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ABSTRACT

Refracted first arrivals recorded in high resolution seismic surveys contain hey
information for deriving statics and are important for improving the resolution of
reflections. They may also be useful for estimating shallow bedrock velocities as an aid
to interpreting bedrock geology below the weathered layer. Two ditferent techniques to
estimate near-surface information are described in this thesis : one is a generalized lincar
inversion (GLI) technique that uses damped least squares to estimate statics and Occam’s
method to estimate lateral variations in the bedrock layer for interpretation of geology:
the other employs the reciprocal method and the smoothing of torward and reverse
apparent velocity profiles in the analysis. A comparison is made between the
effectiveness of these techniques for a synthetic data set and 3 high resolution data sets
collected at two mine sites in central Newfoundland for mining exploration purposes.

For these data there was no discernible difference in the quality of the stacked
seismic sections for the data sets processed with statics derived using GLI compared with
the reciprocal method. Lateral variations in bedrock seismic velocity are resolved to the
same degree by both direct smoothing and Occam’s technique, resulting in similar
geological interpretations. The resolution of the bedrock velocities in both methods
depends on the acquisition parameters, the signal-to-noise ratio in the field, and the
amount of smoothing applied to the data. Future work may be to use a more efficient
numerical procedure in GLI to handle sparse matrices and to make a comparison of these

techniques for the case of diving raypaths.
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CHAPTER 1

1.0 INTRODUCTION

[f it were feasible, a huge mechanical bulldozer could be used prior to land-based
seismic surveys to remove the thin veneer of unconsolidated material (soil, sand. glacial
ull, gravel and other quaternary deposits), weathered bedrock (upper surface of bedrock
which has been fractured and/or chemically altered) and undulations in  surface

topography (hills and valleys) to create a flat, horizontal surface upon which the shots

and receivers could be placed for the survey. This would reduce the degradation of the

stacked signal caused by time delays associated with this near-surface, low velocity
“weathered layer” (overburden and weathered bedrock) and immprove the quality of deeper
reflections of interest. This would also allow us to interpret the geology that was hidden
by the weathered layer.  Unfortunately, such an operation in the field would be
impractical (and environmentally unfriendly), and therefore procedures are required in
the processing of these data to estimate corrections to remove these eftfects prior o
stacking.

The problem can be considered to be two-fold: i) The most serious problem is to
vorrect for rapid variations in the weathered layer velocity and/or thickness that cause
time delays which result in signal misalignment in the CMP gather and deterioration in
the quality of the stacked signal. The statics effects cause a decrease in the bandwidth
of the signal by acting as a high cut filter. ii) A secondary problem is the estimation of

longer wavelength components that cause undulations and apparent structure to appear
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on reflective horizons.  Although less consequential than the first problem, tme
structure effects may be minimized by using a correct near-surface model.  These two
problems have important consequences for other processing tools such as acoustic
impedance estimation, NMO velocity estimation, two-dimensional filtering technigues,
and residual statics which produce far more reliable results when the near-surliace effects
are taken into account (Farrell and Euwema, 1984).

A velocity mode! of the near surface used to remove the above etfects may be
estimated from the travel times of refracted P-wave ¢nergy travelling close to the
weathered layer/bedrock interface. Time correctiors, known as static corrections, are
estimated from this model and are used to shift the seismic traces so that they appear to
be located on a flat, horizontal datum.

The refracted first arrival times can also be used to estimate lateral variations in
bedrock seismic velocity to constrain shallow geological interpretation. The estimation
of bedrock velocity variations from refracted arrivals on seismic reflection data has rarcly
been fully exploited in the past apart from a few notable ¢xceptions (Green, 198();
Brocher, 1981; Wright, 1982; Alter, 1985; Mayrand ¢t al., 1987). The most likely
reason for this is the large amount of effort required in the past to pick first-break times
trom the shot gathers. The interpretation of faults, shear zones, and possible changes
in lithology in high resolution seismic work may be possible with this type of analysis.

Many different refraction methods have been used previously. Some approaches

use standard engineering methods such as the comparable reciprocal and plus minus




3

mcethods (Hagedoorn, 1959; Hawkins, 1961) and the gencralised reciprocal method
(Palmer, 1981) for detcrmining depth to bedrock and static corrections. Others have
used a cumulative difference method to estimate statics (Bahorich et al., 1982; Leven and
Taylor, 1989) which incorporates more reciprocal paths per shot or receiver than the
conventional reciprocal method but has the disadvantage that crrors in the weathering
terms are cumulative (Wright and Nguuri, 1994).

Refraction tomography has also been used in several different forms to estimate
near-surface velocity models.  Hampson and Russell (1984) used a multi-layered near-
surliace model for the inversion of refracted arrivals, and assume that the velocity in the
overburden is known. De Amorim, Hubral and Tygel (1987) assume a model where the
basce ot the low velocity layer is held at a fixed depth and the velocities determined
within the layer absorb the traveltime variations. Other models solve for a number of
weathering cell thicknesses and velocities with only one or two layers (Olsen, 1989;
Docherty, 1992),

The GLI and engineering method approaches are both widely used in the oil
industry and by crustal-scale surveys (e.g. Lithoprobe) and there is some rescarch
indicating that GL.1 is an improvement on the engineering technique (e.g. De Amorim ct
al., 1987 Docherty, 1992) although it is unclear why one should be better than the other.
Improvements reported by Spencer etal. (1993) in their processing of Lithoprobe scismic

data are supposed to result from allowing for vertical velocity gradients in bedrock but

experience with the vibroseis data suggests that this may not be a correct inference
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because the velocity gradients are so difficult to measure reliably (Per. Comm, Cedric
Wright).

The main purpose of this thesis is to compare the results of estimating static
corrections and quantifying lateral vanations in bedrock seismic velocity for a number
of data sets using an engineering and a generalised linear inversion (GL.1) technique. The
engineering method (as it will be known here) as used by Wright (Wright ¢t al., 1993;
Wright, 1994 a,b; Wright and Nguuri, 1994; Wright et al., 1994) combines the
reciprocal method with the method of summary values (Bolt, 1978) to estimate statics and
shallow bedrock seismic velocities respectively. The GLI technique is a modification of

the method used by De Amorim et al. (1987) that assumes a model with a constant

weathering layer thickness and horizontal interface with each layer divided up into a

number of cells. The simplicity of this approach makes it easy to apply and is
appropriate for the data examined here because the approximations made about the
raypaths (i.e. headwave model) are reasonable. An important new feature is the use of
Occam’s method (Constable, Parker and Constable, 1987) to estimate bedrock velocity
variations after removal of the weathering times (i.e. travel times through the weathering
layer) from the first-break times. Both methods were tested on a synthetic seismic data
set and on high resolution seismic data collected at two basc metal mines in cerival
Newfoundland (Buchans and Gullbridge) to assist mineral exploration.

In Chapter 2, an outline of the methodology and theory of the GLI and

engineering methods is presented with an explanation of the assumptions that each
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technique makes about the near-surface model and seismic data. Chapter 3 compares the

results of applying the techniques to synthetic data for both a processed seismic section

and derivation of shallow bedrock velocities. Chapter 4 compares the results ot the same
techniques applied to field data collected at Buchans (using an explosive and Vibroseis'™
source) and at Gullbridge (using explosives). Chapter § and 6 provide an overall

discussion and conclusion which summarize the results and significance of the research.




HAPTER 2

2.0 METHGDOLOGY

Introduction

The GLI and engineering seismic refraction techniques can be used to estimalte
static corrections and lateral variations in shallow bedrock velocitics from the same data:
the travel times of seismic P- or S-waves that have undergone refraction at the
bedrock/weathering layer interface. These travel times are manually (or automatically)
picked on a computer from the traces recorded by receivers along a seismic line and are
referred to as first arrival times or first-breaks. In general, onlv those arrivals that are
recorded beyond the critical distance (the minimum shot-receiver offset beyond which
the waves travel through the higher velocity bedrock refractor bencath the weathering
layer) are used by these techniques. Although the two methods attempt to invert the
same type of data, there are differences in the assumptions made about the near-surface
properties and observational errors.

In Sections 2.1 and 2.2 of this chapter, the GLI and engineering methods are
presented, with an explanation of the background theory and the assumptions used in the
analysis of tiese data. In Section 2.3, an overall evaluation of the advantages and

disadvantages of these techniques is discussed.




2.1 Generalised Linear Inv_rsion

Terminology

GLI isused in many geophysical problems such as gravity and seismic modelling
(c.g. Lines and Treitel, 1984). The usual procedure is to assume a model consisting of
maodel parameters representing some physical property of the earth (e.g. seismic P-wave
velocity, density, conductivity). These parameters are assumed to be theoretically related
10 cxperimental observations by a mathematical function of the parameters. The
observations from an experiment (i.e. geophysical survey) are called the observables and
the values of the function (obtained from a process known as fonvard modelling) are
called the functionals. The goal of inversion or reverse modelling is to find a solution
by perturbing the initial model parameters in such a way that the functionals match the
obscrvables within some acceptable tolerance. In this case, the model parameters are the
slownesses (inverse of velocities) of partitioned regions or cells of the near-surface earth
and the functionals and observables to be matched are the travel times of refracted P-

waves,

Overview of GLI methodology
The first step in the procedure is to solve for a layered model which has
weathering and bedrock subdivided into cells of constant slowness. Initially the bedrock

cells have a greater dimension (approximately 5-10 times wider) than the weathering
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cells. This model is used to obtain the static corrections which are observed to be fairly

insensitive to lateral varations in bedrock velocity over §-10 stations. This is Decause
the relatively higher bedrock velocity adds only a small component of the travel time 1o
the statics solution.

The next stage is to examine the smaller-scale variations in shallow bedrock
velocity for geological interpretation; the inversion of a bedrock model is compieted after
subtraction of the travel times through the weathering layer from the first arrival times.
The purpose is to remove the weathering layer parameters to allow t greater number of
bedrock cells to be used, increasing the resolution of the model without increasing the

computer time required to carry out the inversion.

2.1.1 Description of the Near-Surface Model and its Assumptions

Assumption for vertical velocity gradient in bedrock

An analysis of the first-breaks picked from the seismic data indicates that, in most
cases, a simplifying assumption can be made that vertical velocity gradients for bedrock
can be neglected. In other words, it is assumed that the P-waves penetrate only a metre
or so below the bedrock/weathering layer interface. Based on this assumption, a simple
two-layer model was used to invert the first-break times composed of a weathering layer
and a single bedrock layer. Unfortunately, there are many cases for other seismic data

where this assumption about the shallow bedrock velocity is not a valid one and a




tomographic approach (e.g. White, 1989) involving diving raypaths is required.

Axsumption for weathering layer thickness

For the calculation of statics we are only interested in the travel times through the
weathering layer, and so either the thickness or the velocity of this layer can be held
constant while the other is estimated (De Amorim et al, 1987); for the modeiling done
here, a constant thickness is assumed for the weathering layer. By assuming a constant
thickness, solutions are obtained which do not represent "true” models for the velocity
and thickness of the weathering layer, but the vertical travel times through this layer at
cach station can be obtained by dividing the assumed thickness by the cell velocity at that
particular station.

The uncertainty in weathering velocity results in an error in weathering thickness
and thus in an error in the travel time between the base of the weathering layer and the
datum (Docherty, 1992); it also results in an uncertainty in the critical angle for the
retracled ray between the weathering/bedrock iayers. Although the weathering velocity
may be calculated from uphole data or the arnival of direct waves, this information may
not be available to the extent necessary to determine the sometimes rapid variation in the
weathering properties (Docherty, 1992). For the case of significant bedrock/weathering
layer velocity contrast and smooth to flat bedrock topography, the error for short-

wavelength statics should be small.




Description of the GLI near-surface model

Based on the above assumptions, a model was chosen consisting of a weathering

layer of constant thickness and a bedrock layer each divided into blocks of constant
slowness separated by vertical boundaries. The weathering layer is split up so that cach
slowness cell is centred on a receiver station. The width of the bedrock cells is tlexible
and their boundaries can be positioned to incorporate one or more receiver stations per

cell depending on the resolution of bedrock velocities required.

Surface consistency

When the static corrections are obtained from inversion it is assumcd that, for all
reflected raypaths, the correction applied in the processing sequence is identical at a
given station. The assumption is that reflected raypaths are essentially vertical when they
travel through the weathering layer, commonly known as the assumption of surface
consistency.  This simplification allows a single static correction to be applied to all
traces recorded by a receiver at a given station (known as a receiver staric) and similarly
a single correction can be applied to all receivers that record the same shot (known as
a shot static).

How good is this assumption in high resolution seismic work? [t is a good one
if refraction occurs in the weathering layer in a way which tends to make the raypaths
vertical when they emerge at the surface. However, there may be situations where this

approximation may not be a good one. For example, the assumption may not be
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satisfactory in a region with thin overburden where high velocity material (e.g. intrusive
volcanic dykes) outcrops in a lower velocity, fractured bedrock. Such situations may

require migration procedures to resolve (Farrell and Euwema, 1984).

Equivalence of shot and receiver statics

In some cases (e.g. Buchans and Gullbridge explosives field data) it was found
that, in addition to the surface consistent assumption, the shot static term could be
assumed equivalent to the receiver static term at the nearest receiver. This may be
appropriate in cases where the shots are placed at shallow depths close to receiver
positions. For example, previous experience with one data set (Buchans explosive data)
using the engineering method found no significant differences in the seismic sections
processed with separate versus equivalent shot and receiver statics. This assumption
results in an increase in the ratio of equations to unknowns (due to a decrease in the
number of unknowns), and thus decreases the level of non-untqueness inherent in the

problem improving the statistical reliability of the solutions (Wiggins et al., 1976).

quivalence of shot and receiver statics also reduces the computer time required for

inversion of this model because of the reduction in the number of columns in the matrix
to be inverted. There may be cases, however, where extremely rapid variations in
weathering velocity or thicknesses over short distances make this assumption a poor one

even for the case of shallow shot depths.




2.1.2  Problem Formulation

As stated earlier, obtaining a solution for the near-surface model using GL1 is a
two stage process : initially a 2-layer model is used to obtain the statics, and
subsequently the weathering layer is "stripped off" by subtracting the travel times through
the weathering layer from the first arrival times. This allows a model with much smaller
bedrock cells to be used as an aid to geological interpretation based on lateral variations

in seismic velocity of the subsurface bedrock. Both stages require calculating the values

of the functionals for the given slowness model. This raytracing procedure calculated

the trajectories of the P-waves through the model for each shot/receiver pair and is
required in order to obtain calculated times (the functionals) for comparison with the
observed times (the observables). It is assumed that no ray beanding occurs for the

raypaths travelling across vertical cell boundaries.

Two-layer model
The initial two-layer slowness mode! defines a slowness parameter S, tor cach
weathering layer cell and a slowness parameter S°, for each bedrock ccll, so the

raytracing through the model can be written as:

Ny

h h s of
t.=(——)S. +(—=)S 2 L(ij.k)S
v (cosei) '+(cosﬁj) ’:.l (05,
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where S, S, are the slownesses (1/V,, 1/V)) for the weathering cells at shot and receiver
positions i and j respectively, S, is the slowness of the k* bedrock cell, N, is the number
of bedrock cells, L(i,j,k) is the length of the portion of the raypath within the k™ bedrock
cell for given shot i, receiver j (may be zero for non-intersecting raypaths), t; is the
refracted first arrival time for shot i, receiver j, h is the thickness of the weathering cells
(assumegd constant in this case), and §, and 9, are the critical angles calculated from
Snell's law for raypaths travelling between the base of the weathering layer and the

surface at shot i and receiver j.

A small survey example to demonstrate residual statics, based on an idea by
Wiggins et al. (1976), shows how the set of equations defining the problem is set up in
a matrix for solution by GLI in a FORTRAN program. The hypothetical survey is

shown in Fig. 1 below:

* shotpoint
. . * . .
* recelver
L] . ® . .
. o E 3 L] .
3 . W * -
) 2 3 4 5 'y 7 8 - 1eceives station
! 2 3 4 - shot number

FIG. 1. Examiple of a small seismic survey.
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The survey consists ot a splir-spread geometry of tour receivers per shot. The
shot and receiver locations are indicated as stars and dots respectively,  In this simple
case it is assumed that the earth’s surface is a horizontal plane upon which the shots and
receivers are placed; the shot point interval is equal to the receiver spacing. 1t is also
assumed that the shot points are coincident to the receiver positions, and thus we can
assume the equivalence of shot and receiver static terms (Fig. 2).

The number of equations depends on the number of first-break times which is
limited by the number of shots and receivers in the survey, the critical distance, and the
signal-to-noise ratio (i.e. noisy traces may not be picked). [n our survey example we
will assume that all four receivers in the spread record identifiable first-arrivais for
raypaths travelling through bedrock. Therefore, we will have a total of 16 cquations
corresponding to a 4-receiver spread recording a total of four shots for the survey.

The number of unknowns depends on the number of slowness cells in the model.
[t is assumed that all cells are sampied by at least one raypath. In the case of a real
survey, a dead channel in the spread may cause undesirable results in the inversion
procedure because of the presence of a column of zeros in the matrix of equations. To
correct for this problem, the equations corresponding to raypaths arriving at this receiver
would be removed from the matrix. For the survey example there are 10 unknowns: the
slownesses for 2 bedrock cells and 8 weathering cells.

We can write the system of equations in matrix form for raytracing through the

2-layer model as:




\ 4 A 4 Y A 4
T T r T T Weathering
el
si! |s2b |sul [of |ssf [s6 |57 |se Loyer Cels
Bedrock
5 s Calls
shot 2
A 4 A 4 A J h 4
Tt T T
S1  |s2 ‘L sa‘l sal\l ss,' sal’ s7 |s8
s1’ S2’
v v shot 3 v
7
S1|s2 sa‘l ‘ ssl‘l sq’ 37" 58
s1” S2'
shot 4

A 4 4 Y h 4

TTAT T F T °
st |s2 |ss |sal |ss! sol‘, 57! sa!
S1’ 52’

* = Shotpoint v =Receiver

FIG. 2. A cross-sectional view of a hypothetical split-spread 4-channel survey with

equivalent shot and receiver spacing above a two layer earth model. Raytracing is shown

for refracted arrivals and each cell in the model represents a region of constant slowness;

S1 .. S8 represent weathening layer slownesses; S1° .. S2' represent bedrock slownesses.

ghe xlhickness of the weathering layer is held constant for the inversion (see text for
etails).
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Each element in matrix A represents the length of the portion of the raypath
contained in a particular siowness cell; the "*" and "." indicatc a non-zero and zero
value respectively. In tomography problems this matrix has been referred o as the

matrix of partial path lengths (White, 1989) but we will refer to it here as the peometry

matrix. Vector x contains the slowness values we are trying to solve for and the vector
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b contains the observed first-break times. The solution for vector x in Equation 2 wiil
contain the slownesses of the weathering and bedrock cells for this 2-layer model and
these are used to calculate the static corrections required for the processing of the

re.dection seismic sections.

Refining the near-surfuce model for analyzing detailed bedrock velociry variations

As stated earlier, for analysis of the smaller-scale lateral variations in bedrock
velocities, the weathering times are subtracted from the first-break times to simulate
placing the survey on bedrock. The main reason for doing this is to reduce computer
time by removing the weathering layer cells from the model, thus reducing the number
of parameters to solve for. This requires a small time correction to be added to the
travel times to make the endpoints of the raypaths in bedrock appear directly below shot
i and recetver j. This correction simplifies raytracing procedures by maintaining the

survey geometry:

time correction = tan@sin®, h s, + tanB,sinej h s;

where O, and O, are the critical angles at shot i and receiver j respectively, h is the
thickness of the weathering layer and s, s; are the slownesses of the weathering cells at
shot i and receiver j respectively.

The bedrock model defines a slowness parameter S°; for each cell in the bedrock




layer so that raytracing through this layer can be written as

I
Nl

v, 12 L(ijk)Ss’,
-1

where S,’ is the slowness of the k* bedrock cell, N, is the number of bedrock cclls (in
this case one per receiver station), L’(i,j,k) is the length of the portion of the raypath
within the k* bedrock cell travelling from shot i to receiver j (inay be zero for non-
intersecting raypaths), t'; are the “corrected” first arrivals for shot i, receiver j that
assume the raypaths start and end in bedrock directly below the shot and receiver surface
positions.

For our survey example (Fig. 1) we will have 16 equations (i.c. same survey

cell per station). As before we can write the system of equations in matrix form as:

Al ¢! = b (5)




The symbols found in the elements of matrix A’ are as described previously for

Equation 2. In this case each element in the geometry matrix A’ represents the length
of the portion of the ravpath contained in a particular bedrock slowness cell, vector x’
contains the bedrock slowness values we are trying to solve for, and the vector b’
contains the corrected travel times i.e. first-break times with the weathering times
removed. The solution for vector x*in Equation § will contain the bedrock slowness
value below each receiver station and thus will provide information on the lateral
varnations in shallow bedrock velocities that may be used as an aid to geological

interpretation.
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Formudation for crooked seismic lines

In the case of field data, a three-dimensional model is assumed 1o account Tor the
crooked geometry of the seismic line. For raytracing, the raypaths may sample cach
weathering and bedrock cell at a variety of azimuths but it is assumed that the velocities
within each cell are constant and isotropic. This assumption is a good one for the data
analyzed in this thesis because the range of azimuths is usually less than 1O 20 degiees.
A horizontal baseline is used to locate the boundaries of the bedrock cells defined s
vertical planes perpendicular to this baseline.  The width of these b drock cells can be
sct as constant or be chosen so that each receiver station along the survey Line is midway

between the boundaries of a cell.

2.1.3 Inversion Procedure

The above example of a small survey was used to describe the formulition ot the
problem. In reality, the scismic data will usually consist of many more shotpoints i
receivers which will result in a much larger ratio of cquations to unknowns.  The
solution to these sets of equations cannot be solved exactly.  The presence ol more
equations than unknowns (said to be overdetermined) means that the systems will have
a unique least-squares so