CENTRE FOR NEWFOUNDLAND STUDIES

TOTAL OF 10 PAGES

(Without Author’s Permission)

HANGUANG XIANG













INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI films
the text directly from the original or copy submitted. Thus, some thesis and

i copies are in iter face, while others may be from any type of
computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality illustrations

and . print margins, and improper
i can affect

In the unlikely event that the author did not send UMI a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand comer and continuing
from left to right in equal sections with small overlaps.

Photographs inciuded in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6” x 9" black and white
photographic prints are available for any oril i i

in this copy for an additional charge. Contact UMI directly to order.

Bell & Howell Information and Learning
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA
800-521-0600

®

UMI



i~l

3 B
of Canada du Canada
Acquisitions and Acquisitions et
Bibliographic Services services bibliographiques
395 Wellington Street 395, rue Wellington
Ottawa ON K1A ON4 Ottawa ON K1A ON4.
Canada Canada
Vour e Vors rtience
Ourtlo Now rtienco
The author has granted a non- L’auteur a accordé une licence non
exclusive licence allowing the exclusive permettant 4 la
National Library of Canada to Bibliothéque nationale du Canada de
reproduce, loan, distribute or sell reproduire, préter, distribuer ou
copies of this thesis in microform, vendre des copies de cette thése sous
paper or electronic formats. la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.
The author retains ownership of the L’auteur conserve la propriété du

copyright in this thesis. Neither the
thesis nor substantial extracts from it
may be printed or otherwise
reproduced without the author’s
permission.

droit d’auteur qui protége cette thése.
Ni la thése ni des extraits substantiels
de celle-ci ne doivent étre imprimés
ou autrement reproduits sans son
autorisation.

0-612-55550-X

Canada



High Resolution Seismic I ing of the Near-Surface:
Comparison of Energy Sources

By

©Jianguang Xiang

A thesis submitted to the
School of Graduate Studies
in partial fulfillment of the
requirements for the degree of
Master of Environmental Sciences
Environmental Science Program

Memorial University of Newfoundland

April, 2000

St. John's Newfoundland



Abstract

The shallow seismic reflection method plays an important role in helping to understand

il ing, mining and i problems. For high resolution at shallow depth,

choosing a seismic source to best meet the goals of the survey can be the most pivotal
decision. This research is to study the characteristics of various portable and
environmentally friendly seismic sources by comparing them to the source character of a
shotgun source. The sources include two SIST (Swept Impact Seismic Technique) vibrators
and a hammer. Data were collected in 1999 near St. John's, Newfoundland. They were
compared with shotgun source in terms of radiated frequency spectrum and energy levels in

an attempt to improve the resolving power.

Compared to the shotgun data, the SIST vibrators provide lower frequency range but higher
frequency bandwidth. Their weaker energy limits the effective penetration depth for
imaging to 150 m. However, the SIST vibrator yields a higher resolution in stacked section
than the shotgun. Based on its overall performance, the SIST vibrator shows a great deal of

potential to be a viable, environmentally friendly seismic source with high resolution

. This is i suitable for envi surveys, in which depths are usuaily

not more than 200 m.
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Chapter 1. Introduction

1.1. Statement of Objective

Over the last two decades, the application of seismic reflection methods to engineering,
groundwater, mining, and environmental problems has become more and more popular
(Steer et al., 1996; Steeples and Miller, 1990; Jongerious and Helbig, 1988; Pullan and

MacAulay, 1987). To obtain high seismic ion with these

investigators have developed and applied a wide variety of shallow reflection seismic

sources, of which most could be classified as impulsive or vibratory sources.

Seismic methods have been applied to many types of engineering problems, such as
foundation testing, water table location, detection of abandoned mine shafts, and
detection of metallic objects. Foundation testing includes determination of the depth to

bedrock, and the ies of rock in ion projects, such as power

plants, dams, highways, subways and so on. The location of water is important for
municipal engineering relating to water supply, sewage disposal, irrigation, and drainage
problems.

Over past 50 years, seismic exploration has been applied widely in environmental
problems, especially in the search for groundwater resources. In addition, by mapping
geological structure, seismic exploration has been used for other environmental issues,
such as the location of buried hazardous waste materials, landfills, safe sites for nuclear

waste disposal, dams and reservoirs, tunnels and road foundations.



Groundwater is an important part of the Earth’s and many

problems are related to the location of and its ion from

sources. In favorable noise conditions, reflection seismic profiling can yield specific

and ical i ion about possible aquifers. The presence or absence

of fluid in pores and fissures affects density and seismic velocity manifest through the
strength of reflections. Also, the degree of alteration varying with the nature and content
of contaminant present significantly changes the acoustic properties of many rocks. This
factor makes it possible for seismic methods to locate water-bearing structures, to map
regions where the interstitial fluid is liquid and to distinguish them from ones where the

pore fluid is gaseous.

The seismic reflection method is also used for coal exploration, in which the goal is to
locate the coal zones and determine their extent. Previous work (Greenhalgh and
Emerson, 1986, Spencer et al.,, 1993) indicates that coal generally has markedly low
velocity and density compared with the surrounding rocks. Thus the interface between
coal and adjacent rocks makes an excellent reflector but can cause multiple and
transmission problems. On the other hand, the surrounding rocks with uniformly high
velocities can produce reflections of only low amplitude. Usually, coal seams may be less
than 2m thick and frequently contain steep dips and lateral heterogeneity. Due to these
properties of coal, high-resolution seismic reflection is necessary to resolve the thin coal
seams at several hundred-meter depths. Also, in conjunction with borehole data, high-
resolution seismic reflection can furnish continuous profiles and show whether the coal

seam is flat laying or dipping. Explosives have been the most common source for mineral



exploration. However, since explosives always generate significant ground roll that
reduces the resolution and have severe environmental impact, non-explosive sources such
as hammer and vibroseis are increasingly employed. Besides reducing environmental
impact, the repeatable characteristics of these sources can allow source stacking to

suppress ground roll and therefore lead to improvements in signal-to-noise ratio.



1.2. Previous Work

There are many factors that affect the seismic energy source selection, including cost,

spectral st jence and effici amount of energy and

safety. To assist in the selection of a shallow seismic source best meeting the goals within

the constraints of specific projects, the Engineering and G Committee of

Society of ion G icists (SEG) a field i of shallow
seismic sources in New Jersey (Miller et al., 1986) and near Chino, California (Miller et
al., 1992). The experiments involved 26 different sources or variation of sources for
testing. These can be classified as sledgehammer, explosives, weight drop, projectile

impacts, and various guns.

Two tests indicated the similarities in wave presence, recording energy, and spectral

Besides ion and ion, the recorded signal also includes surface
wave (ground roll and air blast), instrument noise, cultural noise, air coupled, and random

source echoes. Surface waves can be clearly identified on the near offset traces by their

high i and long The most istic of the air blast
is its very high frequency wavelet. Instrument noise affects all traces equally while
cultural noise is generally observable on only a few traces near the noise source. The air
coupled, random source echoes appear as high-frequency chatter trailing the air blast on

near offset traces.

In the published tests, the recorded energy varies by more than an order of magnitude,

both trace-to-trace and source-to-source. Among them, elastic wave generators (EWG)



produce the largest amplitude while a rifle shot at surface in a dry hole generates the

smallest. Figure 1 i the i of relative total i recorded from
various sources. The elastic wave generator requires continuous use of 4-cycle gasoline
engine to power its hydraulic lift mechanism; thus, its frequency spectrum contains high-
frequency engine noise. For the downhole shotgun, black powder loads generate almost
triple the total recordable amplitude of a lead slug. Lowering the muzzie of the rifle
below the ground surface not only increases the total seismic energy, but also decreases
the amount of the air-coupled wave. For downhole sources (i.e., explosives, shotguns,
and rifles), water-stemming can reduce the air-coupled wave by as much as one third and
increase the seismic energy by almost double. For the certain applications, the downhole
black powder capsule has become a popular alternative to high explosives, which yield
more than twice the recordable energy of black powder capsule but produce a higher

percentage of air-coupled waves to high frequency seismic energy.

Spectral characteristics in terms of i versus are also For
most records in the test, ground roll and seismic reflections are not the only arrivals on

the seismic traces. The spectrum from the Fourier transform contains not only ground roll

and reflection frequency, but also air blast On the i versus

plots, the dominant frequency bands of both the ground roll and the reflection wave are
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Figure 1 Amplitude comparison from 23 sources and configuration of sources recorded with
analog low-cut filters out (open). (after Miller et al., 1992)



within the high amplitude maxima centered below about 400Hz and are easily compared.

The air blast’s i ies are ined within the peaks at about 600Hz.

Beyond 600Hz, the majority of energy is either instrument noise or high frequency

chatter from air-coupled or randomly arriving echoes source.

The results of two comparison tests reveal the basic nature of various seismic sources.
The comparison indicates that the choice of a seismic source should be an important
factor for successful seismic surveys designed to obtain a better understanding of the
geological structure and the fluid content of the near surface of the Earth. However, all
the data were obtained at particular sites, thus different results may be expected under

different site it With the i nature of near surface

reflections, some specific seismic sources in a specific geological setting are expected to
generate more useful and higher quality seismic energy than others.
In a land survey, explosives and weight-drops are the most used impulsive seismic

sources. The use of the weight-drop is now very limited, but explosives are still used

often (Baeten and Zit i, 1990). The explosive source, ing on its size as well

as the bumn time, can generate relatively high frequency output. However, explosives also
have some disadvantages. First, they are destructive, and they are prohibited in a densely
populated environment. Secondly, they may produce chemical residues that are harmful
to the environment, especially if they enter the groundwater. Thirdly, drilling 2 hole for
each shotpoint is costly. Finally, the frequency content of the radiated wave depends
heavily on the charge size. Although the burn time of the dynamite is very brief

compared with any time duration in seismic exploration, the high energy density of the



explosion produces a nonlinear zone around the explosion, and the size of this zone
determines the frequency content of the radiated waves. The bandlimited signal radiated

from the nonlinear zone cannot be measured directly because of its unknown shape.

Asa ive seismic source, Vil i (il ismic P ing), which was

developed by Continental Oil Company in 1960’s, has become very widespread in land
surveying. In the Vibroseis method, the input wave generated by the vibroseis source
persists for many seconds, and its frequency changes over the duration of the signal. By a
special choice of input signal frequencies, a “sweep” signal with varied frequency, and a

special data processing operation, Vibroseis can achieve good seismic character.

Vibroseis has distinct advantages over dynamite. First, because of the use of a long
sweep, the energy density of the Vibroseis pulse is much less than that of dynamite.
Therefore, destructive effects are much less severe. Secondly, drilling shot holes is no
longer needed, so that the cost and environmental damage is greatly reduced. Thirdly,
Vibroseis provides a direct means to measure and control the radiated signal. After data
processing, Vibroseis data looks like impulsive seismic data but without the unwanted
nonlinear and destructive effects. Therefore Vibroseis may have a higher signal/noise

ratio than that for explosive sources.

The Swept Impact Seismic Technique (SIST) has been developed for high resolution

seismic applications in recent years (Cosma et al., 1998). SIST combines both the

Vibroseis pt: and the Mini-Sosi dti-impact ideas (Black, 1996). With

SIST, a low power impact source generates a series of seismic pulses, hence it relates to



Mini-Sosie. On the other hand, a varying swept impact rate is used so that SIST is similar
to Vibroseis. Compared to Vibroseis, a firm coupling to the rock or ground is not as
critical with SIST (Cosma et al., 1998). This is a clear advantage. In addition, the SIST

apparatus is simpler and more portable than Vibroseis.

The optimum seismic source selection leads to the generation of higher resolution seismic

imaging by a purpose, i setting, and site and

environmental logistics.



1.3. Resolution Considerations

Seismic resolution defines the amount of detail in the acoustic property variations both in
vertical and horizontal directions that can be derived from seismic data. Vertical

resolution measures the ability to distinguish two i i as separate

whereas hori: 1| ion measures the ability to distinguish features at the

same depth but separated horizontally (Figure 2).

The resolution in the vertical direction is involved with the “resolvable (separable) limit”.
Rayleigh (Jenkins and White, 1957) defined the resolvable limit as a quarter wavelength
(M4). When the two reflectors are separated by A/4, the interference effects are
minimized. Widess (1973) provided a slightly less stringent criterion, in which the value
for resolvable limit is one eighth of the dominant wavelength (A/8). There are still other

definitions, but all of them generally fall within this range.

The i of the limit in i ic i ion becomes evident for
calculating the thickness that to a quarter ‘When a wavelet with
ftravelstoa with velocity v, its wavelength A is simply v/f,

so the minimum resolving limit (A/4) should be v/(4f). Generally, the velocity in

shallow layers is almost constant and cannot be Thus, i i is

the only means to sharpen the wavelet and increase the resolution.

10



‘The horizontal resolution on unmigrated seismic data is usually described in terms of the

Fresnel zone, although some other factors such as signal/noise ratio, spatial sampling and

thy i i effects also The first Fresnel zone is the area on a reflecting

Source Surface

(a)

4

m%

Reflector 2

Object A Object B
Figure 2 Seismic resolution. (a) Vertical and (b) Horizontal

1



surface from which reflected energy arriving at a detector has a phase difference of no
more than 180°. This energy interference is more or less constructive; hence, the Fresnel

zone is often taken as limiting hori ion on i seismic data.

However, in 2 migrated section, the Fresnel zone dimensions effectively shrink so that
the Fresnel zone size is no longer used as a criterion for horizontal resolution, because
migration is believed to collapse the Fresnel zone. After migration and deconvolution, the
resolution is determined by the temporal bandwidth, the sub-surface velocity, and the dip
distribution.
Extremely sharp input wavelets will generate high seismic resolution. However, actual
seismic wavelets always involve a limited range of frequencies and hence have
appreciable temporal breadth. Therefore, the most practical method to increase seismic
resolution is to increase the dominant frequency of the source. On the other hand, a key
point that needs to be considered for seismic source selection is the tradeoff between the
and depth of i A high frequency input wave may

generate high resolution, however, when it travels in the earth, its energy attenuates

quickly and the attenuation limits the penetration. Contrarily, 2 larger power source has
more energy and better penetration, but the energy is concentrated in lower frequencies,

therefore the resolution is decreased.



1.4. Outline of the Research

This research will compare impulsive and vibratory sources that are portable and
applicable for near surface high-resolution seismic studies. Particular emphasis will be on
comparing the radiated frequency spectrum and energy levels for the source in an attempt

to improve the resolving power.

13



Chapter 2. Theory and Techniques for High
Resolution Seismology

2.1. Fundamentals of Shallow Seismic Reflection

Among geophysical methods, seismic reflection is the most sensitive to mechanical
properties of earth materials. The method has been used increasingly since the 1980’s in

and

application to the shallow Because all the
tasks described in Chapter 1 exist in the near-surface, the seismic reflection method is an

excellent choice to achieve high resolution in this domain.

Modem work using shallow seismic reflections by Schepers (1975) resulted in excellent
data, but did little to encourage widespread use of the method (Sheriff and Geldart,
1995). The work of Hunter and Pullan (Hunter et al., 1984; Pullan and Hunter, 1985,
1990) and Helbig et al. (1985) was instrumental in establishing the shallow seismic
reflection procedure. In particular, the optimum window-common offset technique
(Hunter et al., 1984) has been widely used, in which the nearest geophone is located
beyond the zonme of ground roll so that the reflector is observed with minimum

interference.

2.1.1. The Seismic Wave Equation and Propagation

External force causes elastic solids to undergo two types of deformation: compression

and shear. According to the theory of the elasticity and the basic principles of dynamics,

14



these deformations give rise to two i wave

compressional waves (P-waves) and shear waves (S-waves). The wave equation can be
derived from Newton’s second law of motion, that an unbalanced force on a mass
produces acceleration. The wave equation can be expressed in vector as well as the more

conventional scalar notation.

here A is dilatational potential (Exx+€yy+€z) and © (O, ©y, ©,) is rotational vector

potential.

The first equation to the ion of a i wave at velocity

Vp and V, above indicate that the shear wave velocity is always less than the

compressional velocity, and shear waves do not propagate in 2 liquid medium with the

zero rigidity modulus.

15



The passage of the seismic wave sets the subsurface particles in motion. The surface on
which the particle movements are in phase is called the wavefront. In isotropic
homogeneous media, the wavefronts propagate along rays perpendicular to the
wavefront. While wavefronts have physical significance, they have no real existence.
Raypaths are introduced for convenience and it is better to argue in terms of wavefronts

in simple cases.

Huygen’s Principle, which is useful in drawing successive positions of wavefronts, states

that every point on a wavefront can be regarded as a new point source of waves, and the

are the pes of all the secondary wavefronts. Specifically,
given the location of a wavefront at a certain time, the future positions of the wavefronts

can be predicted by considering each point on the first wavefront as a new wave source.

When the reach the i the energy is partly reflected and

partly transmitted in accordance with the boundary conditions of elastic media. In
homogeneous formations, where the seismic velocities are constant, the seismic raypaths
are straight lines. When seismic rays pass from one homogeneous formation to another
one, the raypaths are bent according to Snell’s Law (Equation 2.2 & Figure 3): the
reflected angle ; is the same as incident angle 6o and transmitted angle 6, is larger or
smaller than incident one depending on whether the velocity in second media is larger or

smaller than that in the first.

16



Reflected S-wave
Reflected P-wave

Incident P-wave

8y
01

Medit 1
edium pL Vo1, Va2 Fatsraos

Medium 2 P2, Vp2, V2

Transmitted P-wave

Transmitted S-wave

Figure 3 Angular relationships between incident, reflected and transmitted rays for different
wave types.

_sin@, _sin6, _sinB, _

.22)

Va Vo Ve
In the case of normal inci (60=0), the i i ient R, the ratio of

reflected relative amplitudes to the incident waves, can be expressed in the form:

Rz
Z,+2Z,

Similarly, the issi i ient T can be as:

17



23-2)

The fractions of energy reflected and transmitted are given as Er and Er, which are also

called ion and ission energy p

(22
Er_(Z,+Z

The equation (2.3) and (2.4) indicate that the reflection and transmission coefficients
(both amplitude and energy) depend on the presence of acoustic contrasts in the
subsurface. These acoustic contrasts, governed by acoustic impedance Z, occur at
boundaries between geological layers, as well as at man-made boundaries such as tunnels

and mines. An acoustic i PV, exists for i waves, and pV; for shear

waves. Thus, the acoustic impedance occurs as a variation either in density or seismic

velocity or both.

The simplest case of seismic reflection is a single layer over an infinitely thick half-space
(Figure 4a). Energy is radiated spherically away from the source of seismic waves. One
particular raypath originating at the source will convey energy to the subsurface layer,

and then return an echo to the surface where a geophone will detect it.

It is more common that several layers exist beneath the Earth’s surface (Figure 4b).
According to Snell's law, the ray paths are not straight lines when they across

boundaries; instead, the velocity and density discontinuities between layers bend the rays.

18
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Figure 4 Shallow seismic reflection...a) single layer case; b) multi-layer case

2.1.2. Data Acquisition and Instruments

Acquisition systems essentially comprise a geophone spread, a source pattern, and digital

recording instruments.

2.1.2.1 Geophone Spread
The spread indicates the relative locations o-f the sources and the geophones or the centers

of the geophone groups that are used to record the reflected energy. The geophone
locations are usually laid out in a straight lime in 2-D survey, and the spread types depend

on the locations of source. In a split spread, the source is at the center of a line of

regularly spaced A common ical spread is end-on, in which the

source is at one end of regularly spaced The end-on also often

involves in-line offset of source (Figure 5).



e S .
XX XXX XXXXXXeXXXXXXXXEXX
Split spread
e
XX XXX XXXXXXXXXXXXXXETXX®

End-on spread.

x— geophane *—— source
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When a seismic source is discharged at a given shot point, the reflected waves are
detected at geophones arrayed in a line each side of the shot (Figure 6). There are several
points in the subsurface (equal to the number of geophones) that reflect seismic energy to
the geophones. In the simple case of a straight line spread (2-D), the point of reflection is
half-way between the source and the detecting geophone. The spacing between reflection
points on the interface is always half that of geophone spacing. Consequently, the total
sub-surface coverage of an interface, the length across all reflecting points, is exactly half
the total geophone spread length.
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Figure 6 Schematic view of seismic raypaths for multichannel acquisition

For shallow low velocity layers, there is much noise in the reflection data. Usually, more
than one shot is used. Thus reflections arising from the same point on the interface will
be detected at different geophones (Figure 7). This common point of reflection is known
as the common midpoint (CMP) or common-depth point (CDP). A CMP gather is a
grouping of all traces with the same midpoint location, while a CDP gather is a grouping
of all those with same reflection point. CMP and CDP gather is a useful technique for

combining traces to increase the signal/noise ratio.
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Geophone Spacing

Common Depth Point
Figure 7 Common-depth-point (CDP) and the common midpoint (CMP) concept

A CDP gather is equivalent to a CMP gather only when the reflectors are horizontal and
velocity does not vary horizontally. If the reflector in the subsurface dips, these two
gathers are no longer equivalent and only the term CMP gather is used. The power of the
CMP process is in the multiplicity of data that come from a particular subsurface
Iocation. Since the noise is generally random in nature, making a CMP gather and adding
the traces can reduce noise and enhance the reflection signal. The degree of multiplicity
of data from a particular location is known as “CMP fold”. Theoretically, the signal-to-

noise (S/N) ratio of i isi

to the square root of the CMP

fold.

2.1.2.2. Source
Selection of the most appropriate seismic source type for a particular survey is very
important. An ideal seismic source must produce a large enough signal into the ground to

ensure sufficient depth penetration and a high enough resolution to image the subsurface.



There is a great number of different sources that can be used depending on the type of

: 1) impact, which includes

target. All sources are generally classified as three typ
hammer, drop weight and accelerated weight; 2) impulsive, which includes dynamite,
airgun and shotgun; and 3) vibrator, includes vibroseis and vibrator plate (Reynolds,
1997).

As seismic waves propagate, part of their energy is converted into heat and energy is lost.

This reduction in the elastic energy of the wave is termed absorption. The energy

due to the ion varies ially with the distance from the source.

In a solid medium, the ion is directly i to (Al-Sadi, 1980).

Thus, the energy losses with distance are much greater at higher frequencies than at lower
frequencies. However, in a shallow reflection survey, higher frequency contents are
required to achieve high resolution. The goal of source selecting is finding better ways to

increase higher when ing energy and to be sensitive to

detecting those higher frequencies rather than the lower ones.

From a practical standpoint, there are some differences between the sources for shallow
seismic reflection and those for standard reflection surveying, say in the petroleum
industry. Firstly, the amount of source energy required is often much less for shallow
reflection. Secondly, low cost is preferred since the number of shotpoints per kilometer is
often an order of magnitude greater for a shallow high resolution application. Thirdly,
portability and efficiency are required to achieve the large amount of field work with
ease. Fourthly, repeatability is required to ensure that stacking records from multiple

input from the same energy source at the same shotpoint will enhance the reflection



signal. Finally, safety is an i factor to be it to minimize any danger to

the environment and any local community.

2.1.2.3. Detector

Seismic energy arriving at the surface of the ground is detected by geophones, which
convert ground motion to an electrical signal whose amplitude is proportional to the

amount of ground di P istics of a h include its

natural , sensitivity, coil resi damping and

One of the most important aspects of a geophone is its natural frequency. This is the
frequency for which the output of geophone has the greatest value. For high resolution
shallow surveys, the geophone is needed to detect high frequency with minimum
distortion in the output signal. The first rule of thumb is to choose a receiver with a
natural frequency that is at least 10 percent of the highest frequency likely to be recorded
(Sharma, 1997); i.e., if the likely highest frequency is 500 Hz, then a 50 Hz geophone is

Gt with natural ies of 50 to 100 Hz are recommended for

shallow reflection work (Burger, 1992).

Geophones have a response peak at their natural frequency, which can cause ringing in
the data and an artificial peak in the spectrum of the recorded data. To counter this,
damping resistors are used to flatten this peak relative to the other response frequencies.
Usually, the damping resistors are installed at the factory, which makes it possible to

change the damping coefficient easily to meet different needs. Present generation digital



acquisition systems have higher sample rates and larger data storage to record high

frequency signal successfully.

Also, geophone-ground coupling affects a geophone response at high frequencies. If this
coupling is not good enough, the motion of the geophone case does not faithfully follow
ground motion at high frequencies. To improve the geophone-ground coupling, a large
area of contacting with ground, by increasing the size of the spike or base plate of

geophone, is desired.

For large scale survey, more than one geophone may be connected together to form a
“group” of geophones, the output of which is summed and recorded in one channel. The
geophone group is designed to enhance the near-vertical upward-travelling reflected
waves and minimize any horizontal coherent noise (Reynolds, 1997). If the individual
geophones in a group have a spacing equivalent to a half wavelength of coherent noise,
for example, the Rayleigh wave, the signals at alternate geophones will be out of phase
and will be cancelled by the summation of the outputs from the geophone group. A
geophone group can also help to filter out some random noise and has a overall effect of
increasing both signal strength and signal/noise ratio (Reynolds, 1997). Because of the
small spacing between the geophones in the group, the entire group is approximately

equivalent to a single geophone located at the center of the group.

2.1.2.4. Seismograph
The seismograph records the geophone output digitally by analog-to-digital converters. In

playback, through filtering, time shifting, compositing, and other operations, the data are



put into the desired form for and i after digital: log

conversion. By using computer the sei has a
speed and storage capacity for handling multichannel seismic signal in real time. There
are numerous different recording system settings. In a high resolution shallow seismic
survey, a high frequency is needed to achieve high resolution. High frequency has a small
wavelength that requires the recording system to sample at a high rate to avoid high
frequency component losses. In some cases, like vibroseis, long records (more than 10
seconds) are employed to enhance signal. Thus the ability to record long records is

important.

2.1.3. Data Processing

Data processing is applied to the seismic data to enhance the signal/noise ratio, highlight
the geological features, and finally enable the geophysicist to interpret. Figure 8

i a ional data i (after Yilmaz, 1987).

The multiplicity of seismic data gives rise to a variety of schemes to process the data and
provide an image of the sub-surface. Generally, data processing for shallow seismic

reflection data is similar to that for conventional seismic reflection data.

However, shallow layers generally have low velocity that varies abruptly with horizontal
location. In addition, the reflections are often subtle and noisy. Thus, in contrast to
conventional processing, more attention must be paid to some pitfalls of shallow
reflection data processing. The primary pitfalls are spatial aliasing, removing of air-blast

noise, and refraction muting.
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Figure 8 A typical data processing flowchart (After Yilmaz, 1987)
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2.1.3.1. Preprocessing
Field data are recorded in a multiplexed mode using a certain type of format.

D iplexing consists of ing the indivi seismic channels, reassembling the

series of samples ing to each geopl ally. Finally, the profile

number, shot number and receiver number efc. are written into data as “headers”.

A gain recovery function is applied to correct for the amplitude effects of wavefront
divergence. Automatic Gain Control (AGC) can adjust the signal amplitude to an
identical average value. An exponential gain function may be used to compensate for

attenuation losses.

The most important step is field geometry setting, which, based on surveying
information, stores coordinates of shot and receiver locations for all traces on trace
headers. Many types of processing problems may arise from incorrectly setting up the
field geometry. Elevation statics are also applied in this stage to correct travel times to a

common datum level.

2.1.3.2. Deconvolution

Deconvolution is defined as a process convolving with an inverse filter. By compressing
the effective source wavelet contained in the seismic trace to a spike, deconvolution
extracts the refleciivity function from the seismic trace and thus improves the vertical
resolution (Sheriff and Geldart, 1995). Because both high frequency noise and signal are

boosted, the data often need filtering with a wide band-pass filter after deconvolution.



2.1.3.3. Remove Air-blast Noise and Ground Roll

Most seismic sources emit air-blast noise. Echoes from trees or other objects near the
source generate air-blast and air-coupled waves, which are easily recorded. Air-coupled
waves can cause enormous problems on shallow reflection data, particularly in the first
30ms of the record. Usually, the ground-coupled air wave arrives first, then the direct

wave (Steeples and Miller, 1990).

Airwaves practically show a dominant frequency near that of the lower band edge of the
low-cut filter (Steeples and Miller, 1998). Simple frequency filtering does little to
attenuate the airwaves within the frequency range of reflection energy. Thus, trace
muting, removal of part of traces, is preferred to remove airwaves. The air blast usually
contains some frequency components between 200 to 500 Hz, so that spatial aliasing

frequently occurs. Frequency-wave number filtering (f-k filtering) can be used to reduce

air blast, but caution is necessary to avoid ing air-coupled waves and

reflection signals.

Ground roll, the surface wave, i lower and high iplif to

contaminate reflections. It also needs to be removed to recover the reflection data.

2.1.3.4. CMP Sorting
CMP sorting is transforming all data from sh iver to midpoint-offs

and grouping those traces with the same midpoint location together (Figure 7). The CMP

technique uses redundant recording to improve the S/N ratio.

Given the total number of elements in the recording system N:
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N=n-n,-n, @.35)
‘Where n; is the sources per trace;
ng is the receivers per traces;

n¢ is the offset coverage of the same subsurface point.

The signal i noise ratio i is imp: by a factor of N'2.
This improvement factor is based on the assumptions that the reflection signal on traces
of a CMP gather is identical and the random noise is mutually uncorrelated from trace to

trace (Yilmaz, 1987).

2.1.3.5. Velocity Analysis
In addition to improving the S/N ratio, multifold coverage with nonzero-offset recording
yields velocity information about the subsurface. Velocity analysis is performed on
selected CMP gathers, and the result is a table of numbers as a function of velocity versus
two-way zero-offset travel time. These numbers represent some measure of signal

along the i ji ies, governed by velocity, offset and travel time.

These velocity functions are spatially interpolated between the analysis points across the
entire profile, so that each CMP gather is supplied a velocity function. In areas with
complex structure, the velocity spectrum often fails to provide accurate velocity picking.

Under this circumstance, the data are stacked with a range of constant velocities.

2.1.3.6. Normal Moveout (NMO) and Stacking
NMO-correction is applied to the data in order to yield zero-offset recordings. NMO
corection depends only on time, offset and RMS (Root Mean Square) velocity. The

arrival time of a seismic reflection event as a function of offset can be approximated by a



hyperbola. Figure 9 shows a hyperbolic curve obtained for each reflector. Curve t(x)is the

time/distance curve, and the time variation with respect to its ordinate at the origin is the

normal moveout (NMO).

rereeeennd2.6)

At is the NMO correction, which is applied to t makes the time/distance curve horizontal
(Figure 9b). After NMO correction, the offset effect has been removed from traveltimes;
however, NMO correction stretches the traces in a time-varying manner, and shifts their
frequency content toward the low end of the spectrum. Also, frequency distortion
increases at shallow times and large offset. To prevent the degradation, the stretch zone

should be deleted (muted) before stack.

Finally, 2 CMP stack is obtained by summing those traces over offset. The stacked traces
can now be presented in their correct position, each at the position of their common

reflection point to create a seismic section.
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Figure 9 CMP display (a) before and (b) after NMO correction

2.1.3.7. Mute Refraction Arrival
Refracted arrivals should be muted from the data section during the early stage of

however, ing shallow ion from shallow refraction is 2 potential

pitfall. Because reflected energy near the surface tends to contain frequency components
close to that of the early refracted arrivals on field files, it is difficult to separate them by
means of frequency filtering. Furthermore, because of their similar phase velocities,
wide-angle shallow reflection and shallow refraction may interfere with each other over a
large offset range. Consequently, f-k filtering is ineffective to separate the shallow

reflections from shallow refractions.



Even so, two indicators (Steeples and Miller, 1990) are useful for distinguishing them.
One is frequency inversion with depth. Under normal geological conditions, the
frequency of the reflections will decrease with depth because of attenuation with
increasing travelpath length. If the apparent frequency of the coherent events changes
from low at short reflection times to high at longer times, it may be a sign of a shallow
refraction event. The other distinguishing feature is NMO correction. A reflection-time
display will be transformed from a hyperbola to a straight line during NMO, and typically
20-30% of the high frequencies will be lost by NMO stretch (Miller, 1992). Refractions
are also stretched by a similar amount, but their linear arrivals at near offset do not
respond in-phase to hyperbolic time-distance moveout. Thus, in CMP stacking,

don’t stack as as i and the misali of i

wavelets present may decrease their dominance in a stacked section.



2.2. Factors Controlling Seismic Resolution

The resolution of seismic data is the ability to tell that more than one feature is
contributing to an observed effect (Sheriff, 1985), which is defined by the smallest
features that can be observed in both the vertical and horizontal directions. Vertical
resolution concerns the ability to distinguish that more than one reflecting interface is
contributing to an observed reflection, while the horizontal resolution concerns the ability

to distinguish features that are displaced horizontally with respect to each other.

Seismic resolution is controlled by many related factors, including frequency bandwidth
and velocities of seismic wave, the size of Fresnel zone, the spatial sampling and survey

depth. Each of these will be discussed below.

2.2.1. Waveshape and Frequency
For vertical resolution, the “resolvable limit” is defined to quantify whether two
reflectors are resolvable or not. The most common definitions of resolvable limit are from
Rayleigh (Jenkins and White, 1957) and Widess (1973). Rayleigh’s definition is a quarter
of the dominant wavelength A/4 and Widess’ is A/8. Other definitions generally fall
within this range. Thus, the wavelength, thereby the wavelet shape, affects the resolvable
limit greatly.

According to Fourier synthesis, a seismic wavelet can be thought of as resulting from the
superposition of many harmonic waves of different frequencies and amplitudes. Cosine

waves with zero phase shift will have maximum constructive interference at t=0, thus,



the i possible i there. At other certain time, the wave will

add up to give smaller peak amplitudes. However, the broader the band of frequencies

included, the farther one has to go from t=0 for these to achieve appreciable constructive

Higher in the idth are necessary to produce a
sharp peak. Therefore, the desired waveshape is best achieved with a sharp and narrow

zero-phase wavelet with minimal sidelobes to interfere with other events.

Figure 10 is an example to illustrate the effect of a wedge (Sheriff and Geldart, 1995).
Figure 10b shows a reflection from single interface (upper reflection) and the wedge
which velocity is intermediate between that above and below it (V3>Vy>V) or
V3<V,<V)). The waveshape clearly indicates more than one reflector when the wedge
thickness exceeds A/4 (12ms). Figure 10c shows the wedge with a velocity different from
that of the surrounding material (V1=V3#V), The waveshape is nearly constant below a
thickness of A/4, where the amplitude is at the maximum because of constructive in
interference. For wedge thickness less than A/4, the waveshape is the derivative of that
for a single interface.

Berkhout (1984) introduced the length L, of the wavelet as a measure for its resolving

power. To achieve this, the relative second-order moment of the time wavelet w(t) is

used.
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Figure 10 Reflections illustrating vertical resolution. (after Sheriff and Geldart, 1995)
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Evaluation of L.in the frequency domain results in:
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‘Where W(f) and ¢(f) are the amplitude and phase spectrum of the wavelet w(t).

From equation (2.9), it is clear that a band limited wavelet W(f) requires smoothing at the
Iower and upper frequency limits. Without smoothing the steep amplitude changes in the

frequency domain result in an inferior wavelet. Berkout (1984) also defined a window

function as
_ '4
W(f)= [COS (ﬂ-' f—fc—]] e ere s (2.10)
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The exponent y (20) is a smoothing parameter that controls the trade-off width of the
main lobe and the side-lobe attenuation. Large ¥ results in a low side-lobe level and a

small v results in a small width of the main lobe. From the above equation, a high

frequency can sharpen and narrow the thereby achieving higher

2.2.2. Fresnel Zone

The hori: ion is often i by the size of the first Fresnel zone.

According to Huygens’ principle, all points on a wave front are sources of secondary
wave fronts; the reflection energy observed at a geophone position does not come from a
single reflection point but a fairly large zone that contains all reflection points. This zone
is termed the Fresnel zone (Figure 11, from which the two-way path length from source
to receiver is at most A/4 longer than the “nominal path length”. The intensity scattered
from points in the first Fresnel zone arrives less than half quarter period after the
“nominal” arrival, and thus the energy interferes more or less constructively. In Figure
11(b), S is a source and a coincident detector. SPy is perpendicular to a reflecting plane,
and Ry, Ry are such that the distance SPo, SP; and SP, differ by A4. Generally,

ha>>Re>>A.

The shape and size of the Fresnel zone depends on the position of source and receiver,
the velocity contribution, wave length, and depth, dip, and curvature of the reflector. The
magnitude of the Fresnel zone can be as indicated in Figure 11a. In the Fresnel zone, the
area effectively contributing to a reflection is fairly large. The outer parts do not

contribute as much as the inner parts. Sometimes an “effective” Fresnel zone is used,



which is half the radius of the Fresnel zone defined above. Figure [ 1c shows how high

frequency decreases the size of Fresnel zone.

Figure 11 The Fresnel zone. (a) Determining the diameter of the first Fresnel zone for coincident
source and detector. (b) Showing the second Fresnel zone. (c) Fresnel zone size depends on
frequency or wavelength. (after Sheriff, 1985)



For the simplest case with source and receiver coincident (zero offset), homogeneous
medium, and a plane horizontal reflector at depth z, the Fresnel zone is a circular disc

with the radius r, as indicated in Figure 12,

@.11)

Surface

< » !
« L

Diameter of first Fresnel zone
Figure 12 Fresnel zone for zero-offset acquisition geometry




2.2.3. Spatial Aliasing

Spatial aliasing occurs when data are not sampled frequently enough in space. Similar to
the Nyquist frequency in time sampling, the Nyquist wave number, kn/2m, is used in

spatial sampling (Sheriff and Geldart, 1995).

kn/21 = 1/An = 1/28x (2.12)

Ax is the geophone spacing and Ax is the minimum wavelength detected without spatial
aliasing.

Equation (2.12) indicates that signals should be sampled at least twice per wavelength to
avoid spatial aliasing, or, in other words, aliasing occurs when the wavelength A of
energy is smaller than Ax. For a survey with geophone spacing of 3 m, for example, the

minimum wavelength Ay is 6m. If A is smaller than 6 m, then aliasing will occur.

Equation (2.12) also indicates the aliasing is mainly controlled by offset, geophone
spacing and spatial sampling. The offset of the closest receiver determines the first
common depth point position in the subsurface, so a different offset design could affect

which point in the subsurface is being imaged. Because the smaller common depth point

spacing can separate two closer features and hence high
common depth point spacing, the distance between two nearest reflection points, is an
important factor to distinguish two features displaced horizontally. The common depth

point spacing is exactly half of the geophone spacing. Therefore, decreasing the
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geophone spacing can shorten the common depth point spacing thereby increasing the
horizontal resolution.

Among the three factors, spatial sampling is the most important for controlling the
seismic resolution. A seismic signal is a continuous time function. In digital recording,
the continuous seismic signal is sampled at a fixed rate in time (sampling rate or
sampling interval). In order to reconstruct the seismic signal more exactly, a smaller
sampling interval is required. If the sampling interval is not small enough, some details
corresponding to the high frequency component will lost. Generally, the highest

frequency that can be restored is 1/(24t), the Nyquist frequency.

If the signal is digitized at a coarser sampling rate, the amplitude spectrum would change,
and those frequencies above Nyquist are folded back into the amplitude spectrum of the

digital version of the signal. The discrete time series derived from undersampling of a

continuous signal actually contains the ion from high but
it appears as lower frequencies. This phenomenon is aliasing. The aliased frequency f;
can be calculated by means of f=|2mf,f, |, where f, is the folding frequency, f, is the

signal frequency, and m is an integer such that f>f,.

Undersampling has two effects: (1) bandlimiting the spectrum of the continuous signal,
with the maximum frequency being the Nyquist, and (2) contamination of the digital
signal spectrum by high frequencies beyond the Nyquist, which may have been present in
the continuous signal. Nothing can be done about the first problem. To keep the

recoverable frequency band from zero to the Nyquist frequency free from aliased



frequencies, a high-cut anti-aliasing filter is needed iin the field before analog-to-digital
conversion. This filter can eliminate those frequency components that would be aliased
during sampling. Typically, the high-cut anti-aliasing filter has a cutoff frequency that is
either % or % of the Nyquist frequency. This filter rolLs off steeply so that the frequencies
above Nyquist are highly attenuated.

To help to avoid spatial aliasing, Steeples and Miller (1998) put forward a few strategies:

(1) Moving the shotpoint one-half geophone interwal closer or further away from the

geophone spread will have ially no effect on the of the reflector,
but will usually have a substantial effect on spatial aliasing of ground roll.

(2) Reducing the geophone interval by a factor of two or three will improve the
coherency of a true reflector, and destroy the coherency of spatial aliased ground
roll.

(3) Geologic or geophysical information from a site, if available, can help determine
when the reflector is on the record and what its normal moveout should be.

(4) Energy reflected from shallow layers tends to have a frequency content close to
that of the direct wave and the early refracted amivals. When the observed
reflected frequencies are considerably lower than those of the first arrivals, the

recorded events are likely to be caused by ground roll rather than by reflectors.

2.2.4. Time-to-Depth Conversion

In data processing, after NMO correction and stacking, the final seismic section is

presented as a time section. A time section may sufffice to provide a general view of



subsurface structure, and it may not be warranted to develop a depth section. However, in
the shallow subsurface, the velocities often vary with depth and may vary laterally,
hence, the time section is not enough to deduce the correct nature of reflectors and may
even result in an incorrect interpretation. In this situation, depth sections are always
necessary for interpretation. To achieve this time-to-depth conversion, detailed

knowledge of velocity values is required both vertically and along the seismic line.

As an example, Figure 13 illustrates the value of depth sections compared to time
sections. Figure 13(a) is a schematic of several traces with well-defined reflection
arrivals. It appears that the upper unit thickens to the right because the first reflection
arrives progressively later from left to right. In the same manner, the second unit appears
to thin to the right and third one appears significantly deeper to the right. In fact, unit

are i and unit thi are constant across the entire section

(Figure 13(b)). The reason for the displacement of the reflections in time from left to
right on the time section is a variation in the velocities of the upper two units. Thus, a

depth section is important in shallow reflections for high quality interpretation.
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2.3. The A to High i

This research will investigate means to achieve high seismic resolution by the following
approaches:

(1) Selecting a proper seismic energy source. Because little can be done about the
velocity, the effort will focus on increasing seismic wave frequency so as to increase
seismic resolution;

(2) Tn data acquisition, proper offset and geophone spacing will be considered carefully to
avoid spatial aliasing; and

(3) By careful data processing, this research will finally develop stacked sections to

preserve reflection information for high quality interpretation.



Chapter 3. Data Acquisition and Processing
Techniques
The acquisition of seismic data always follows the same sequence: generation of a

seismic signal by a source, propagation of signal through the subsurface, and conversion

of the ground motion into an electric voltage by receivers. The prerequisite to all seismic

surveying is the careful selection of acquisiti The acquisition settings can
affect the data quality greatly. In a high-resolution survey, it is essential to preserve high

frequencies to image shallow ions. The content is by the

design parameters of the source and the receivers, as well as how they are deployed in the
field (Brouwer and Helbig, 1998). The first part of this chapter will discuss in detail the
acquisition parameters for this research.

Once high quality data have been collected, it is essential to process the data so that the

high resolution character is maintained. For Vibroseis data, the processing is somewhat

different from it ing. The ing of i impulse source

data assumes the source is an approximation to a unit impulse. Vibroseis data must be
transformed through processing from its inherent swept frequency form to that for an
impulse function. The second part of this chapter deals with the special problems of

transforming the high resolution data collected for this research
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3.1. Data Acquisition

To compare the relative resolving power of different sources, three field tests were

carried out in 1999 near St. John's, Newfoundland.

3.1.1. Location and Line Geometry

A preliminary field test (test 1) was held in September 1999 at an open site on the

campus of ial University of This test collected the data from a

hammer source and was primarily used to check the instruments. The spread contains 25

single geophones at an interval 5m.

In October, the other two different tests were carried out at a site approximately 70 km
north of St. John's. These two tests were mainly for collecting data from SIST vibrator
sources and, for the sake of comparison, from an explosive source (shotgun). The spread
was set along a straight section of a seldom-used road (Figure 14). The first test spread
(test 2), consisting of 170 stations, was laid out on the shoulder of the road. Each
successive eight stations were connected to a RAM II Module and then by digital
telemetry to the ARAM 24 recorder. The second test (test 3) used the first 120 stations of

test 2 except the were moved i to the line into a ditch alongside

the shoulder of the road. It was hoped that better coupling would occur away from the

gravel of the shoulder.
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To try to avoid spatial aliasing, the geophone spacing for both test 2 and test 3 was cut to
3 m. In order to reduce the random noise, data were acquired for at least two sweeps at

the same shotpoint.

The campus site (test 1) and the shoulder of the road (test 2) both have surface gravel,
while in the ditch, the geophones were planted in fairly soft soil, which may result in a
iower frequency spectral content. There are no documented previous surveys at either
site; thus geological information is limited to regional geological mapping (see chapter

5).

3.1.2. Seismic Sources

The source selection is of critical importance in a high resolution seismic survey. The

characteristic of an ideal energy source is that, first and foremost, it must impart

sufficient energy to provide ions and i The i must be sufficient
to be detected and displayed reasonably well for interpretative purposes. Thus, not only
the total amount of energy imparted but also the shape of waveform and its spectral

content affect the seismic resolution.

‘The empbhasis of this research is on near-surface seismic studies, and the particular focus
is on comparing impulsive and vibratory sources. Two SIST vibrators and a hammer

source are used in this research. All of them are portable, repeatable, and capable of

ing high ies. For ive purposes, a shotgun was also employed for
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3.1.2.1. Hammer Blow
A hammer blow can be regarded as an accelerated weight drop, in which the operator

provides the acceleration. Due to the limit of energy imparted, a hammer source is

usually used for very shallow investigations. Under good conditions, a hammer source

can detect an interface at a depth of 50 m (Burger, 1992).

A 4-kg hammer was used in this research. In order to effectively transfer the energy to
the ground, the hammer was repeatedly struck against a base plate on the ground. The
recording time was as long as 21 seconds, during which about 10 hammer blows were
recorded. The long time recording enhanced the waveforms by allowing summing for a

number of hammer impacts. Figure 15(a) illustrates 155 raw data.

3.1.2.2. Mini Vibrator

Two hand-held electric demolition hammers (large and small vibrators),
(VIBROMETRIC, OY), were used as the main vibrator sources in this research. The
small one was used for part of the shots in test 2, while the large one was used for the rest

of the shots in test 2 and throughout test 3.

The large vibrator is a BOSCH Model GS9. It has a nominal power of 1800W and an
energy of 50J/impact at 30 impacts/second. In this research, the impact rate is from 10 to
25 impacts per second. The energy per impact at lower impact rates is about 2/3 of the

nominal value.

The small vibrator is 2 1.5KW hammer that delivers 20 J per impact, at a mean impact

rate of 25/second. The signal frequency extends well beyond 1 KHz.
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‘With the SIST vibrator source, the amplitude of the pulse does not depend on the input
voltage and the impact frequency varies linearly with the voltage. By adjusting the

voltage as a function of time, these istics make the ical source

computer-controllable, so that various impact frequency codes can be generated.

The specific technique used in this research is the Swept Impact Seismic Technique

(SIST). SIST combines the Vibroseis swept-freq and the mini-Sosie multi-imp:
concepts. With SIST, a low power impact source generates a series of seismic impulses,
which is similar in concept to Mini-Sosie (Barbier, 1982). Figure 15b illustrates some of
the raw data from SIST. However, rather than a pseudo random coding of the impact rate,
a deterministic, monotonously varying rate (i.e. a swept impact rate) is used. In this
sense, SIST is similar to Vibroseis. Compared to Vibroseis, a compliant coupling to the
rock or ground is not as critical in SIST. Considering the fact that a compliant contact

over a wide band is difficult to achieve in all conditions because of the diversity of the

ina 1l-scale survey, SIST has a clear advantage
(Cosmaet al., 1998).
Cosma has applied SIST in many areas and his research indicates that SIST could be a
viable solution for high-resolution, shallow seismic surveying both methodologically and
logistically (Cosma et al., 1998, Cosma & Enescu, 1999). SIST is portable, easy to

operate, and does not have any adverse environmental impact.
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Figure 15 Raw data from (a) a hammer and (b) a vibrator source



3.1.2.3. Shotgun

Explosives were the sole energy sources used in seismic exploration until the weight drop
was introduced in the 1950’s (Sheriff and Geldart, 1995). Explosives can produce both
high energy and high frequency in a burst because the high energy results from the high

speed of the detonation, rather than from the slow movement of a large mass. However,

plosives are not envi ly friendly and easy to use. Furthermore, due to their

destructive nature, they can introduce unpredictable nonlinear effects in the vicinity of

the source that tend to degrade the freq P Explosives are not the
of this research. However, for comparison with the hammer and the vibrator sources, a
12-gauge shotgun, one kind of explosive source, was applied in test 2 and test 3. Figure

16 shows some raw data from the shotgun source.
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Figure 16 Raw data from 12-gauge shotgun energy source
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3.1.3. Recording System

Mark Products L-40 high it are The natural

frequency range is 3040 Hz. As the natural frequency is at least 10 percent of the highest
frequency likely to be recorded, the L-40 can record seismic energy with frequencies up
to 400 Hz. The open circuit damping is 22.2/f, which decreases ringing in the data and

flattens the resonance peak in the spectrum.

The recording system is a Geo-X Systems Ltd. ARAM24 seismic acquisition system,
which is used for both the single shot energy source (dynamite and hammer) and the
multishot and vibrator energy source. Figure 17 shows schematically the complete
acquisition system.

A personal computer (PC) generates the pilot signal, which is then amplified by a power
amplifier and fed to the vibrator. One geophone is set near the vibrator plate to record the

pilot trace, which is used for cross- ion of the raw traces. The

times are 21 s, 29 s and 15 s respectively for the three tests, with the sample rate set at 0.5
ms. The Low-cut filter setting is 3 Hz while the high-cut is 656 Hz. The receiver offsets

ranged fram 1.5 m for the nearest geophone to 500 m for the longest.
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3.2. Specific Processing Techniques

The purpose of data processing is to improve the reflection signal/noise ratio and
geometrically arrange the seismic reflection information, in such a way that geological
information can be easily extracted. Data processing is another important factor affecting
seismic resolution in a shallow survey; poor processing can degrade resolution. The
processing of shallow high resolution data can best be described in relation to standard
seismic processing with some specific considerations.

For the data from the shotgun energy source, the processing procedure discussed in

section 2.1.3 is applied. For the data from hammer and vibrator sources, the same seismic

is still an fate approach after ing the data. However, some

pitfalls and di must be i i which are highli; below.

In order to compare data from all the tests, it is important to use the same procedures and

processing parameters on all data.

3.2.1. Processing Software

The VISTA for Windows™ 2D/3D seismic data processing software was employed

throughout this research.

3.2.2. Basic Principles of the Vibroseis Method

Because SIST is a ination of Vibroseis pt-freqy 'y and Mini-Sosie multi-

impact ideas, the processing procedure for Vibroseis is applicable.
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The Earth response h(t) is theoretically an impulse response to primary reflectors only.
‘When a pilot signal s(t) is transmitted into the earth, it is convolved with the earth

response to form the input. ing the response itself this can be

thought of as the geophone output, y(t).

y(©) = h(t)*s(t) 3.1)

For a discrete series, convolution is defined as:

)= y@) =3 xRy —k) = 3 xt—k)yk) G2
- =

Equation (3.2) indicates that the convolution is commutative, therefore
X(0)*y (1) = y©)*x(t)
and  [x(*y(O]*2(t) = x(O*[yt)*z(V)]

However, in our case, the pilot signal s(t) lasts much longer than the time interval
between reflectors. Thus, individual reflectors cannot be distinguished in the output. In

order to “compress” the signal into a relatively narrow wavelet or pulse to distinguish

clearly, the i needs to be applied.

(®) = s(ODy() 33)

The cross-correlation function is a measure of the similarity between two data sets and is

expressed as

Dry (T) = Z XuYior = T YiKeiek)
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50 @y (D)= Ppx (-7)

= YrRXa = Xk Yo (3.4)

Hence, the cross-correlation can be performed by reversing the first data set and

convolving.

Now, by replacing y(t) in (3.3) by (3.1) and employing equation (3.4), the equation (3.3)

can be rewritten as

() = y(O*s(-t) = h(t)*sO*s(-1) = hO*[s()*s(-)]

=h(t)*a(t)

‘Where a(t) is the autocorrelation of the pilot signal s(t).

According to equation (3.5), the “normal” seismic record can be obtained by cross-

correlating the pilot trace with the geophone output.

Akey ion is that the ion a(t) is a ion of a delta

function, which equals to zero everywhere except at zero-lag. In practice, the degree of

compliance with this condition will provide a means of evaluating the data quality.

Figure 18 shows a practical example of data from the SIST method. Figure 18(a) is the
recorded data (geophone output). For a clearer view, only 6000 ms out of 29000 ms are
displayed. No processing has been done on the data so that just the zero-offset trace and
pilot trace (trace 122) have significant amplitude. A “Normal” seismic record (Figure

18(b)) is obtained by correlating the pilot trace with all the other traces. The



autocorrelation of the pilot trace (Figure 18(c)) shows that more than 90 percent of the

/

energy is concentrated at zero-lag.

Figure 18 Practical vibrator data, (a)SIST recorded data, (b) correlated data, and (c)
autocorrelation of pilot trace
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Figure 18 (continued) Practical vibrator data, (a)SIST recorded data, (b) correlated data,
and (c) autocorrelation of pilot trace
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3.2.3. The “Best” Pilot Trace

The pilot trace is used to correlate the geophone output data to obtain the “normal”
seismogram; thus, the selection of the pilot trace greatly affects the quality of the
correlated data. As illustrated in Figure 17, a series of impulse signals generated by the
computer controller cause the vibrator to strike the base plate, thereby creating a base
plate signal that is transmitted to the earth.

Sallas (1984) has presented a detailed discussion of the construction of the ground force
signal, involving both the vibrator and the base plate (Figure 19). The equation governing
the motion of the base plate is

~Fp=m,x,+m x, .

where my is the mass of the base plate
Xp is the base plate acceleration
m, is the mass of the reaction mass

X is the reaction mass acceleration

Because it is closer to the actual signal propagating from the base plate into the earth, this
ground force signal has been suggested many times as a preferred correlation signal

(Baeten and Ziolkowaki 1990).

In the field work, one geophone was set near the vibrator to record the ground force

signal (Figure 20). However, in test 3, the pilot trace from this geophone was clipped



making the correlation result of poor quality. Under this circumstance, as a replacement,
the trace from the nearest offset receiver station (approximately 1 m away) was used for
correlation. This trace is very similar to the base plate pilot trace and is an acceptable

proxy. The quality of data is sati: y by ing the near trace with the

rest of the traces.

| Vibrator (mr) I

v
Xr

Ground Surface | Base Plate (mb) JTxb

Fg

Figure 19 Mechanical model of the vibrator actuator
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Figure 20 Pilot trace selection




3.2.4. Elimination of Ghost Noise

Generally, non-linear effects cause the actual base-plate signal that differs from the signal
of the pilot signal. This difference results in harmonic distortion in most vibrator
operations on land (Li, 1997). When the recorded ground force signal correlates the

geophone output data, the a shot sei as well as

containing the correlation ghost noise produced by severe harmonic distortions in the

ground force signal both at negative and positive correlation times.

In order to eliminate the harmonic distortion and thereby eliminate ghost noise, numerous
methods have been developed during the last thirty years. However, all existing methods
used to reduce harmonic distortion have been with limited success, largely because they
are difficult to implement and control (Martin. and Bacon, 1993). Recently, Li et al.
(1995) provided a new method known as the pure phase shift filter (PPSF), which can

easily be implemented. Li (1997) put forward a deconvolution approach that uses

to process data to reduce the harmonic distortion.

In this research, the correlated data from the above methods still contain much ghost

noise. To seek better results, Cosma (1999) using i ing on
the pilot trace before correlation. This procedure shortens and de-scrambles the
transients. According to the Vibroseis theory, the Klauder wavelet with a narrow wave
shape and a wide bandwidth ensures better-correlated data. Figure 21(a) shows the
autocorrelation of a pilot trace, which is obviously not an ideal Klauder wavelet. The data

correlated with the pilot trace presents poor quality with much noise (Figure 21(c)).



Figure 21 Autocorrelation of (a) pilot trace and (b) Deconvolution of pilot trace. (c) Correlated

data for (a), (d) Correlated data for (b)

TE TE Bl
5 0 15 m % s " 15 m
20l 2115613208 FLSOSSTOR -~ o At correlaion i IS ) Auto-correation
H of plot trace
k
r !
4 4 1]
i b i
i .
AW N |
¢ CVYWTHTVEYY VIR ll
A pond]
]
: o
T T T T i T
i Il 1] 1  Wiadew | il 1] R HTHLTE
[sHoT I - o .0 " I o w0 " 0 w0 [
-
T 1
i i
W
150
. [ !
W
I s
| m I
-
) Correlted datn. (@) Correisted dsta.
o)
1 ()
[TRace. 2 o " " R 2 - " b "
s P RIS S5



Applying deconvolution on the pilot trace before correlation sharpens the wavelet and

broadens the idth. Figure 21(b) i that more than 90% of the

energy is concentrated at zero lag of the autocorrelation. This procedure improves the

correlated data quality greatly in Figure 21(d).

3.2.5. Deconvolution of Correlated Data

After cross-correlation, the seismogram contains lower frequency content and much
noise, which obscures the reflections. In order to recover the earth’s reflectivity in the

seismic trace, deconvolution is desired.

Deconvolution is a process that improves the temporal resolution of seismic data by
compressing the basic seismic wavelet (Yilmaz, 1987). The wavelet is the response of
seismic system to an impulse, which is theoretically the signal from a single perfect
reflector. The earth’s impulse response is that recorded if the wavelet is a simple spike.
However, the wavelet practically combines the effects of the source signature, surface
reflections, the recording filter, and the geophone response. Thus, the impulse response
comprises primary reflections and all possible multiples and mnoise. Ideally, the
deconvolution will shorten the wavelet, flatten and broaden the spectrum to standardize
the wavelet from trace to trace. This will eliminate the multiples and noise and leave only

the earth’s reflectivity in the seismic trace.

Spiking deconvolution is employed in this research in order to achieve a zero-lag spike.

In the application, several parameters are specified.



Operator length. Usually, the longer the deconvolution operator, the more perfectly the
deconvolution filter approximates the true inverse of the wavelet. Nevertheless, very long
operators may introduce artifacts. To choose the best operator, the autocorrelation of the
seismic trace is referenced. For the data here, the wavelet autocorrelation should extend
to a lag of about S0ms. Following Yilmaz (1987), several different operator lengths
around 50 ms were tested and then 80 ms was selected as it yielded the best appearance

in the seismic record.

Pre-Whitening. There is always noise in the seismogram that is additive in both the time

and the domain. ical noise is during the

Pre-whitening is a process to add a small constant value to the wavelet spectrum at all
frequencies (white noise). This stabilizes the amplitude spectrum of the inverse wavelet
so it does not grow without bound at high and low frequencies. The values for pre-
whitening usually range from .01 to 1 percent (Yilmaz, 1987), and the typical value 1

percent is applied here.

Design Window. The seismic wavelet is not really constant in shape throughout the

trace. It actually loses high ies due to ion and

Thus, the autocorrelation function should be calculated over a portion of rather than the
whole trace. In practice, high resolution data requires the window to begin after the
refracted first break and last 200 to 500 ms (Nickerson, 1993). Because the first break
arrives at different times on different shot records, it is difficult to design the “gate™

accurately. Yilmaz’s (1987) recommended that the design window must be at least eight
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times of operator length. This research tested several design windows with around eight

times of the operator length (80ms) and chose 500 ms that yielded the best result.
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Figure 22  Shot gather and its spectrum (a) before and (b) after spiking deconvolution




After deconvolution, the seismic wavelet has been shortened and some noise and
multiples have been removed (Figure 22). Also, the spectrum has been flattened and
broadened greatly. However, this processing has also generated some high frequency

noise, therefore bandpass filtering is required after deconvolution

3.2.6. Filtering

Besides the noise from the recording system, there still are other noises (i.e. wind, traffic)
that mostly fall into a lower frequency range. In order to remove these and to enhance the
reflection signal, an Ormsby bandpass filter is applied to all traces. Because the main

concer of this research is on higher iies, the frequency are set as

Low Truncation Freq: 40 Hz
Low Cut Freg: 60 Hz
High Cut Freg: 300 Hz
High Truncation Freq: 500 Hz

This setting not only removes the walk-away noise, but also removes the 60 Hz

contamination generated by the generator in the field test.

Air blast and ground roll are the main factors that obscure the genuine reflections. Both
of them are coherent linear noises with low frequency. The velocity of the air blast is
around 340 m/s and that of the ground roll is about 1500 m/s. F-k filtering (wave number
filter) is a useful way to separate these noises from reflection energy then remove them
without hurting the reflections. Since the trace spacing on CMP gathers may be more
than twice of that on shot gathers, f-k filter on CMP gather may result in aliasing.

Therefore, this research applied an f-k filter on the shot gathers rather than CMP gathers.
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In the f-k filter process, all the signal with velocities lower than 1700 m/s was rejected.
After f-k filtering, the ground roll was removed successfully, but the aliased air blast was
not (Figure 23). Fortunately, the depth of interest is just a few hundred meters; thus,

except for the traces near the source, the air blast has no effect and can be ignored.

3.2.7. Shot Stacking
Four sets of data were collected at each shotpoint in test 2 and two sets in test 3. By
adding all the shots at the same shotpoint together, the random noise is reduced while the

coherent reflections are enhanced.

Theoretically, all shots at the same shotpoint should be identical. However, in practice,
there are differences in the time domain becanse the receivers are difficult to trigger
accurately at the same time. Thus, shifting all shots identically in the time domain is

necessary before shot stacking. In order to determine the precise time to be shifted, the

cross-correlation between each two shots was Cr i the
coherence of the two shots and the position of the maximum peak in time axis determines
the optimum shift for stacking. Figure 24 illustrates that the signals are enhanced after

shot stacking, especially on the far offset.

70



SRR
za;;;g;,g:;

W, S :’;‘
; %3,:‘%.;4 e
,ii! !4 S

i

i ; l g% ﬁ‘; ;

= o
3 s T
A

o
‘; !ﬁgf%*ii

3

=2

3

:

i

Figure 23 Shot gather before and after f-k filtering
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Figure 24 Shot stacking: shot 1601 and shot 1602 stacked as shot 160.
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3.3. Summary

For vibratory data, deconvolving the pilot trace before correlation can narrow the wavelet

o zero lag to eliminate the ghost noise by ion. C ing all traces

with the pilot trace can the long records into a preferable normal

shot gather. The further deconvolution on correlated data improves the temporal

greatly by ing and ing wavelet’s spectrum. Filtering helps to

remove the unwanted noise (i.e. air blast and ground roll) and shot stacking enhances the

coherent reflections by reducing the random noise.

As i iti i and i all affect

both the amplitude and frequency contents of the seismic signal, a valid source
comparison requires that acquisition and processing condition be held as constant as

possible.

In this research, three different tests were carried out with five sources. For direct

comparison, all of the trace data were processed identically by following the steps below:

* AGC 300ms

Spiking deconvolution

F-K filtering to remove air blast and ground roll

*  First arrival mute (direct wave and the noise generated by crosscorrelation)

 Band-pass filtering (zero-ph:

After appling the above specific processing, the SIST records and the hammer source

records are transformed to “normal” shot gather seismograms (Figure 26 to Figure 29),

3



which are now capable of being compared with the data of the shotgun source (Figure

: KRR
L
il s

Figure 25 Shot gather of shotgun data after processing
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Figure 27 Shot gather of large vibrator source (29s) data after processing
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Figure 29 Shot gather of large vibrator source (15s) data after processing
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Chapter 4. Data Analysis: Comparison of Sources
This chapter presents the processed data for several high resolution sources.

The pilot trace is an i i ion that affects the ion. The ideal pilot

trace to achieve high ion is one whose ion is a mini phase
function, which equals to zero everywhere except at the zero-lag. The compliance with
this condition provides an effective means of evaluating the seismic resolution. The
nature of the pilot trace in terms of autocorrelation and amplitude spectrum is studied

first.

Seismic resolution also depends on the frequency content. High frequency sharpens and

narrows the waveshape to increase seismic resolution. This chapter then studies the

quency content by ing the dominant and i from which the
maximum resolution limit and diameter of Fresnel zone is derived. As well the energy is

calculated relative to both offset and frequency.

Finally, vibratory sources are compared with the shotgun, both quantitatively and
graphically. Since the main focus of this research is limited to within several hundred

meters of the surface, only the portion of the trace from 0 ms to 250 ms is processed.



4.1. Pilot Signal Specification

The effect of cross-correlating is to replace each replica of the input signal with its
autocorrelation that has the same amplitude and polarity as the original spike of the earth
response (Geyer, 1970a). Therefore, the sharper the autocorrelation. of the pilot trace, the

higher the ion. The istics of the ion signal depend on the

amplitude spectrum and duration of the pilot trace. As an essential determiner of seismic

the pilot trace istics for four sources will be discussed and compared
below.
If £, and f, represent low and high cutoffs respectively, the range
can be quantified as
A=(f2-fy) e (A1)

The actual choice of the cutoff amplitude is somewhat subjective. A value of —20dB from

the peak is used for this study. Figure 30 is a diagram for picking f, and f;.
The ratio of the cutoff frequencies is defined as Re=fo/f)

The bandwidth can be expressed in octaves as

Y. logR,

s Tog2 4.2)
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Figure 30 Diagram for picking cutoff frequencies

According to equation (4.1) and (4.2), not only the frequency range but also the

affects the ion. The range ines the of the

peak and the bandwidth determines the basic shape of the autocorrelation function
(Geyer, 1970b). Because a pilot signal with broad bandwidth yields better resolution than

one with narrow bandwidth, the larger R° the better the resolution. The average

range and idth for each source indivi are and listed in

Table 1.

As a double check on the pilot trace ies, the center peak-to-side lobe
ratio (Ao/AsL) is also computed and compared. The results are listed in Table 1. Since the
amplitude of center peak represents the signal on the record while the amplitude of the

side lobes represents a signal-generated noise, A¢/As. represents a theoretical intrinsic

kL]



signal-to-noise ratio inherent in the specifications of the pilot trace. In this research, the

amplitude of the first side lobes is Asr.

Table I Parameter comparison of the pilot signal

Sources Deconvolution | Frequency range (Hz) |Bandwidth| A¢/Asy
(Octave)
Hammer No 265 (35-300) . L.
YES 475 (25-500) 4. T
S. Vibrator(29s) No 100 (55-155; K 14
YES 357 (25-382) 4. 4.
L. Vibrator(29s) NO 160 (40-200) 2.3 L.
YES 392 (23-415 4. 6.
L. Vibrator(15s) NoO 164 (36-200) 2. 14
YES 575 (25-600) 4 100

For the pilot signal without deconvolution, the hammer has the largest value for all three
parameters in Table 1. For the SIST vibrators, the frequency range is relatively narrow
(100, 160, and 164Hz respectively); the largest bandwidth is just 2.5 octaves and the
ratios of Ag/As. are less than two. Obviously, these unsatisfactory pilot specifications

will result in poor quality on the correlated data

Deconvolution broadens the frequency range and bandwidth, and increases the signal-
noise ratio greatly. The bandwidth for all sources is over 4.0 octaves with the largest at
4.6, and the ratios of Ag/Asy are increased greatly with the largest at 10.

Figure 31 to Figure 38 display the four sources’ typical autocorrelation and amplitude

spectrum of the pilot trace both with and without deconvolution. They obviously

illustrate that the ion without ion is not a ideal Klauder wavelet.

Dy ion d the ients and thereby sharpens the autocorrelation and



broadens the amplitude spectrum. The autocorrelation functions from all four sources are
minimum phase because most of their energy concentrates at zero-lag. The hammer
source has the least non-causal effect, and the large vibrator (29s) is better than the other
two vibrators.

Among the four sources, the large vibrator (15s) has the best frequency range and
bandwidth so as to yield the largest A¢/Ag. ratio. The hammer is the second best and then
the vibrators (29s) are next. The main focus of this research is on the pilot signals with

deconvolution processing, which is used as a true correlator in the data processing.
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Figure 34 The amplitude spectrum of the pilot trace (Small vibrator, 29s)
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4.2. Frequency Content

This section contains the actual ions. The spectrum of individual traces

was to allow i of the isti Because the

reflections are not clear making it possible to separate them from other seismic energy,

all the waves are used to calculate the spectra.

Practically, the raw frequency spectra are too noisy to be compared properly; therefore a

five-poi ing filter is used for ing before

X; = (6 XL TR F X Yowcuommvnsssammsnosusvosasesssnd (4.3)

L
5
Figure 39 shows an example of the spectrum before and after smoothing (from the large
vibrator, 15s). The smoothed spectrum clearly indicates the low cutoff frequency f; and
high cutoff frequency f, which yields the dominant frequency by picking the midpoint
between f; and f,. f) and f; are defined in this research to be the beginning and ending
frequency of plateau of the amplitude spectrum. Also, the frequency range can be
determined easily by subtracting f,” from £’ at an appropriate decibel cutoff (-20dB was
selected in this research).

To study the frequency characteristics with offset, offset sort processing was applied to
calculate average amplitude spectrum statistically at each offset. The dominant

ranges and i in octaves for all sources are listed in

Appendix A and illustrated in Figure 40, Figure 41 and Figure 42 respectively.
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Figure 39 An example of the spectrum before and after Hamming filtering
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Figure 40 indicates that the shotgun has the highest dominant frequency. For the SIST
vibrator sources, the large vibrator has a higher dominant frequency than the small one.
Recording time also affects the frequency content because the frequency of the input
‘wave increases with time. The large vibrator with a 29s recording time has a much higher
dominant frequency than the same vibrator with a 15s recording time; furthermore, even
the small vibrator with a 29s recording time has a higher dominant frequency than the

large one with a 15s recording time.

For near offsets (<100m), the shotgun contains much higher frequencies, but all other
sources contain lower frequency content that changes irregularly since the air blast and
ground roll contribute unevenly. On far offsets (>100m), the frequencies for all sources
increase more or less and keep constant individually except for the small vibrator. Within
110 m, the hammer source’s dominant frequency is higher than that of the SIST vibrators
and even higher than that of shotgun after 60m. Because its offset is limited to 110 m, the

hammer source is impossible to be compared with others for far offsets.

Figure 41 clearly shows that the frequency range has less dependence on offset. After an
offset of 150m, they are constant with offset. Among them, the shotgun has the highest
bandwidth range at 400 Hz, large vibrators with 29s and 15s recording time have the
same value at 380 Hz, and small vibrator offers the lowest one at about 360 Hz. For the

same reasons di: d for the i the ranges within near

offsets (<100M) fluctuate and they are lower than those for far offsets. The hammer

source has the highest value at near offsets.



However, the frequency range alone does not control the frequency affect on resolution
properly. Instead, the frequency bandwidth in terms of octaves provides a better
explanation. Figure 42 shows the bandwidth with offset, in which the result is something
different from that of Figure 41. Large vibrators with both 15s and 29s have higher
bandwidth, while the shotgun has the lowest. After offsets of 250m, the bandwidth of all

sources tends to be the same at about 3.4 octaves. Table 2 lists the average dominant

range and idth for all sources.

Table 2 Average dominant frequency, frequency range and bandwidth

Dominant Freqt 'y range qt 'y
(Hz) (Hz) (octave)
Shotgun 207 401 33
S. Vibrator (29s) 161 352 34
L. Vibrator (29s) 181 381 35
L. Vibrator (155) 131 364 338
Hammer 194 386 35

From a resolution point of view, Widess (1973) defined a layer to be “thin” when its
thickness was less than A/8, and the maximum resolution achievable may not be better
than A/4 in practice. Wavelength A equals to v/f thereby the maximum resolution limit is
(v/f)/4. For horizontal resolution, an absolute limit is set by the width of the first Fresnel
zone. The diameter of first Fresnel zone, D, is related to the depth of reflector, z, and the

dominant wavelength A (Brouwer and Helbig, 1998).



D =A+Az..

L (4.4)

Approximately, the velocity v was picked on the data set as 5200 m/s for test 2 and 3, and

4000m/s for test 1. Thus, the maximum resolution limit and diameter of first Fresnel zone

can be calculated easily and are listed in Table 3.

Table 3 The maximum resolution limit and the diameter of first Fresnel zone

Average dominant | Maximum Resolution | Diameter of first
Frequency (f) limit [(v/f)/4] Fresnel zone
(Hz) (m) [D=(32)")(m)
Shotgun 207 63 50z
Small Vibrator(29s) 161 8.0 STz
Large Vibrator(29s) 181 72 532"
Large Vibrator(15s) 131 99 632"
Hammer (21s) 194 52 467"




4.3. Energy Versus Offset

Energy level is another important parameter to be compared. Usually, seismic energy
attenuates exponentially with distance because of absorption. To obtain an estimate of the

relative amounts of seismic emergy with offset, relative energy was computed by

summing the squares of the i ients. The ampli ients are the

individual values depicting the amount of signal at particular frequencies.

Ideally, separating different wavess and comparing energy from the identical wave is the
best way; however, the current data is not good enough to separate different waves
properly, thus all waves are incladed to calculate the energy in this research. Similar to
the processing to assess frequency content, an offset sort was completed to get an average

energy at different offsets. The result is illustrated in Figure 43.

Energy attenuates exponentially within 100 m. The energy of the shotgun data is the
largest and the large vibrators (both 29s and 15s) have more energy than the small
vibrator. Obviously, the hammer has lowest energy level, which is about one order lower
than that of all the other sources. Beyond 100m, the attenuation rate reduces greatly and

the difference in energy from all sources is slight.

The energy was for i ies by the square of the amplitude

at particular ies. Since the traces within the offset less than 84m
contain air blast and ground roll that failed to be removed by f-k filtering, the energy

versus frequency is divided into two parts. One part contains air blast and ground roll



(offset<84M) and the other does not (84M<offset<360M). They are shown in Figure 44

and Figure 45 respectively.

The average relative energy within 84 m (Figure 44) is about three to four times greater
than that beyond 84 m (Figure 45). This is due to the geometrical spreading, and the
inclusion of the ground roll and the air blast energy. This result agrees with the source
test in New Jersey and California (Miller et al, 1986). It is especially noted that the
shotgun contributes the largest energy level within 84 m while the large vibrator with 155

recording time becomes the most powerful source beyond 84 m.
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Chapter 5. Geological Interpretation

5.1. Geological Setting

The test site for both test 2 and test 3 is located on the Avalon Peninsula, Newfoundland
along the Atlantic coast. The seismic array crosses most of the Middle Cove Member (5a)

in the Mistaken Point Formation of the Conception group (See Figure 14).

Previous detailed geological mapping at the test site has not been done, but King’s (1990)
work assesses the regional geological setting. The Conception Group occurs throughout
the Avalon Peninsula and is dominated by green to grey siliceous sedimentary rock. The
Group outcrops in a 12-km-wide belt between the coastal ranges. The Conception Group
is divided into five formations, two of which outcrop in the test site area are the Drook

Formation (unit 4) and the Mistaken Point Formation (unit 5).

Green, siliceous volcaniclastic sedimentary rocks of the Drook Formation constitute

much of the C ion Group Avalon i The average thickness
throughout the Formation is 1500 m. The Mannings Hill Member (4d) has characteristic
white to yellow and green-weathering thick beds of siliceous sandstone that make the

Drook Formation distinctive.

The Mistaken Point Formation corresponds to the upper part of the Torbay Slate. It is

of ively less rocks than the ing Drook ion and
forms a structural zone characterized by open to tight folds. The stratigraphic thickness of

the formation ranges between 300 to 500 m. The Middle Cove Member (5a) consists of



medium-bedded, graded, ih and i 't tuffs that are
present in the lower part of the Mistaken Point Formation. These rocks are well exposed
in a 1-km-long coastal belt to the north of Middle Cove. They are a very thick, red
tuffaceous mudstone-siltstone unit prominently exposed in steeply dipping beds. Red
mudstone and lithic tuff (up to 2 m thick) are interbedded with very fine grained
turbidites throughout the unit. Variable amounts of lithic fragments occur in most beds

and are mainly rhyolite, rhyolite porphyry, ignimbrite and granophyre.

Figure 46 i the i i ic section of both the Drook Formation and

the Mistaken Point Formation.

King's (1990) regional mapping indicates an open fold (synform) in the Middle Cove
Member along the profile of the test 2 and test 3. The Middle Cove Member overlies the
Mannings Hill Member and it is this contact that is imaged seismically. The lithologies of
the two members are similar and it is likely that it is the change in competency between
the Mistaken Point Member and the Mannings Hill Member that gives rise to the

reflection.
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Figure 46 Composite stratigraphic sections of the test 2 - 3 site (after King, 1990)
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5.2. Interpretation

Figure 47 to Figure 50 display the four CMP stacked profiles for comparison, in which

the vibrator lines are cut short to coincide with the length of the shotgun line.

At the west end (lower CMP number) of the shotgun stacked section (Figure 47), deeper
reflectors dominate and the signal is weak. The deepest reflector is located at about 140
ms of two way time. After CMP location 40, four shallower events become prominent

with strong signal enhancement and have a similar dip to the east.

In the middle CMP locations of the hammer section (Figure 48), two strong events appear
between 40ms and 60 ms. At 20 ms, a reflector crosses the entire profile with weak signal
on the middle CMP locations. Because the hammer data were collected at a different site,
it is impossible to compare its section with the other sections. It is presented solely to

illustrate the quality of the stack to be expected.

Test 2 includes both large and small vibrators with 29s recording time. Because only
three shots for each vibrator are available, the fold is not enough to apply CMP stacking
well. Thus six shots from two vibrator sources are used together to produce the CMP
stack (Figure 49). Lower CMP locations (1 to 60) yield both shallow and relatively deep
events while there are only shallow events on the middle CMP locations (60 to 100).
These are similar to that of shotgun except the events have higher frequencies and closer

events can be separated. After CMP 100, five strong events become clear between 20 ms
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and 60 ms. Like the shotgun stacked section, reflectors are w6t continuous across the
entire profile.

The data of the test 3 also yields more events but fails to show the events as clearly as test
2 (Figure 50). A possible reason for this may be the replacement of the pilot trace and the
irregular recording time delay on different shots. However, by careful interpretation, the

events corresponding to those in test 2 can still be distinguished at almost same locations.

Figure 51 highlights the same event on both the test 2 and the test 3 stacked section. The
depth of the event is about 104 m at the center (CMP 70). Compared to the geological
structure under the seismic line (Figure 14b), the synform with dip of 20-25° could be
about 110 m deep at the center (Figure 51c). The SIST data yield a clear event

corresponding to the base of the Middle Cove Member.

Obviously, the SIST vibrator (29s) line (Figure 49) has much better signal-to-noise ratio
and is higher resolution than the shotgun data. Although the SIST data (15s) fails to
achieve a high quality CMP stack profile, it still provides an improved image compared
to the shotgun and shows the potential for shallow high resolution surveying with the

SIST technique.
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5.3. P ion Depths and Limitati

The penetration depth depends on the energy level and frequency content of the source. A
larger energy source can achieve deeper penetration while a higher frequency leads to

reduced penetration but improved resolution.

The stacked sections indicate that the two-way penetration times are ~100ms, ~60ms and
~60ms for shotgun, the SIST vibrators and the hammer sources respectively. For the
velocities 5200m/s for the test 2-3 site and 4000m/s for the test 1 site, the corresponding

penetration depths are ~260m, ~150m and ~120m respectively.

The penetration depths in this research are not entirely satisfactory. The 12 gauge shotgun
used in this research provides small energy. This weak energy results in the shallow
penetration depth. Furthermore, the SIST vibrators generated much weaker energy than
shotgun, so as the reflections seldom appear on the data set. The hammer usually offers

the weakest energy, which yields the shallowest depth.

Referring to the unstacked data sets is helpful to consider this issue. Figure 25 to Figure
29 display the best shot gathers from each of the different sources. Reflections can be
seen at very shallow depths on the shotgun and the large vibrator (29s). The remaining

sources fail to provide clear reflections.

The most convincing conclusions arise from the site geological structure. Because the
Middle Cove Member (5a) and the Mannings Hill Member (4d) have similar lithologies,

their impedance is not markedly different, so the boundary between them could not give
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rise to a strong reflection. In the 4d Member, the geological makeup is uniform and.
seldom provides reflections. In addition, the depth of the base of 4d Member is inferred

to be more than 1000 m, which is too deep to be detected by any of these sources.

In addition to the geological structure, data acquisition may be another cause of poor
reflections. In this research, the recording system failed to keep the recording delay time
identical for each shot due to triggering problems. Before processing, all shot gathers
needed to be shifted to a nominal 0 ms manually. Even though this was done
meticulously, it is still hard to decide the exact time to be shifted. A difference of even 2-

3 ms can destroy the stacking of a reflection.
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Chapter 6. Conclusions

In order to study the ability of the vibratory sources to achieve high resolution in near-
surface seismic imaging, this rescarch compares three SIST (Swept Impact Seismic
Technique) sources and a hammer source with a shotgun source in terms of dominant
frequency, frequency bandwidth, energy level, CMP stack and penetration depth. Even
though the portable vibratory sources require more effort to achieve superb seismic

results, they offer good i for istics and i

Table 2 lists the average dominant frequency and bandwidth of all five sources. The

shotgun is the most with a i at 207 Hz; the hammer is the

second best with 194 Hz. For the three SIST vibrators, the longer recording time
generates higher dominant frequencies than the shorter time, and the larger vibrator offers
higher dominant frequencies than the smaller one when their recording times are same.
Table 3 lists the maximum resolution limit and diameter of first Fresnel zone, which
indicates that the best ranking of sources in terms of resolution is a hammer, shotgun,

large SIST vibrator (29s), small SIST vibrator (29s) and large SIST vibrator (15s).

However, the SIST vibrators have a higher frequency bandwidth than the shotgun. The
large SIST vibrator (15s) has the highest bandwidth of 3.8 octaves. The large SIST
vibrator (29s) shares the next best with the hammer at 3.5 octaves, and the shotgun has

the smallest bandwidth at 3.3 octaves.



In the near offset (<140m), the energy level of all sources attenuates exponentially with
offset. The shotgun generates the strongest energy that is much higher than that of the
SIST vibrators. Among the three SIST vibrators, the strongest energy order is large (29s),
small (29s) and large (15s). The hammer gives the weakest energy among the five
sources and its absolute value is about one order smaller than that of the large vibrator
(15s). Beyond offset 140m, the energy attenuation rates become very slight and the
shotgun has almost same energy as SIST vibrators. No hammer data is available in this

offset range.

Compared with the shotgun, the SIST vibrator CMP stacked sections show higher

Higher frequency idth makes the SIST vibrator capable of better
detection of shallow events than the shotgun. On the other hand, the weaker energy limits

the SIST vibrator’s penetration to about 150 m in depth, while the shotgun attains 260m.

In conclusion, based on their overall performance, especially as evidenced in the stacked
section, the SIST vibrator sources used in this research show a great deal of potential to
be viable energy sources for high resolution shallow surveys. Their penetration depth,
about 150 m, is deep enough for environmental applications, i.e. ground water, but
insufficient for mineral exploration, where a target depth of up to 500 m is expected.

Imaging to 500 m depth may be attainable by using multiple SIST sources concurrently.
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