of the line (shots ab9 and abl10), the p, phases
are very complex and appear to have a ‘shingle-like’ pattern (Mereu, 1990) up to a
distance of 110 kin (Figures C.9 and C.10). A large number of hyperbola-like curves in
the record sections show that the wide-angle reflections dominate these sections. The
dipping structure of the GFTZ and Britt domain must be responsible for ‘shingle-like’
patterns. In the preliminary model (Figure B.11), four dipping reflectors with dipping
angles ranging from approximately 8° to 22° simulate the GFTZ and Britt domain
with a very good fit corresponding between the computed and observed travel times.
The results are shown in Figures B.9a and B.10a. The reflections with ‘shinge-like’
patterns were also observed in the eastern stations of the GLIMPCE refraction line
J where they were interpreted as arising from the dipping reflectors below the GFTZ

and Britt domain (Epili and Mereu, 1991).

Thus a preliminary model with velocity parameters and structural boundaries was
finally obtained for line AB profile and shown in Figure B.11. The results show that
the Moho boundary is about 37 km deep at the northern end of the line, and it
reaches a depth of 44 km at the southern end of the line. The intermediate crustal
interface is about 17 to 19 km deep and it is interrupted at the GFTZ. The shallow
high velocity structure related to the Sudbury Structure is located at about 4.5 to 7
km depths with a velocity contrast to the surrounding medium of approximately 0.25
km/s. The velocity above the Sudbury high velocity lens is slightly lower than the

surrounding medium.
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Figure B.5: (a) Sudbury line AB refraction section from the shot ab0, overlaid with
the theoretically computed travel times represented by the open circles; (b) the cor-
responding structural interfaces and the seismic ray plots.
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Figure B.7: (a) Sudbury line AB refraction section from the shot ab3, overlaid with
the theoretically computed travel times represented by the open circles; (b) the cor-
responding structural interfaces and the seismic ray plots.
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responding structural interfaces and the seismic ray plots.

6.0

4.0
T-X/6.8 (s)

2.0

0.0

Depth (km)



20.0

: =
% 5- i‘il ‘ i | &
e i
| Ht; i
M R |
Do s s s o8 8§ o5 8§ & 3% 3
| | | | | i Ta ’ ’ D:stance :ka) ’ ; N ’
Distance (km) 100.0 200.0 300.0
\ | 0.0
7 ///;'//l/‘/l/i/l’/ i W%%//
il ///ﬁ%//////
777777 /) )
L Y
TR ///////;///// )

b

Figure B.9: (a) Sudbury line AB refraction section from the shot ab9, overlaid with
the theoretically computed travel times represented by the open circles; (b) the cor-
responding structural interfaces and the seismic ray plots.
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Figure B.10: (a) Sudbury line AB refraction section from the shot abl0, overlaid
with the theoretically computed travel times represented by the open circles; (b) the
corresponding structural interfaces and the seismic ray plots.
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It is not surprisiﬁé that the average effect of the SIC and the LGC is similar to a
high velocity block, since the structures are bounded to the south and east by the
Huronain sedimentary group rocks, which have a lower density of about 2.70 g/ em3,
and to the north and northwest by the Archean granite-greenstone belt with an even
lower density of 2.65 g/em?. The GFTZ and the Britt domain were modeled as four

southeast dipping reflectors in this preliminary interpretation model.
B.3.3 A Preliminary Model for the Line XY Shots

The starting model for line XY profile was generated by analyzing the first arrivals
and the information obtained from line AB. The same ray tracing method was used
to model the structural profile along line XY. The geological cross-section along the
line XY is parallel to the GFTZ and the starting model is simpler than that of the
line AB. The results of the theoretically computed travel times are also overlaid on
the observed refraction data sections and shown in Figures B.12a, B.13a and B.14a
respectively for shots xy1, xy2, and xy5. The corresponding seismic ray plots are
shown in Figures B.12b, B.13b, and B.14b. A shallow strong reflection event can
again be clearly seen in the shot xy2 records (Figure B.13a), and it can also be traced
in the shot xyb records (Figure B.14a). This event is probably related to the high
velocity structures associated with the SIC norite and/or the LGC underlying the

SIC, as mentioned in the previous section.

The preliminary model is finally obtained based on the results of ray tracing mod-
eling and is shown in Figures B.11 and B.15. It shows that the Moho discontinuity

is about 37 km deep along the line. The intermediate crustal interface has depth
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ranging approximately from 17 to 19 km (Figures B.11 and B.15). A lenticular block
of about 70 km length along the line with a high velocity of 6.45 km /s located at the
depth ranging 7-11 ki simulates the shallow reflection event with a good fit between
the computed and observed travel times (see Figure B.12a and B.14a). Overlaying on
this high velocity block is a slightly lower velocity zone with a velocity variation from
5.9 to 6.2 km. This lenticular sheet like block appears to be related to the Sudbury
Structure as mentioned in the interpretation of line AB data, but it requires further
investigation. Geological interpretation of this velocity block will have significant

impact on the formation hypothesis of the Sudbury Structure.
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Figure B.13: (a) Sudbury line XY refraction section from the shot xy2, overlaid
with the theoretically computed travel times represented by the open circles; (b) the
corresponding structural interfaces and the seismic ray plots.
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Appendix C

Preliminarily Processed 1992
AGT Refraction Seismic Sections

Plots of the preliminarily processed 1992 LITHOPROBE Abitibi-Grenville Transec-
t Sudbury sub-transect high resolution refraction in-line data are presented in the
following pages. These plots were created with a reducing velocity of 6.8 km/s af-
ter bad-trace editing, bandpass filtering, AGC, median filtering, and spectral balance
processings. The coincident shots abb and xy3 were canceled prior to actual recording

due to local safety concerns.
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Figure C.6 Refraction section for the shot ab6 of the line AB.
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Figure C.7 Refraction section for the shot ab7 of the line AB.
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Figure C.11 Refraction section for the shot xy0 of the line XY.
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Figure C.13 Refraction section for the shot xy2 of the line XY.
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Figure C.14

Refraction section for the shot xy4 of the line XY.
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Figure C.15 Refraction section for the shot xy5 of the line XY.
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Appendix D

Notes on the ERS-1 C-SAR Image

Processing

The Synthetic Aperture Radar (SAR) C-band data collected on board the Earth
Resource Satellite (ERS-1) were obtained from Canada Center for Remote Sensing.
The ERS-1 was launched in 1991 by the European Space Agency for earth observation
purposes. The Sudbury Basin was chosen as one of the scientific verification sites by
the Buropean Space Agency and a number of airborne and ground truth surveys were
carried out. The VV polarized SAR antenna orbit the Earth at an altitude of 785 km
with an inclination of 20° SW. Its look direction is right and the ground resolution is

approximately 30 m.

The resolution of the ERS-1 SAR image is much higher than that of many avail-
able airborne geophysical data. When interpreting them together, the space-borne
SAR data has to be processed including resampling, enhancing through histogram e-
qualization, and geometrical registration to corrected airborne geophysical data. The

detailed processing steps are described in the following.
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D.1 Preliminary Processing of the SAR

The processing of the SAR image includes geometric correction and histogram en-
hancement. To register the SAR image to the airborne geophysical images, the con-
trol points have to be selected from both images. Since there may be distortions
and vagueness of geographic symbols in the geophysical data images, the UTM topo-
graphic map with which the airborne geophysical images were registered was used as
the master image for the geometric correction.

The control points were selected from three lakes with reasonable distribution. After
standard deviation analysis, 10 out of 12 sample points were used to establish a second

order polynomial transform.

The form of polynomial transform is:
2 2
¥ = ag+ ajx + asy + azr® + auxy + asy”

Y = by + by + Doy + b3 + buxy + bsy®

where the parameters of transform are listed in Table D.1.

Table D.1: Parameters of the Polynomial Transform

ap 04991 x 10> by  0.1611 x 10°
a; 05448 x 10° b;  0.1286 x 10°
a; —0.3103 x 10° b,  0.1161 x 10°
as 0.2093 x 1073 b3 —0.6091 x 10~*
ay 02176 x 10-3 by —0.2227x 1073
as 0.2182x 10—-3 b5 —0.3636 x 1073
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Based on the above polynomial coordinate transform, the SAR data was tied to the

airborne data with exact spatial locations.

The SAR image was also histogram equalized and stretched to adjust the brightness
of the image in order to overlay it with the other airborne geophysical images for
later interpretation (Figure D.1). The image processing task was carried out using

the image processing software KHOROS which was installed in a SUN workstation.

Figure D.1: The overlaid image of the airborne EM quadrature and magnetic data

(see Table 1.1) with the ERS-1 SAR data over the northwest portion of the Sudbury
Basin.



Appendix E

Notes on Removal of the

Man-made Noise from the
Airborne EM Data

A set of multi-parameter airborne geophysical data were provided by the Geological
Survey of Canada, and include VLF (very low frequency) EM total field and quadra-
ture data, 7y ray spectrometer data, and total field magnetic data. The airborne
VLF data provides good reliable information for mapping mafic dikes and they were
utilized in this research. For this particular airborne survey, the receiver coils were
tuned to the station NAA at Culter, Maine, U.S.A., which transmits radio signals at
24.0 KHz. The airborne radiometric measurements were made using a 256 channel
spectrometer with twelve 102 x 102 x 406 mm Nal (T1) detectors. The actual airborne
surveys were flown in 1989 at an elevation of 125 m at 190 kn/h speed and a flight
line spacing of 1000 m. The data were sampled at one second intervals with a ground

cell resolution of approximately 100 m.

The airborne data were all compiled, registered, and geometrically corrected to

the UTM topographic base map (Singh et al., 1993). However, the airborne EM
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raw data contained numerous linear features (see Figure E.1), some of which are
associated with the subsurface geological conductors. Some of them are, however,
associated with surface or near surface man-made conductors such as power lines and
railroads, which contaminates the original images. Thus preliminary processing steps

were taken to verify and remove man-made noise.

Figure E.1: The original image of the EM quadrature data.

The following image processing techniques were employed to remove man-made

power line and railroad noise:

(1) Identification of the power line and railroad images and geometrically registra-

tion to the EM Quadrature image;

(2) Feature enhancement of the power lines and railroads on the EM image.
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(3) Smoothing process to remove the noise.

The ARIES-II image analysis system, which was connected with VAX—11/750 com-

puter system was utilized for this steps.
E.1 Geometric Correction and Registration

As mentioned earlier, some of the linear features may created by the man-made
structures such as power lines and railroads. To verify this the power lines and
railvoads were digitized from a 1 : 500, 000 geological map (Dressler, 1984). Part of
three lakes in the area were also digitized in order to use them as tie points for later
correlation. The geometric correction was carried out as described in the SAR image
processing section (Appendix D). Then the coordinate transformed power lines and

railroads were overlaid on the EM Quadrature data, which is shown in Figure E.2.
E.1.1 Feature Enhancement of Power Lines

The objectives of image enhancement is to extract those features possibly caused by
the power lines. Inspection of the EM Quadrature image of the Sudbury area indicates
that the Sudbury central basin was electrically quiet and nearly free of anomalies.
The Whitewater sedimentary formations have very low magnetic susceptibility and
electrical conductivity. However the central basin was surrounded by complicated
linear structures. It was thus relatively easy to identify the linear features in the
central ellipsoidal basin. Therefore the main target of enhancement was focused on
extraction of the linear features in the central basin.

(a) Directional line detection

o



Figure E.2: The overlaid image of the geometric correction power lines and railroads
on the EM Quadrature data. Power line is black, and railroad is blue.

Two 5 x 5 directional gradient filters were designed and applied to the data. One
is for detection of the north-south oriented lines and other is for the northwesterly

oriented lines:

1 10 -1 -1
1 50 =5 -1
Giertical = 5 5 0 =5 -5
1 5 0 -5 -1
110 -1 —1
o -1 -1 -1 -1
1 0 -5 -5 -1
G;orthwest ~ 1 ) 0 =g =]
I & ) 0 -1
1 5 ) H 0

(b) Thresholding
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Following the direction detection thresholding operation was implemented through
an intensity conversion of the grey levels to a binary image in order to strengthen the

effect of the power lines and railroads.

The power lines were then overlaid on the thresholded image to sce whether some
of the linear features are related to the power line and railroad noises. The results
have shown that the enhanced linear features in central basin in the EM image were
consistent with the power lines, and the ouly exception was a horizontal line which
could be a new power line that was not shown in the 1984 geological map. Thus

removal of these linear features related to man-made noise was conducted in steps.

E.1.2 Removal of the Power Line and Railroad Noises

The steps designed to remove the noises consist of three steps: first thinning the
image of power lines and railroads, encoding these lines, and then following the chain
codes to smooth out the noises.

(a) Thinning
Encoding a line with several pixel width in a raster image can lead to either a

wrong direction chain code or an algorithmic trap. Thinning is thus a necessary

preprocessing step prior to the encoding steps.

Before carrying out thinning, conversion of the grey level values to binary numbers
has to be done. The basic rules for a contour point P; (see the matrix below) to be

[agged to delete is equivalent to a step of verifying if it satistys:

P, P, P
Py P Py
P, P Bs
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(1). 2 < N(P) <6, where N(P;) is the number of neighborhood points of P; with

value of 1 among the 8 neighbors.

(2). S(p) =1, where S(p) is the number of transition points from 0 to 1 in the

sequence of Py — Py — Py — Ps — P — Pr — Py — Py — DPs.

(3).
Pl‘()(]( P-Zpgp(;) =0
Prod(PyPsPs) =0
Apply the above procedure over the whole image, then replace the principal (3) by
(37,
(39
Prod(IP»PyPs) =0
P'I'O([(PzR;P(g) =0
and repeat these steps for the whole image.
(b) Encoding

The orientation of a curve described in terms of a sequence or “chain” of discrete
descriptors is called curve encoding. The code chain is derived from a neighborhood
matrix with each neighbor coded to correspond to the primitives in the image and

the matrix described below:

3 21
4 % 0
5 6 7

To avoid to fall into an algorithmic trap, the encoding was implemented in four

steps depending on the orientation of the power lines. The first set of lines to be
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encoded \\as oriented north-south and north-west, The direction code 1234 with a
sequence of 2341 was used to make chain codes. The code 4567 with sequence of 4567
was used for second set of lines, the third set of the code with 6701, and the fourth
set 1234 with a sequence of 3421. The method is, however, sensitive to the starting
points. When all of the power lines were encoded, they were saved for subsequent
processing.

(c) Decoding and smoothing

Smoothing was done by a neighborhood averaging method along the chain codes
B . (o)
and a median filter was tested for this propose. Considering the fact that the EM
field generated by the power lines was a symmetric variant field with respect to the
power lines and the visible effects were extend from several pixels to a dozen of pixels.
For each direction code, a 1 X m removal window was selected, and for each removed
? bl

point, a n X n basic smoothing window was applied.

A 9 x 9 smoothing window with a 1 X 9 and a 1 x 11 removal window was tested.
It was found that the global smoothing window size may cause either over-smoothing
or under-smoothing. The size of smoothing window then was adjusted by comparing
the local average value averaging over a convolution range of 1 X 15 removal window
and a N x N basic smoothing window with the pixel average value averaging over
a N x N smooth window. When the difference between the two values exceeded a
threshold value, the smoothing window was enlarged. The threshold value was thus

determined by trial and error.

Figure E.3 is the final image obtained after applying the adjusted smoothing win-

dow. Comparing the original EM image (Figure E.1) with Figure E.3, some improve-
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Figure E.3: The EM quadrature data after smoothing out the power line and railroad
noises

ments are visible. The leftmost and the third power lines in central basin are almost

smoothed.





