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ABSTRACT

Reflection seismic data, acquired across the leading edge of the Alberta Foothills
in the Fallen Timber Creek region, have been processed and interpreted to show
geometries of frontal structures in the Triangle Zone. The Triangle Zone comprises an
antiformal stack of Upper Cretaceous rocks that has been advanced into the foreland
basin between upper and lower detachments. A pop-up structure located east of the
current antiformal stack indicates the presence of layer-parallel shortening in this region
and is interpreted to represent an early stage of the development of a new antiformal
stack.

Seismic modelling shows that later undulating events in the seismic sections is
attributed to lateral velocity variations within the Triangle Zone. Further modelling
analyses indicate that far offsets can be detrimental in stacking. Therefore, the key to
optimally image the Triangle Zone is to use small offsets with small shot intervals in data

acquisition.
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Chapter 1 - INTRODUCTION

1.1 Triangle Zones

Along most of the leading edge of the southern Alberta Foothills thrust and fold
belt, a sequence of east-dipping autochthonous rocks, which marks the western flank of
the Alberta syncline, is juxtaposed against west-dipping strata contained in imbricate
thrust structures. These sequences of opposing dip are underlain by relatively undeformed
rocks of Mesozoic to Paleozoic age that dip very gently to the west. This structural
geometry is illustrated in Figure 1.1 and has been named the "Triangle Zone" by Gordy et
al. (1977) due to its triangular geometry seen in seismic data. Other names have also been
applied to describe this structural style, such as "passive roof duplex" (Banks and
Warburton, 1986) and "front fold" (Dahlstrom, 1970). The Triangle Zone of the Canadian
Rocky Mountains has since been studied by Jones (1982), Teal (1983), McMechan
(1985), Charlesworth and Gagnon (1985), Price (1986), Charlesworth et al. (1987),
MacKay (1991), Skuce et al. (1992), Jones et al. (1992), Sanderson and Spratt (1992),
Hiebert (1992) and Slotboom (1992). It has also been a stereotype of one of the structural
styles observed at the leading edges of thrust and fold belts around the world (Jones,
1982; Banks and Warburton, 1986; Morley, 1986; Vann et al., 1986; Skuce et al., 1992).

In Alberta, the Triangle Zone developed at the eastern margin of the thrust and
fold belt of the Canadian Rocky Mountain Foothills as a result of eastward advancement
of an allochthonous wedge of rocks into the foreland basin (Charlesworth et al., 1987,
Price, 1986). The wedge tapers eastward and is encased between roof and floor thrusts
which Jones (1982) defined as the upper and lower detachments respectively. The
hinterland-verging roof thrust (upper detachment) dips to the east, and is a structural
boundary that separates the autochthonous rocks of Upper Cretaceous to Tertiary age on

its hanging wall from allochthonous rocks in its footwall. The floor thrust or the lower
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3
detachment is a surface common to the entire thrust and fold belt (MacKay, 1991). It

separates allochthonous rocks in its hanging wall from autochthonous rocks in its
footwall. The lower detachment exhibits a staircase geometry, with a ramp oblique to
bedding, that cuts up-section towards the foreland. This ramp is connected with a flat,
parallel to bedding, and merges with the upper detachment at depth. Generally the flats
are in incompetent rocks (i.e., shales) whereas the ramps cut up-section through
competent rocks (i.e., sandstones). The merging between the upper detachment and the
upper flat of the lower detachment forms a frontal tip line of the thrust and fold belt in
this region (Charlesworth and Gagnon, 1985; Morley, 1986). This buried frontal tip line
marks the eastern extremity of the intercutaneous wedge, which migrates eastwards,
along with tectonic delamination of the foreland succession, as the wedge is driven
further into the foreland basin (Price, 1986; Lawton and Spratt, 1991).

Triangle Zones are believed to have formed at the deformation front throughout
the Laramide orogeny (Jones, 1982; Charlesworth and Gagnon, 1985). The continuing
progression of the intercutaneous wedge into the foreland basin causes stress upon the
upper and lower detachments and the wedge will continue advancing and thickening until
a critical point along the lower detachment is approached. At this critical point, a more
external lower detachment surface is formed to accommodate the stress field. The
deactivated part of the lower detachment and strata in its hanging wall are subsequently
incorporated into the intercutaneous wedge and the process is repeated (Charlesworth and
Gagnon, 1985). This continued deformation and incorporation of hanging wall strata into
the wedge gives rise to the deformation of older strata within the intercutaneous wedge,
lengthening of the upper flat of the lower detachment, and steepening of the upper
detachment until a critical taper point is reached, beyond which wedging cannot continue.
Then a new upper detachment develops towards the foreland, along with an abandonment

of the old upper detachment which is passively folded and carried above the stacked



horses. Such a relict upper detachment was found and discussed by MacKay (1991).

Different interpretations regarding the relationship and interaction between the
upper and lower detachments exist. Generally, the lower detachment is interpreted as
being blind and merging with the upper detachment at the eastern edge of the most
external wedge (Jones, 1982; Charlesworth and Gagnon, 1985; McMechan, 1985;
Charlesworth et al., 1987). However, Slotboom (1992) shows that the upper and lower
detachments do not necessarily merge at the frontal tip line of the thrust and fold belt, but
instead shows that they may run parallel along bedding planes of Upper Cretaceous
rocks, and that strain dissipates between them. The work of Skuce et al. (1992)
substantiates this interpretation in that duplexes of Upper Cretaceous rocks in the Edson
region were found to develop in the interval between the upper and lower detachments
further to the east of the Triangle Zone in this area (Figure 1.2). This evidence suggests
the continued interaction between these two fault surfaces beyond the main culmination
of the Triangle Zone. However, in many cases, seismic data show that the lower
detachment may in fact merge with the upper detachment (MacKay, 1991; Jones et al.,
1992; see also section 4.3 in this thesis).

In addition to differing interpretations of the geometry of the Triangle Zone, the
initial geometrical relationship between the upper and lower detachments has as well
been contentious. Jones (1982) proposed that the upper and lower detachments were
initially parallel or sub-parallel, forming along incompetent units, and that the wedge is
developed by slices underthrusting beneath the upper detachment (Figure 1.3). As a result
of the wedging, the upper detachment is passively uplifted, but still remains structurally
in contact with undeformed strata in the foreland. Based on this model, the upper and
lower detachments are in fact the roof and floor thrusts of the duplex structure (Vann et
al., 1986). Charlesworth et al. (1987) argue that the subparallel, synchronous thrusting, as

indicated by Jones, is dynamically unsound on the basis that since the upper and lower
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detachments possess opposite vergence, or sense of displacement, they cannot have
parallel orientations. They assert that the upper and lower detachments must initially form
as conjugate faults, with a dip angle of greater than 30 degrees between the upper
detachment and the highest flat of the lower detachment (Figure 1.4). According to their
hypothetical model, the Triangle Zone has formed in cycles, along with the abandonment
and development of new upper and lower detachments. Some field evidence supports this
model since the upper detachment was found to initiate as a ramp in the Turner Valley
region, southwest of Calgary (MacKay, 1991). In spite of this argument, the Jones model
has been supported by considerable evidence that suggests a model of low-taper geometry
for the eastern flank of Triangle Zones (Skuce et al., 1992; Teal, 1983; McMechan,
1985). In addition, interpretation of seismic data in this thesis (discussed in Chapter 4)
firmly supports the presence of low-taper Triangle Zone geometry since the upper
detachment in this area has a very low dip angle.

In Alberta a large number of seismic surveys have been conducted across the
Triangle Zones since many gas, oil and coal accumulations have been discovered to lie
concealed beneath this structural feature (Skuce et al., 1992; Jones, 1982; Charlesworth et
al., 1987; Jones et al., 1992). However, the shallow geometry of Triangle Zones is often
poorly imaged because most of the acquisition and processing parameters have been
targeted to deeper Mississippian and Devonian carbonate reservoirs. Furthermore, it has
been observed that the quality of seismic data deteriorates considerably in the zones
below the cores of Triangle Zones. This is considered to be a result of chaotic geometry
and complex velocity fields within the Triangle Zone, which lead to severe distortions of
seismic raypaths. As well, the surface topography across the central part of the Triangle
Zones is usually rugged, and is associated with exposed thrusts and near-surface velocity
inversions which further degrade the quality of seismic data.

It is expected that detailed seismic modelling analysis, based on the interpretation
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of high-resolution reflection seismic data, integrated with detailed surface geology, will

provide an insight into the acquisition and processing problems associated with the
Triangle zone and will help constrain the interpretations of the Triangle Zone geometry in

nearby regions.

1.2 Converted Waves (P-SV)

All previous seismic work in the Foothills has been based on compressional (P)
wave data. However, there is now increased emphasis on the generation, detection and
interpretation of shear-wave seismic data to provide additional information about
subsurface lithology and structure. Shear waves are characterized by polarized particle
motion perpendicular to wave propagation direction and can be generated either by the
source or by mode-conversion (McQuillin et al., 1984). In the latter case, shear waves are
generated when a P-wave impinges upon an acoustic impedance boundary at non-normal
incidence (Figure 1.5). This type of shear wave is generally referred to as P-SV and can
be recorded using radial-component geophones (Dobrin and Savit, 1988). Generally, P-
SV data are recorded in conjunction with P-P data. The major application of this
integrated technique is in lithologic and stratigraphic determination via the analysis of
Vp/Vsratio (e.g., Tatham and Stoffa, 1976; Tatham, 1982). In addition, P-SV data are also
used in structural imaging (Lawton and Harrison, 1991).

In this study, P-SV seismic data in a complex structural environment were
evaluated and compared with P-P data by means of seismic modelling analyses. Some
important geometrical aspects and processing procedures of the P-SV data are also

discussed.
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1.3 Objectives and Structure of the Thesis

The major goal of this research project has been to undertake a seismic processing

and interpretation study and a seismic modelling analysis of the Triangle Zone, northwest

of Calgary in the Canadian Rocky Mountain Foothills. The particular objectives that are

addressed in this thesis are:

1)

2)

3)

to delineate the Triangle Zone geometry in this region, with a specific emphasis
on the structural relationship between the upper and lower detachments;

to elucidate the detailed three-dimensional (3-D) geometry of structures present
beneath the east-dipping upper detachment in this region;

to investigate seismic artifacts or velocity anomalies caused by the Triangle Zone
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with respect to the interpretation of deeper horizons, e.g., Mississippian and

Devonian formations which are of exploration interest in western Canada;

4) to determine problems in acquiring and processing seismic data across this
structural feature and provide possible methods to overcome these problems;

5) to evaluate the feasibility and values of using converted shear-wave data (P-SV)
in conjunction with the conventional seismic data (P-P) in this complex structural
environment.

Chapter 2 provides a description of the study area, geological background and
stratigraphy of the key geologic markers utilized in this study. In Chapter 3, general
information about the seismic data and processing methods applied to the data are
described. Conventional processing procedures, migration and offset-limited stack tests,
including the theoretical background of each process, are discussed in this chapter.
Chapter 4 presents interpretation of the field seismic data including balanced cross-
sections. Investigation of velocity anomalies below the Triangle Zone and an evaluation
of P-SV analysis in a complex structural environment are discussed in Chapter 5. Chapter

6 contains the conclusions and recommendations drawn from the results of this research.

1.4 Geophysical and Geological Data used in this Thesis
This research project was carried out using various geophysical and geological

data as follows :

1.4.1 Conventional Seismic Data
Three conventional seismic lines (FTC-2A, 2B and 3), collected by Petrel
Robertson Ltd. Calgary, were donated to the project. The data were reprocessed, as

described in Chapter 3, to enhance the shallow parts of the sections.
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1.4.2 Synthetic Seismic Data

Both physical and numerical seismic data were generated for this study. The
numerical-modelling data were recorded from a model of the Triangle Zone, based on the
interpretation of the conventional seismic data. Three data modes were collected, i.e.,
zero-offset, offset P-P and offset P-SV. These data were used to investigate velocity
anomalies below the Triangle Zone core, and to evaluate processing algorithms such as
offset-limited stack, DMO and migration.

The physical-modelling data were acquired from a generic model of a thrust fault
containing high-velocity rocks in its hanging wall overlying lower-velocity rocks in its
footwall. The goal was to characterize seismic expressions of this structural feature and to

assess our ability to image subtle structures beneath this high-velocity layer.

1.4.3 Well-Log Data

Sonic and density logs of wells in the study area were utilized to generate
synthetic seismograms which were then used to tie geological information to seismic
data. Interval velocities of the key geologic formations were also derived from the sonic

logs of these wells.

1.4.4 Surface Geology
Surface geology as incorporated into the seismic interpretation was obtained from
the work of Soule (1993) who mapped the Grease Creek area and the Triangle Zone in

this region at a scale of 1:20,000.

1.5 Software used in this Research
The processing of the seismic data was undertaken on a UNIX-based Sun SPARC

Station network. All of the seismic data were processed using the Inverse Theory and
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Applications (ITA) software, except for the P-SV common-conversion point binning and

polarity reversal that were performed using software developed by the CREWES Project
(The University of Calgary).

Well-log digitizing and generation of synthetic seismograms were undertaken
using Digirat and GMA (LOGM) modelling software, respectively. Seismic interpretation
was performed both manually and using a Landmark Seismic Interpretation workstation.

Numerical-modelling seismic data were generated using a UNISEIS ray-tracing
modelling package. Physical-modelling data were collected from the physical seismic
modelling facility at the Department of Geology and Geophysics, The University of
Calgary. The thesis was written on a Macintosh computer using Microsoft Word and

Canvas software packages.
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Chapter 2 - GEOLOGY

2.1 Study Area
The study area is located in the region of Fallen Timber Creek, approximately 75

km northwest of the city of Calgary, and about 10 km southwest of Sundre (Figure 2.1).
The area is encompassed by Townships 30-32, Ranges 4-6 west of the fifth meridian (see

Figure 2.3 for seismic line locations).

ALBERTA N

Edmonton

Study Area :
Fallen Timber Creek

Fig. 2.1. Fallen Timber Creek location map.
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2.2 Stratigraphy
Table 2.1 provides a lithologic description of rock formations in the Foothills and
Front Ranges, west of Calgary, including average interval velocities between key
geologic markers. These velocities were derived from sonic logs and from velocity
analyses during the processing of seismic data which is discussed in Chapter 3.
The following summary of lithology and stratigraphy is intended as a general
account used for the structural interpretation in this thesis. Detailed lithologic and
stratigraphic descriptions can be found in the references cited. All rock formations in this

region are of sedimentary origin and are described in ascending order.

2.2.1 Cambrian

The Cambrian sections do not crop out in the study area and were not encountered
by the wells used in the interpretation. They are predominantly fined-grained limestones
interbedded with oolitic limestone with minor amounts of dark grey and grey-green shale
and argillite (Beach, 1943). Seismic reflections from the Cambrian interval are

interpreted to be strong, continuous-amplitude events which dip gently to the southwest.

2.2.2 Devonian

Rocks of Devonian age are divided into two major marine units, namely the
Fairholme and the overlying Palliser Groups. The Wabamun and Leduc Formations,
which are in the Palliser and Fairholme Groups respectively, were encountered in the
wells 5-14-31-6W5, 10-25-31-6WS5 and 6-4-31-5W5 (shown in Figure 2.3), and therefore
are used as key seismic horizons in the interpretations in this thesis.

The Wabamun Formation is characterized by tight micritic limestone in part with
dolomite which has traces of infilled animal burrows. The basal part is gradational with

silty and argillaceous dolomite, shale and siltstone which mark the regressive phase
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culminating in an unconformity which interrupted the marine environment of the
Upper Devonian (Jones and Workum, 1978).

The Leduc Formation is a shelf-carbonate complex with reefal buildups. It is
predominantly light brown-grey, medium crystalline dolomite (Jones and Workum,

1978).

2.2.3 Mississippian

The Turner Valley Formation used in this interpretation is in the Rundle Group
which conformably overlies the Banff Formation. It consists of massive beds of marine
limestone with black cherty limestone in the basal part, and crinoidal limestones and
dolomites with calcareous quartzites in the middle and upper units respectively (Beach,
1943). It is not exposed in the study area but was encountered in the wells mentioned

earlier.

2.2.4 Jurassic

The Jurassic Fernie Formation is a deep-shelf marine unit. It is composed mainly
of non-resistant, black marine shales with high carbonaceous content (Jones and
Workum, 1978). The Fernie Formation does not crop out in the study area but is an

important detachment horizon.

2.2.5 Cretaceous

2.2.5.1 Blairmore Group

The Blairmore Group is Lower Cretaceous in age. It comprises non-marine
sandstone, siltstone, shale, coal and cobble conglomerates. The sandstone and

conglomerate units are resistant to erosion and commonly form prominent ridges in the
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Alberta Foothills belt. The Blairmore Group can be grossly subdivided into a lower and

an upper part. The lower part is characterized by a massive pebble conglomerate bed and
coarse-grained sandstones. The conglomerates exhibit considerable uniformity in size and
lithology of the component pebbles. The upper part of the Blairmore Group is composed
largely of light to dark green shales and siltstones interbedded with light greenish grey
crossbedded sandstones (Beach, 1943).

2.2.5.2 Blackstone Formation

The Blackstone Formation is a black marine shale sequence. It abruptly overlies
the Blairmore Group and is gradationally overlain by the Cardium sandstone. The
Blackstone Formation comprises black, generally fissile shale that is less silty and less
concretionary than the Wapiabi shale. This unit is extremely incompetent and commonly
contorted and repeated by thrusting (Jones and Workum, 1978). It is an important

detachment horizon in the Alberta Foothills thrust and fold belt.

2.2.5.3 Cardium Formation

The Cardium Formation is characterized by resistant sandstones with intervening
shale beds and local conglomerates. The sandstones are mainly fine-grained, siliceous,
very finely laminated and well cemented (Jones and Workum, 1978).

The upper contact of the Cardium Formation with the basal part of the Wapiabi
Formation is sharp and marked at the upper most fine-grained sandstone unit below the
pebble and grit beds of the Wapiabi Formation. The lower contact of the Cardium
Formation is defined at the base of the thickly bedded sandstone which grades to thinly

bedded sandstone, shale and interbedded shale of the Blackstone Formation (Stott, 1963).
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2.2.5.4 Wapiabi Formation

The Wapiabi Formation consists of marine black shales with thin sandstone,
concretionary and silty interbeds. It overlies the Cardium Formation sharply and grades
upwards into sandstones of the Belly River Formation. Structurally, the Wapiabi

Formation is severely contorted and repeated by thrusting (Jones and Workum, 1978).

2.2.5.5 Brazeau Formation

The Brazeau Formation consists of alternating units of sandstone, siltstone, shale
and mudstone with minor amounts of coal and conglomerate. The sandstones are fine-to
coarse-grained, grey and greenish grey, feldspathic, massive to bedded. The mudstones
are greenish grey, green and grey with rubbly, blocky disintegration (Ollerenshaw, 1975).

Southwest of Calgary, where the Bearpaw shale is present, the Brazeau
Formation can be divided into the Belly River Formation (Lower Brazeau), characterized
by massive and cross-bedded sandstones interbedded with shale beds and coals, and the
Edmonton Group (Upper Brazeau) which is a fining-upward sequence of intercalated
continental channel sandstones and rubbly shales. Where the Bearpaw shale does not

exist, the Belly River and the Edmonton Group are grouped into the Brazeau Formation.

2.2.6 Tertiary

The Paskapoo Formation is early Tertiary in age (Paleocene or Eocene). It
consists mainly of sandstone, shale, minor coal and conglomerate. The Paskapoo
Formation overlies Upper Cretaceous rocks unconformably in the east and conformably
to the west (Jones and Workum, 1978). Following the model of Jones (1982), these strata
are contained within the upper detachment and are interpreted to be passively uplifted by

underthrusting of the Upper Cretaceous rocks.
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2.3 Surface Geology

Surface geology in the study area was mapped by Mackay (1939), Hume and
Hage (1941), Beach (1942), Hume and Beach (1944), and Ollerenshaw (1974). All of
these previous maps were compiled on a 1:250,000 Calgary-map sheet by Ollerenshaw
(1978). Figure 2.2 is a portion of a NE-SW cross-section (Ollerenshaw, 1978) which is
oriented approximately in the same direction as line 2B (see line location in Figure 2.3).
In this cross-section the Triangle Zone is shown as an antiformal stack of Upper
Cretaceous rocks developed beneath an upper detachment at the eastern edge of the
deformation belt. Also indicated in the eastern part of the Triangle Zone is a west-dipping
thrust that cuts up-section through Mesozoic rocks towards the foreland. No back thrust
associated with this young thrust is defined in the cross-section. It is also interesting to
note that the upper detachment in this cross-section is shown as a blind thrust. This
implies that, from west to east, there is no distinction in structural geometry of exposed
rocks across the main culmination of the Triangle Zone. However, the seismic data, used
in this structural interpretation (discussed in Chapter 4), clearly show that the upper
detachment crops out, and acts as a structural boundary that separates allochthonous
rocks in its footwall from autochthonous rocks in its hanging wall.

The area was recently remapped by Soule (1993) at a scale of 1:20,000. Figure 2.3
shows a portion of his map including the locations of seismic lines and wells used in this
structural interpretation. Only the Upper Brazeau Formation (Upper Cretaceous) and
Tertiary rocks are exposed in the study area. The surface expression of the Triangle Zone
in this region is a NW-SE trending en echelon anticline of the Upper Cretaceous rocks
juxtaposed with Tertiary rocks in the foreland. The continuity of the east-dipping upper
detachment, as shown in this map, was determined based solely on the interpretation of
the seismic data because outcrops of this fault are poorly exposed in the study area (G.S.

Soule, personal communication).
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Chapter 3 - SEISMIC DATA PROCESSING

3.1 Introduction

This chapter describes the processing procedures applied to the conventionally
recorded (P-P) seismic lines 2A, 2B and 3. The processing flow for line 2A and 2B is
outlined in Figure 3.1. Line 3 was processed by Manmohanvir Sihota (The University of
Calgary) using essentially the same flow and parameters.

All processing was performed on a Sun SPARC Station network using Inverse
Theory and Applications (ITA) software. In section 3.2, the seismic data and acquisition
parameters are discussed. Preprocessing procedures and prestack processing are described
in sections 3.3 and 3.4 respectively. Poststack processing is summarized in section 3.5.

The data from seismic line 2B will be used to illustrate the processing steps.

3.2 Seismic Reflection Data

The seismic data presented here were acquired by Petrel Robertson in January
1990, using P-wave vibroseis sources and vertical-component geophones. A location map
showing the seismic lines is displayed in Figure 2.3. Line 2B is oriented approximately
NE-SW across the Triangle Zone, northwest of Calgary. Its entire length of 13.5 km was
processed. This seismic line intersects with the line 2A.

The western half of line 2A is oriented approximately E-W. Its orientation on the
eastern end changes to NE-SW. It intersects with lines 2B and 3. The total length of this
line is about 26.5 km but only the western 15 km was processed in this study, since only
this portion crosses the Triangle Zone.

Line 3 is about 27.5 km in total length and intersects with line 2A at its
northeastern end. It is oriented in the same direction as line 2B, but is about 10 km further

to the southeast. Only the southwestern half of the line (approximately 17 km) was
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processed in this project.

The data were recorded using vibroseis as a seismic source with a sweep length of
12 s, a sweep frequency from 12-96 Hz, and split-spread geometry. The recording
instrument was a 240-channel Sercel system with 10-Hz geophones. Each geophone array
consisted of 12 geophones spread over 33 m. The average group interval was 33 m with
offset ranges from 66 m to 3993 m on both sides of the shot. The average shotpoint
interval was 99 m, and the data were recorded to 3 s with a 2-ms sampling rate. The
spread configuration and shotpoint interval gave a maximum subsurface coverage of 40-
fold. However, the actual fold varied considerably because the lines were crooked and
shot intervals were not constant in some areas. Table 3.1 gives a summary of the data-
acquisition parameters used in this survey. Figure 3.1 shows the processing flow, with

each processing step discussed in the following sections.

3.3 Preprocessing

3.3.1 Demultiplexing and Preliminary Editing

The field data used for the study were recorded in multiplexed format, i.e., time-
sequential mode. However, all the processing procedures required the data to be in a
trace-sequential format. Demultiplexing, a matrix-transpose operation, provided this
conversion.

After demultiplexing, the shot records were plotted and examined for dead traces
and unusable records. Lines 2A and 2B contained some noise test and refraction records
which were removed from the processing sequence. Dead traces within usable records

were muted or zeroed after the geometry step.



Spread Geometry 120x120, 3993-66-*-66-3993
Source Interval 99 m
Receiver Interval 33m
Acquisition Fold 40
Seismic Source Vibroseis
Sweep 12 s, 12 sweeps, freq 12-96 Hz
Geophone Type Geo, 10 Hz, 12 inline over 33 m.
Instruments SERCEL / FPCS
Channels 240
SEGD

Tape Format

Field Filter

out/ 178 Hz, Notch : out

Sample Rate

2ms

Table 3.1. Field Acquisition Parameters.
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3.3.2 Geometry

Geometry establishes a tie between recorded seismic data and field positional
survey information. This was accomplished in two consecutive steps. The first was to
create observer and survey files from the field information and the second was to write
these data to the seismic trace and file headers. At this step, survey information, i.e.,
shotpoint and receiver station coordinates, including the spread geometry of the survey
lines, were incorporated into the seismic data.

The final data sets, after preliminary editing and geometry, were composed of 125
records for line 2B and 136 records for line 2A. Examples of the shot records of line 2B,
collected over the Triangle Zone core (the western half of the line) and its eastern limb,
are shown in Figure 3.2 A and B respectively. The shot records are generally
characterized by reasonably good signal-to-noise ratio, especially those acquired over the
eastern limb of the Triangle Zone. However, the quality of these records degrades over
the culmination of the Triangle Zone, due to severe statics and scattering. Some of the
shot records are contaminated with constant-frequency noise which severely masks some
parts of the data. This noise is caused from power lines and has a constant frequency of

60 Hz. It was suppressed by notch filtering, discussed later in this chapter.

3.4 Prestack Processing

3.4.1 Refraction Statics and Datum Elevation Corrections

A comparison between the shot records in Figure 3.2 shows that statics are more
pronounced over the Triangle Zone core than over its eastern limb. These statics are time
shifts due to rugged topography, exposed thrusts and near-surface velocity complexity.
To overcome these static problems, two correction methods were applied during data

processing, 1.e., refraction statics and residual statics corrections. The refraction statics
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method used first-arrival information obtained directly from the shot records. Residual

statics were applied after normal-moveout (NMO) correction, as described later in this
chapter.

Refraction statics and elevation corrections were applied to correct for seismic
time delays due to the weathering layer and variable surface topography. Time
corrections were computed by hand-picking the first breaks of each shot record. These
picks were used to determine the thicknesses and velocities of the weathering, sub-
weathering and bedrock layers which were subsequently used to derive a total static
correction for each trace, and to correct them to a constant datum. Typically, the datum
level is chosen to be close to, or slightly higher than the base of the weathering layer, in
order to preserve shallow information (Dobrin and Savit, 1988). Here, the datum level
was 1350 m, which is the average elevation of line 2B. A replacement velocity of 3750
m/s, based upon analysis of the first-break picks, was used to calculate the time

corrections.

3.4.2 First-Break Muting

Although the first-break signals convey useful static correction information, they
must be excluded from the reflection data set. These signals generally have large
amplitudes, and could be a serious source of noise if not removed. Not only do they mask
usable reflection signals or cancel out useful information during the stacking process
(discussed later in this chapter), but they can also cause misinterpretation in the shallow
part of the section. For instance, bands of noise or dipping spurious events could be
interpreted as the flanks of a near-surface anticline, syncline or front thrust.

Muting, or zeroing, of the first breaks was carried out manually for each record.
The patterns were designed to minimize mutes of the near-offset traces as they contained

useful information about shallow Triangle Zone reflections, particularly for those records
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acquired over the Triangle Zone core.

3.4.3 Band-Pass and Notch Filtering

Field-recorded seismic data possesses a wide frequency bandwidth which contains
both noise and signal. However, the usable signal in conventional seismic data is
generally confined to a specific bandwidth, e.g., approximately 10-70 Hz (Yilmaz, 1987).
Above and below this frequency range is mainly noise which should be attenuated as
much as possible.

The goal of frequency filtering in seismic data processing is to pass desirable
signals while rejecting others, e.g., ground roll, random noise and power-line noise.
Filtering has many forms, such as band-pass filtering, notch filtering, low-pass and high-
pass filtering. Filter parameters are usually designed in the frequency domain, assuming a
zero-phase operator. The corresponding time-domain filter operator is then derived by the
Fourier transtorm technique and applied to the seismic data to reject or pass signals as
desired.

In the processing of lines 2A and 2B, both band-pass and notch filtering were
used. The band-pass filter was applied prestack, before deconvolution, with a broad four-
point filter having corner frequencies of 10/15-75/80 Hz. This filter suppressed ground
roll energy as well as high-and low-frequency random noise. These parameters were
chosen based on a plot of the amplitude spectrum (Figure 3.3) which indicated that the
bandwidth of most of the recorded energy was confined to this range. The parameters for

the notch filter were 57/59-61/63 Hz. This attenuated the 60 Hz power-line noise.

3.4.4 Predictive (Gapped) Deconvolution
Ideally, it is most desirable to obtain seismic traces which resemble spike

sequences of reflection coefficients at times corresponding to reflections from boundaries
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in the subsurface. Real seismic data departs considerably from this ideal as it is a complex

waveform resulting from the convolution of the seismic wavelet with the Earth's impulse
response (reflection-coefficient series). Furthermore, noise is also present in the field
data, further complicating the recorded waveforms (McQuillin et al., 1984).
Deconvolution is an inverse filtering method which reverses the process of
convolution of the seismic wavelet and the reflection-coefficient series. Its purpose is to
obtain the reflection-coefficient series by compressing the source wavelet contained in
the recorded seismic trace. Deconvolution can be applied either prestack or poststack but
is usually applied prestack, before velocity analysis and NMO correction (Krebes, 1989).
In this study, predictive deconvolution was applied prestack to the shot records
using a gap length of 2 ms, an operator length of 0.09 s, along with 1% prewhitening.
Note that the gap length was made equal to the field sample rate (i.e., 2 ms) so as to
obtain a spiking deconvolution operator (Yilmaz, 1987). The operator length was
determined based on rigorous testing and evaluation using the same prewhitening value.
It was found that a range of operator lengths between 0.08 and 0.10 s yielded
comparatively reasonable results in terms of signal-to-noise ratio and reflection

enhancement. Therefore an average value of 0.09 s was chosen.

3.45 Gain

The amplitude of a seismic wave decays while travelling from the source, which
is attributable to geometrical spreading of the wavefronts, reflection and transmission
losses and anelastic absorption (Krebes, 1989). Geometrical-spreading (spherical-
divergence) effects exert a major influence on the decay of seismic amplitudes and must
be compensated (Newman, 1973).

The gain function applied to correct for geometrical spreading in this processing

is defined by Newman (1973) as :
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2
_1V2,

D, %
1

3.0

where D, is the gain function, V, is velocity in the first layer and V__ is the rms velocity
to an horizon corresponding to the two-way travel time ¢. The gain function in this case
was applied after NMO correction although it could have also been applied before NMO
correction.

Following the geometrical-spreading correction, trace balancing was applied to
correct for trace-to-trace amplitude inconsistencies. The trace-balancing gain function

used here was time-invariant and is expressed as :

Gy =—1 (3.2)

1!
Y A%
7]

where G() is the gain function and A () is the trace amplitude at time ¢. A time window of
1.5 to 2.3 s, which contained some lateral amplitude inconsistencies, was used to trace-
balance the data.

Another type of data gaining used in this study was automatic gain control
(AGC). This gaining works by applying a time-variant scale factor, which is computed by
the ratio of the desired output level of the signal to the mean amplitude within a specified
time window, and is applied to the sample at the center in that window. The window then
slides down one sample and the new scale factor is derived and applied in the same
manner (Krebes, 1989). As indicated in the processing flow in Figure 3.1, AGC was
applied prestack, after deconvolution, with a broad window length of 1.0 s, and it was
reapplied poststack with a window length of 0.75 s. A smaller AGC window was used

poststack in order to enhance subtle reflections below the Triangle Zone core.
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3.4.6 Data Sorting

The next step was to sort the traces into the common-midpoint (CMP) domain.
Because both seismic lines were slightly crooked, it was necessary to rebin the data in
order to optimize the CMP fold along each line. Crooked-line binning and sorting
consisted of 3 steps :

1) creating a slalom line, which is an imaginary survey line along which the

CMP binning and sorting will be performed;

2) selecting CMP bin dimensions to form a binning window, and positioning

this binning window along the specified slalom line;

3) sorting seismic traces to CMP domain.

A series of coordinates which form a slalom line were selected based on
examination of the plots of reflection points along the crooked line. CMP bin dimensions,
i.e., bin width and bin height, were then defined and positioned along this slalom line.
During the positioning processes, seismic traces that fell within the same CMP-binning
window were grouped as the same CMP gather, whereas those that did not fall within any
binning windows were flagged as dead and excluded from the data set.

In practice, the bin width is usually set equal to the stacked trace spacing (i.e.,
half the average station interval) and the bin height is set to four times the bin width (ITA
Insight/1- Prestack Reference Guide, 1992). However, it was found during processing
that a large number of seismic traces fell outside this usual bin dimension. Therefore, it
was decided to use larger bin heights in order to retain the high fold characteristics of
both lines. This larger bin height was justifiable because the structure does not vary
rapidly along strike. A series of bin heights were tested based on a constant bin width of
16.5 m which is equivalent to the average trace spacing of these data sets. A bin height of
six times the trace spacing was found to yield optimum result for line 2B and a bin height

of eight times the trace spacing provided optimum fold for line 2A.
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3.4.7 Velocity Analysis

Velocity analysis, based on a velocity spectrum analysis technique, was carried
out on common-offset stacks. The velocity spectrum analysis technique was composed of
two steps (Yilmaz, 1987) :

1) computing the velocity spectrum by measuring signal coherency on the

input gathers in small windows that follow a hyperbolic trajectory;

2) choosing velocity functions from the derived velocity spectrum that

produce the highest coherency at times with significant event amplitudes.

Initial velocity spectra were computed from common-offset stacks using the
interval velocity bounds of 2000 and 6500 m/s which were considered to cover the range
of average interval velocities of most sedimentary rocks in the study area (Dobrin and
Savit, 1988). The velocities were assessed in steps of 50 m/s. These preliminary velocity
spectra were then picked manually to generate rms velocity functions. Based on these
initial velocities, NMO-corrected gathers and a brute stack section were generated and
examined. The NMO-corrected gathers were subsequently passed to a residual static
correction step. Following this, the velocity analysis was again undertaken on a more
detailed, iterative basis, i.e., using small station intervals (e.g., 350 m) for velocity-

spectrum computations, particularly over the Triangle Zone core.

3.4.8 Normal-Moveout (NMO) Correction
Before seismic traces in each CMP gather can be stacked, they have to be
corrected for time delays due to NMO which is the increase in reflection time with

increasing source-receiver offset. The required time correction for NMO is :

tao = L=y 3.3)
X2
where, =12+ T



36

tao 18 the normal moveout (NMO) time correction, t, is the traveltime for a source-
receiver offset of x, fp is the two-way traveltime along the vertical path at the midpoint
location and V__is the rms velocity which can be obtained from the velocity analysis

discussed earlier.

3.4.9 Surface-Consistent Residual Statics Corrections

The seismic traveltime delays due to the effects of topographic irregularities were
partly corrected by the refraction static solutions described in section 3.4.1. Nevertheless,
the technique was not able to handle short-wavelength effects caused by local or rapid
changes in surface elevation, variations in the velocity of the weathering layers or other
anomalous near-surface conditions (Dobrin and Savit, 1988). To overcome these residual
time shifts, surface-consistent residual static corrections were applied.

The most important assumption of the technique is that reflection traveltime
delays depend only on source and receiver locations at the surface, not on their raypaths
in the subsurface (Yilmaz, 1987). This assumption is generally valid since the weathering
layers usually have much lower velocity than the underlying bedrock. This causes the
upgoing raypaths to bend to near-vertical according to Snell's Law.

Yilmaz (1987) shows that the residual statics for each individual trace can be
approximately determined by :

Ty = S;+ R+ Gy, + M, X, 2 (3.4)

13
where

the total traveltime from shot point i to receiver position j from the

Tijn
hth horizon

residual time shift associated with source at the ith location

-

G
I

residual time shift associated with receiver at the jth location
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Grn = the difference in two-way time at a reference CMP location and the

traveltime at the kth CMP along the hth horizon, and MX;i is the
residual moveout time for a source-receiver separation of X.
Application of residual static corrections comprises 3 steps :

’
1) Picking observed times Tij via a pilot trace scheme. The process involves

crosscorrelating a stacked trace with individual traces in that gather to

’
determine individual time shifts T i for each trace. Based on the time-

shifted traces inthis gather, a new stacked trace, namely an updated pilot
trace is constructed and the crosscorrelation process is repeated to generate
the final pilot trace. This trace is subsequently crosscorrelated with traces
of the next gather to produce a preliminary pilot trace for that gather.
The process is continued for every gather in the entire CMP-NMO-

corrected data set;

4
2) Decomposition of all the T S to their constituents on the right side of

equation 3.4 using a least-squares method. The mathematical details of
this step can be found in Yilmaz (1987), Hatton et al. (1988) and Krebes
(1989);

3) Applying the results from step 2 to traveltimes of the CMP gathers prior to
NMO corrections.

During the crosscorrelation step, the crosscorrelation window and the maximum
allowable time shift have to be specified to prevent an unrealistically large time shift
being applied. The window of 0.4 to 2.4 s, in which all the coherent events were
confined, along with a maximum time shift of 35 ms were chosen. This maximum time
shift was determined based on an observation from the shot records, followed by iterative
tests of residual statics computations which showed that the maximum time shifts of this

data set were approximately 30 to 40 ms.
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After the application of residual statics corrections, the velocity analysis, NMO

correction and stack were repeated and new residual static values were calculated. These

iterative processes were performed until the optimum stacked sections were obtained.

3.4.10 Dip-Moveout (DMO) Correction

Dip moveout (DMOQO) was undertaken on seismic line 2B with the aim of
correcting for the detrimental effects of reflections from dipping layers. Figure 3.4 shows
schematic diagrams of CMP reflections from a flat layer and a dipping layer,
respectively. In the dipping-layer case, reflections deviate from the true common mid-
point (CMP) and will be detrimental in generating a stacked section. Therefore, DMO has
to be applied to correct for these shifts in spatial positions. The main benefits of including
DMO in the processing sequence are to correct for reflection-point smear by

laterally shifting the reflection points to their true zero-offset positions, and obtaining

CMP ppp CMP

FIG. 3.4. CMP reflections from flat and dipping reflectors. Note that in the case
of a dipping reflector, subsurface reflection points depart from CMP position,

which results in reflection smear in the stacked output.

stacking velocities, after correction for DMO, that are dip-independent (Notfors and

Godfrey, 1987).
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The relationship between the NMO velocity and the medium velocity above a

dipping reflector is

Voo =—4— 3.5)
cos@

where V,,,, is the NMO velocity, @ is the reflector dip and V is the medium velocity
above that dipping reflector (Dobrin and Savit, 1988). This relationship implies that
NMO velocity for a dipping event is higher than the true medium velocity V. It also
indicates that, in the presence of dipping events adjacent to flat events, a problem arises
because two or more NMO velocities are required to preserve both flat and dipping
events in the stacked section. Unfortunately, conventional NMO and stacking permits
only one choice of an NMO velocity for a particular CMP and traveltime. Thus, choosing
an NMO velocity is equivalent to choosing an optimally stacked dip angle for that CMP
and travel time (Hale, 1984).

The DMO technique (also known as prestack partial migration) addresses this
problem. It converts non-zero-offset raypaths to their approximate zero-offset positions
using a wave-theoretical process based on the assumption of a constant-velocity medium.
Another positive feature of this technique is that it yields a dip-independent characteristic
of the stacking velocity, since the zero-offset raypath does not depend on the dip angle.

There are many algorithms to accomplish DMO correction. The detailed
mathematical derivations and limitations of some commonly used techniques can be
found in Hale (1984), Notfors and Godfrey (1987), and Deregowski (1986).

The processing flow summarized in Figure 3.5 was used to perform DMO
correction on line 2B. Line 2A and line 3 were not DMO corrected since they do not
possess steeply dipping events or conflicting dips as does line 2B, and also because it was
found during the DMO application for the line 2B that the process was very time-
consuming and did not provide obvious improvements to the stacked output (discussed in

section 3.4.11).



NMO-Corrected CMP Gathers

Sort to Common Offset

Apply DMO

Sort to CMP

Remove NMO

Velocity Analysis

|
NMO Correction

Residual Statics Correction

|
Stack

|
( Band-pass Filtering )

( : )
( Migration )

@oherency Filtea

FIG. 3.5. DMO Processing Flow as applied to line 2B.
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The DMO algorithm employed in this task was based on a Fourier transform

technique which performs DMO correction in the frequency-wavenumber domain based
upon a constant-medium velocity assumption (Hale, 1984). It requires the data to be
NMO-corrected and sorted into a common-offset domain. As indicated in Figure 3.5,
after the application of DMO, further velocity analysis and residual statics corrections
were repeated because the DMO-corrected velocity functions are theoretically different

from the non-DMO-corrected velocity functions.

3.4.11 Stacking

Seismic traces within each NMO-corrected CMP gather were summed or stacked
to produce one trace at that CMP. Stacking enhances coherent reflections and suppresses
multiples and random noise. Theoretically, the signal-to-noise ratio after stack is
increased by an order of YN , where N is the fold or number of traces in the CMP gather
(Dobrin and Savit, 1988).

The non-DMO and DMO-corrected stacks for line 2B are plotted in Figures 3.6
and 3.7 respectively. Comparison between these sections shows that DMO did not
provide improved imaging of dipping events in the core of the Triangle Zone, which was
the major target for DMO application in this processing. This is likely the result of
velocity variations across the western limb of the Triangle Zone which violated the
constant-velocity assumption required for this technique to perform well. However, it is
observed that reflection continuity of later events in the eastern end of the DMO-
corrected stack (e.g., in the time interval between 1.6 and 2.2 s of the section in Figure
3.7) is better than that of the non-DMO corrected stacked section (Figure 3.6). This is
believed to be due mainly to better velocity functions and statics solutions following

DMO.
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3.5 Poststack Processing

Poststack processing was intended to improve the signal-to-noise ratio of the
stacked section and reposition the dipping reflections to their true spatial locations. The
poststack processing steps included band-pass filtering, gain, migration and multichannel
coherency filtering. Band-pass filtering and gain were discussed previously in prestack

processing.

3.5.1 Migration

In a stacked seismic section, reflections are plotted directly below their common
midpoint locations regardless of their true spatial positions. These reflections represent
true subsurface spatial locations only if they were generated from flat reflectors. In the
presence of dips, stacked events appear downdip from and with less dip than their true
positions (Dobrin and Savit, 1988). In order to obtain correct spatial images of the
dipping reflectors, these reflections have to be migrated.

Three migration algorithms, i.e., Stolt (f-k) migration (Stolt, 1978), phase-shift
migration (Gazdag, 1978) and finite-difference (F-D) migration (Claerbout and Doherty,
1972) were tested on the DMO-corrected stacked section of line 2B. The phase-shift and
F-D migrations performed in the depth domain, i.e., downward continuation of the
migration operators was defined as a discrete depth step whereas the Stolt migration

was applied in the time domain.

3.5.1.1 Finite-Difference Migration

The finite difference (F-D) technique migrates seismic data by means of
downward continuation of the one-way scalar wave equation followed by imaging. The
imaging principle states that the wavefront shape satisfying ¢ = 0 in the wave equation

directly corresponds to the reflector shape at that depth (Yilmaz, 1987). This technique
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uses a stacked section as the initial wavefield and downward extrapolates the wavefield in

depth with a specified discrete depth step. At each depth step, the wavefield is evaluated
for t = 0 to obtain migrated energy. The process is continued for the next depth step until
the entire stacked section is migrated.

In practice, the F-D migration technique requires a velocity grid file. This is
generated from well velocity information or directly from a stacking-velocity file. The
depth-step interval and frequency bandwidth to be migrated also need to be specified.
Frequency specifications can be time-variant.

In migrating line 2B, a velocity grid file was generated directly from the stacking-
velocity file. A depth-step interval of 20 m, along with time-variant frequencies ranging
from 10-80 Hz in the early part, to 7-70 Hz in the later part of the section, were used.
These parameters were determined on the basis of iterative tests. However, it was noticed
that velocity functions were the most crucial factor in the quality of the migrated outputs.
The rms velocity functions that were applied to generate the stacked section were found
to result in overmigration, and the optimum velocity functions in this migration were in

the range of 70-80 % of the true rms velocity functions.

3.5.1.2 Phase-Shift Migration

The phase-shift technique is based on the same principles as the F-D technique,
i.e., downward continuation of the wavefield followed by imaging (Yilmaz, 1987).
However, the numerical operations are defined in the frequency-wavenumber domain.
Downward continuation of the wavefield is performed by means of a phase-shift or
rotation of the phase angles of the Fourier coefficients (Gazdag, 1978).

Practically, the technique requires the same parameters as the F-D migration, i.e.,
depth-step, frequency and velocity functions. In order to compare the efficiency of these

two techniques, the same parameters as applied to the F-D technique were used in this
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processing, except for the velocity functions. In specifying the phase-shift migration

velocities, the velocity grid file, which is mandatory for the F-D technique, was not
required. The rms or interval velocity functions can be applied directly. Similar to the F-
D technique, the actual (100%) rms velocity functions produced an overmigrated result,

and values of 80% of the actual rms velocity functions were again used.

3.5.1.3 Stolt (f-k) Migration

The Stolt migration technique is based upon a constant-velocity assumption.
Theoretically, it can migrate dips up to 90 degrees but cannot handle strong lateral
velocity variation ( Dobrin and Savit, 1988). This technique migrates the stacked data by
stretching the time section to a pseudo-depth domain to approximate a constant-velocity
section, and then Fourier transforming the data into the frequency-wavenumber domain.
The migration operation involves mapping the frequency to the vertical wavenumber
axis, then inverse Fourier transforming and unstretching the data back into the normal
time-space domain.

In practice, the Stolt migration technique requires only one velocity location,
along with a desired frequency bandwidth to be migrated. Unlike the F-D and phase-shift
techniques, the frequency specifications cannot be time-variant. Initially, a similar
frequency range as applied for the F-D and phase-shift migration cases (e.g., between 7
and 80 Hz) were employed. However, it was observed that these parameters produced
inferior results in the later part of the section, especially below the Triangle Zone core.
Thus, a smaller frequency range of 7-65 Hz was applied which provided a reasonable
result. As well, an initial velocity function was arbitrarily selected from the rms-velocity
file at approximately the middle of the line. This velocity function was, however,
modified iteratively based on comparison of the results from this technique with the F-D

and phase-shift results.
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3.5.2 Coherency Filter

Following migration, signal-to-noise ratio enhancement via the coherency filter
was applied (KLSTAK in the ITA software package). The technique analyzes a sliding
trace window, containing a specified number of traces, to yield an estimate of the
coherent component of that window. The input data trace in the middle of the analyzed
window is then replaced by the estimated component. The sliding window is then
advanced by a single trace between successive analyses (ITA Insight/1 Poststack
Reference Guide, 1992). Three traces within each selected window were found to yield
optimum outputs in both lines 2A and 2B.

The final migrated stacks of line 2B based on the F-D, phase-shift and f-k
techniques are displayed in Figures 3.8, 3.9 and 3.10 respectively. The final f-k migrated
stacks of line 2A and line 3 are shown in Figures 3.11 and 3.12. Comparison among
Figures 3.8 to 3.10 indicates that velocity variations across the Triangle Zone core in this
region may not be too severe. This was inferred from the observation that all of these
migration algorithms yielded similar results in terms of the repositioning of events and
improvement in signal-to-noise ratio. However, careful inspection of these migrated
sections shows that smeared events below the core of the Triangle Zone are still present.
These may be the result of including incoherent full-offset traces in the stack. It was
therefore decided to undertake offset-limited stack tests to determine if using only near-

offset traces to stack can improve the image of reflectors below the Triangle Zone core.

3.5.3 Offset-Limited Stack

The initial stacks produced in this study used every trace within each CMP gather.
The stacking process assumes that all traces are perfectly NMO-corrected before being
stacked. However, in real data this assumption is often violated. In a complex structural

environment, the seismic traveltimes depart from hyperbolic moveout at long offset due
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FIG. 3.8. F-D migrated section of the DMO corrected stack of line 2B using 80% of true rms velocities.
The maximum dips to migrate were 85 degrees, along with frequency bandwidth between 7-80 Hz.
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FIG. 3.9. Phase-shift migrated section of the DMO corrected stack of line 2B using 80% of true rms velocities. The
maximum dips to migrate were 85 degrees, along with frequency bandwidth between 7-80 Hz.
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