

























































































































































































































































































































































































4.2.2 Randomly-Scattering Media: Target Object and Background

Wishing to test the robustness of the findings of Section 4.2.1, a more
complex case was created. Using parameters identical to those in Section 4.1.6, a
sputnik of random-scatter media was created inside a random-scatter media host (see
Figure 4.2.2-1) and synthetic seismograms wete calculated.

Figures 4.2.2-2a,b show the raw shot gathers from the horizontal profile and
left V'SP, respectively. Despite the scattering media, the horizontal profile still clearly
shows reflections from the top and bottom of the target object, but other
diffractions do not appear at all. Similarly, the left VSP shows approximately 3
reflections (probably from the near, upper and far, lower left-dipping sides), but they
are not as clear as those from the horizontal profile, and other diffractions that were

evident in the homogeneous case do not appear at all.
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The data were migrated and the results are shown in Figures 4.2.2-3ab.c
(horizontal data only, VSP data only, horizontal and VSP data together). The
horizontal data-only migration is similar to that of the original sputnik—the
horizontal faces and corners are well imaged and the general shape of the target
object 1s detectable, but the left side has a slightly higher image quality than the right
side. The VSP data-only migration shows right-dipping faces well and seems to be
dominated by energy recorded from the right V'SP, but left-dipping faces are poorly-
resolved and horizontal faces do not appear at all. The combined horizontal and
V'SP data migration 1s very similar to the horizontal data-only migration, and it still
shows some asymmetry 1n image quality (the left being slightly better resolved than
the right). This indicates that the inclusion of VSP data in the migration does not
contribute significantly to the quality of the resulting migrated image and 1s therefore
not advantageous in this geometrv. The VSP data may not have a significant
contribution to the migrated image because the dipping faces of the target object
were not adequately illuminated by the sources, ilustrating a main challenge to

seismic acquisition over irregularly-shaped zones of mineralisation.
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Chapter 5. Conclusions and Recommendations for Future Work

Limitations of seismic applications to mineral exploration include the following: the
cost of acquiring and processing data; lack of experience in data acquisition and processing;
cost of borchole re-opening; locations of existing boreholes; non-unique solutions to
subsurface anomalies; and the level of success depends upon a prior1 knowledge of the
subsurface (e.g., target object size, shape, depth, mineralisation type and properties, and host
rock properties).

The integration of surface and VSP data effecuvely widens the recording aperture
and the inclusion of V'SP data decreases problems with the variable near-surface low-velocity
layer. The results from this investigation have demonstrated there i1s improved seismic
imaging by including simultaneously-recorded borehole seismic (V'SP) data with surface data.
In the most realistic model case, where both the mineralisation target and host rock were
created from scattering media, the mugrated seismic section showed noticeable improvement
after integrating surface and borehole seismic data, compared with using surface seismic data
alone. All horizontal faces and almost all dipping faces were clearly imaged (the remaining
dipping faces were at the detection level) in the integrated surface and VSP mugrated images.
But the VSP arrays are limited in aperture and do not collect useful reflection data from
horizontal or sub-horizontal lenticular bodies. Having a larger number of well-spaced source
locations appears to better illuminate the important aspects of the target’s geometry thereby
increasing image quality. As indicated by Eaton (1999), the scattered energy for this tvpe of
mineralisation was at a maximum in the backward direction, and the dipping faces were

primarily imaged by encrgy recorded from the VSPs (which were optimally oriented to
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record energy from dipping features), while horizontal faces were primarily imaged by energy
recorded from the surface array. lIFor best results, the VSP wavefield should be separated
during processing to remove downgoing waves and pre-stack migration algorithms should
be used if possible.

Agreeing with field results of Gingerich es 4/ (2000), this research indicates that
massive sulphide deposits greater than 500 m in depth can be detected directly by seismic
surveying. This technique shows great promise for use in crystalline terrains and for dipping
and/or complex structures in any geological setting. For optimal imaging purposes using
two VSP arrays and a surface array, the VSPs should be placed on either side of the target
and extend to the depth of interest, while the worst imaging quality occurs when the VSPs
cut through the target, or the target lay directly beneath one of the VSP arrays.

Future work should include the following: 1) finite difference modelling using
different target object geometries to determine the benefit of integrating surface and VSP
seismic data; 2) finite difference modelling to include a near-surface low-velocity laver; 3)
ray-trace modelling to investigate the possibility of destructive interference in recorded data;
4) elastic wave modelling to examine the added value (and complexity) that S-waves offer; 5)
experimenting with different layouts of boreholes and surface profiles to categorize strengths
and weaknesses of each respective geometry; and 6) a field test over a known mineral deposit
with well-known geometry and lithology using close receiver spacing and shot spacing that

adequately illuminates the major aspects of the mineralisation geometry.
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Appendix A: Past Applications of Seismics to Mineral Exploration

The following is a brief overview of the development and application of seismics for

mineral exploration.

The Kidd Creck copper-zinc mine is located in the Sudbury, Ontario mining camp, in
the Abitibi subprovince of the Superior province. At Kidd Creek, the mineralisation 1s
assoctated with stratigraphic contacts i the North Rhyolite volcanic complex, which is a
folded and steeply-dipping unit (Eaton ¢z a/, 1996). The steep dips of the volcanic complex
make surface seismic impractical because energy would be directed horizontally or
downward, and none would return to the surface. To avoid this problem, Eaton ¢/ a/. (1996)
investigated the possibility of detecting the mineralisation using a VSP arrav. The downhole
tool (sonde) contained 1 set of triaxial geophones and data was recorded from 150 m-1050
m measured depth, recording at 15 m intervals along the borehole. The source was located
to the northwest of the borehole collar and was designed to illuminate the area of rock to the
southwest of the borehole and above the bottom of the array. The data was processed by
suppressing noise, rotating the data components into a shot-oriented frame of reference,
coherency filtering to improve the quality of reflected arrivals, and using a VSP CDP
(common depth point) transform method to place the reflectors at their point of origin.
Data interpretation was carried out by comparing the processed VSP section to borehole
sonic logs and core logging. This project was successful in delineating reflections correlating

with stratigraphic contacts in the North Rhyolite volcanic complex (Eaton e/ a/., 1996).
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Another survey in the Sudbury mining camp used a 2D array geometry integrated with
3D forward modelling to detect and delineate massive sulphide deposits hosted in a complex
geological setting with moderate dips (<60°) (Milkereit e/ a/, 1996). The 3D forward
modelling was developed using physical rock property studies, mine geology, and core
logging and was used to adapt acquisition and processing strategtes to the conditions in the
Canadian Shield. They used small sensor separation to avoid spatial aliasing, equipment with
large dynamic range and arrays with high stacking fold to accommodate the low S:N (signal-
to-notse ratio) in crystalline environments. The project used an integrated approach to
interpretation, using seismic data, synthetic seismic data obtained from models, mining and
core logging data and successfully imaged a north-dipping contact between norite and the
footwall complex that was truncated by a south-dipping shear zone. These results show that
seismic reflection profiling can be adapted to image lithological contacts and geologic
structures to identify and delineate large massive sulphide deposits, but it also indicates that
geologic setting and survey geometry are as critical for detection as size, shape and depth of
the orebody (Milkereit ¢ 4/, 1996). They also suggest that surveys over ground with steep
target dips, or over fresh ground (no a priori knowledge of the geologic structures), should
use large source and receiver offsets to record the reflected wavefield, or even to centre the
array in the downplunge direction of the target so the reflected wavefield from dipping

targets will be recorded (Milkereit ¢z 4/, 1996).

After completing extensive petrophysical studies and presite survevs, the Trill area of the
Sudbury basin (Ontario) was chosen for the first 3D seismic survey for mineral exploration

in North America, conducted 1n late October, 1995 (Milkereit e/ /., 2000; also Eaton e7 a/,
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1997). Through knowledge gained from previous 2D seismic, VSP seismic, petrophysical
studies, and 3D seismic modelling (using the Born approximation of the elastic wave
equation), the acquisition and processing parameters were adjusted to conditions in the
Canadian Shield. As in previous surveys, this survey used an explosive source to provide an
impulsive high-energy signal with high frequencies. The array was designed for 30 m
receiver spacing and 50 m source spacing (adjustments were made onsite for poor ground
conditions) and included a single triaxial geophone located in a borehole at 1070 m measured
depth. Processing included static corrections, deconvolution, bandpass filtering, stacking
velocity analysis, and 3D phase-shift migration (Milkereit e7 4/, 2000). 3D seismic data 1s
superior to 2D because time slices of the data can be made to identify scattering bodies and
the time at which they appear, whereas in 2D data, if the scattering body was out of the
recording plane, the scattering would appear as if the body was in the plane, causing
incorrect interpretations. The results of this project show that massive sulphides (as
scattering bodies), important lithological contacts and geological structures can be directly
detected by high-resolution seismic methods, and the most meaningful interpretations
require an integrated knowledge of geological setting, physical rock properties, forward

modelling, and high-resolution setsmic data sets (Milkereit ¢z 2/, 2000).

The Matagami mining camp (PQ, Canada) is host to the Bell Allard VMS (volcanic
massive sulphide) deposit (esumated at over 6 million tonnes), in which gabbro sills intrude
much of the volcanic host rock (Li and Calvert, 1997). A 2D seismic profile was conducted
over the Bell Allard deposit (across the southern end of the Matagami mining camp) in 1993

and processed data showed weak reflections from the volcanic stratgraphy and high
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amplitude reflections from the gabbro sills. Also evident, in a seismic section processed
specifically to preserve amplitude mnformation, was a strong reflection from the top of the
ore body but the reflector did not extend over the full width of the deposit (as defined by
drilling) and no separate reflection from the base of the deposit was identifiable.
Mineralisation was linked to an intersection of an apparent low-angle fault with the top of
the Watson Lake Group; therefore faults appear to have controlled the formation of the Bell
Allard deposit and can be used for further exploration (Li and Calvert, 1997). In additon to
the 2D seismic profile, borehole geophysical logging, rock property measurements, a VSP
and forward modelling were carried out to evaluate whether the reflectivity of the deposit
and host rock was appropriate for seismic exploration (Adam e/ a/, 1997). The modelling
mdicated the deposit would have a complex diffraction response to seismic impulse and
would be best imaged by a 3D seismic survey. In 1996, a 3D seismic reflection survey was
designed and completed. The processed results show the ore body has a distinctive seismic
response that depends upon seismic survey acquisition parameters, geometry and size of the
deposit, ore zoning, and physical rock properties of the ore and host rock (Adam ez al.,
1997).  Seismic sections show reflections from the Lower Wabassee Group that are
conformable with the Key Tuffite, which 1s an important exploration horizon (Eaton e/ al.,
1997). The results indicate that 3D seismic methods can be used to map deep volcanic

stratigraphy and can provide direct detection of massive sulphide bodies (Adam e a/, 1997).

In 1993, Noranda, Inco and Falconbridge joined a collaborative programme headed by
the GSC Downhole Seismic Imaging Group to conduct research into application of seismic

methods for base metal mineral exploration. An independent seismic exploration
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programme was later started by Noranda in 1995 (Gingerich e a/, 2000). The developed
methodology used the following steps: 1) rock property measurements; 2) borehole logging
and core rock property measurements; 3) forward stratigraphic and structural modelling; 4)
2D field parameter tesung and templatung; 5) 3D seismic survey acquisition and
interpretation, then choosing drill locations for exploration and area sterilization (Gingerich
et al., 2000). As part of this research, the Halfmile I.ake deposit 1n the Bathurst mining camp
mn New Brunswick, Canada was chosen to examine seismic response of volcanogenic
massive sulphide deposits in low-grade metamorphic settings (Salisbury ez al, 2000).
Halfmile Lake was chosen because it has been carefully mapped, extensively drilled
providing abundant core samples to perform rock property tests on, and is the largest
undeveloped deposit (there are no mine workings to create noise or large diffractions). The
deposit was originally comprised of 2 zones of sulphide mineralisation, called the Upper and
Lower zones. Theyv occur on the faulted, overturned south limb of a large antiform, and
extend 3 km along strike (Salisbury ¢7 /., 2000). Rock property studies carried out at crack
closure pressure (200 MPa) indicated that host rocks had an average compressional-wave
velocity of 6.0 km/s and density of 2.75 g/cmi’, while ores ranged n velocity 5.1-7.3 km/s
and density 2.95-3.4 ¢/ cm), indicating the mineralisation at Halfmile Lake should be a
strong reflector in an almost transparent host rock. These laboratory findings were
supported by impedance contrasts from borehole geophysical logging that was carried out
through the deposit. .\ test VSP that was conducted to determine whether the deposit
would be appropriate for seismic exploration successfully showed a prominent north-
dipping reflector that corresponded to the deposit (Salisbury ef @/, 2000). Following the

V'SP, a 2D surface scismic survey was conducted over and downdip of the Halfmile Lake

142



deposit.  The resulting migrated seismic sections gave a clear image of the ore body that
coincided with the known locaton of the deposit (Salisbury e/ 4/, 2000). In 1998, Noranda
conducted an 18 km® 3D seismic survev over the Halfmile Lake deposit. Processed data
from this survev showed two impedance contrasts that were selected as drill targets for
subsequent drill testing in 1999. It was determined that the deeper target object was created
by a large zone of deformation in a sequence of porphyry that produced significant velocity
anisotropy, while the shallower target object (~1200 m) was created by 50 m of sub-
economic massive sulphide mineralisation, making it the first reported direct detection of
massive sulphide mineralisation for exploration purposes (Gingerich ef al, 2000). To
establish whether there was a steeply-dipping zone of mineralisaton connecting the
previously-known mineralisation zones to the new, deeper zone, a mulu-offset, mulu-
azimuth VSP was acquired at Halfmile Lake in 2001 (Bellefleur 7 a/., 2002). The irregular
surface of the massive sulphide mineralisation sheet produced strong scattered and mode-
converted waves (P-P, S-S, P-S, S-P) in all three components that had not previously been
observed in VSP data (Bellefleur es a4/, 2002). Separate migrations of vertical component
data and radial component data show strong migrated energy coinciding with the Deep lens

but there was no evidence of any connection between the zones (Bellefleur ¢/ a/., 2002).

In addition to extensive seismic testing and exploration survevs in the established mining
camps mentioned above, smaller-scale projects have been carried out in other parts of
Canada. In the Manitouwadge greenstone belt, Ontario, Canada, a high-resolution 2D
seismic survey was acquired over copper-zinc deposits in 1995 (Roberts er o/, 1997). The

survey was conducted after rock property studies and forward modelling had been
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completed to indicate whether the geological structures would have adequate acoustic
impedances to be detected in seismic data. In the migrated seismic data set, the structurally
important contact between the Inner Volcanic Belt and ovetlying plutonic rocks is visible
and therefore can be further defined with future seismic studies. The seismic data clearly
tmaged shallow levels of the target host structure (a synform) but deeper levels (where
massive sulphides mayv be hosted) were not clearly defined, probably due to the complex

geology and interference from off-line reflections (Roberts ez a/., 1997).

The Thompson nickel belt of northern Manitoba is a highly strained, moderately- to
steeply-dipping, medium- to high-grade Proterozoic collisional belt with lithological contacts
and geological structures conducive to producing seismic reflections (White ez a/., 2000).
Borehole logs indicated that the mineralized Ospwagan Group should be a strong reflector
in setsmically transparent host rock of Archean basement gneisses. In 1991, a 2D seismic
survey was conducted to map the subsurface extent of the Ni-ore-bearing Ospwagan Group
using a vibroseis source (White ¢z a/, 2000). The seismic data clearly imaged the folded
Thompson Nappe, cored by the Ospwagan Group rocks, which are overlain by Archean
basement gneisses. The main limitation of seismic exploration in the Thompson nickel belt
1s ground-truthing the data since data acquired around existing mine structures was poor
quality duc to subvertical structures in the area that would not preferentially return energy

into the 2D surface array (White ¢7 a/., 2000).

The first major vibroseis seismic reflection survey at a mine site in North America was
conducted in 1989 at the Buchans Mine in central Newfoundland, Canada (Spencer e/ o/,

1993). The Buchans deposit is a volcanogenic massive sulphide ore bodv bound above and
p g p \
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below by faults. 16 km of data was recorded over 3 lines using 10 m receiver groups, a
source spacing of 20 m, 2 vibrators in nose-to-tail configuration (to suppress ground roll),
and a 10 second sweep 40-125 Hz resulting in 60 fold subsurface coverage. Data processing
steps were: muting, spectral balancing, crooked line binning, refraction static corrections,
velocity analysis and correlation statics, poststack processing (e.g., coherency filtering), and
migration. The migraton was somewhat successful but contained artefacts (smiles) due to
the discontinuity of reflections (Spencer ¢/ a/, 1993). The processed data were correlated
with existing borehole information for meaningful interpretation and significantly influenced
the geologic model of the ore body. The final seismic sections showed the thrust belt having
antiformal stack structures that disrupt and repeat ore stratigraphy. The lower bounding
fault was also visible so that good estimates of the volume of crust with ore-bearing potential

could be made (Spencer ¢/ al., 1993).

A setsmic survey conducted over granitc rocks in Sweden found two predominant
sources of seismic reflections: diabase sills and fracture zones (Julin, 1997). The seismic
data successfully 1imaged diabase intrusions as laterally-continuous subhorizontal to gently
dipping lavers of high impedance in host rock, while fracture zones are less continuous
subhorizontal to steeply-dipping layers of low impedance. Julin (1997) determined that the
critical processing steps for these data included static corrections, spectral balancing, and

velocity filtering.

Reflection seismology has been used in southern Africa since the early 1980s for gold,
platinum and base metal exploration, and also for mine planning (Stevenson and Durrheim,

1997). A setsmic section across Archean conglomerates in the northwest edge of the
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Witwatersrand Basin, South Africa, shows the arrangement of the Archean and Early
Proterozoic supracrustal rocks and the positions of the stratiform gold-bearing “reefs” as
inferred by mapping marker horizons (Stevenson and Durrheim, 1997; Eaton ef a/., 1997).
Seismic surveys were conducted over Namibian base metal deposits that are associated with
paleokarst structures hidden under younger cover rocks and successfully imaged a strong
reflection at the interface between the Mulden Group (clastic sediments) and the Otavi
Group (dolomitic sequence and paleokarsted host rock). The seismic sections also mapped
faults that may have been conduits for hvdrothermal fluid, which combined with the
Otavi/Mulden contact affected exploraton plans (Stevenson and Durrheim, 1997).
Reflection seismic surveys have been conducted over the Bushveld Complex (an igneous
intrusion in South Africa) to map out slump structures known as “potholes” that disrupt the
main platnum ore body and cause mining problems related to the poor ground conditions
associated with the slumps. The seismic data allowed successful detecuon of the PGE-
bearing pyroxenite of the Bushveld Complex and mapping of different reef types and slump
structures.  This informaton was critical for planning mine operations and improved
estimates of ore reserves (Stevenson and Durrheim, 1997). The Matchless Amphibolite Belt
in central Namibia comprises mafic lavas and meta-intrusives with associated massive
sulphide deposits, such as the Otjthase (Stevenson and Durrheim, 1997). The Otthase’s
Main Shoot (the mined reserve) 1s subdivided imnto discrete ore bodies by major normal
faulting that has delayed mining due to poor ground conditons. .\ reflection seismic survey
was conducted in 1988 over the Main Shoot. This survey suffered from poor S:N but it did
succeed 1n mapping the down-dip extension of the Main Shoot, and imaged the faults that

cut the ore zone (Stevenson and Durrheim, 1997).
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Appendix B: Aplanatic Pre-Stack Migration

This brief discussion of aplanatic pre-stack migration is based on the paper by Kocurko
and Lines (1998).

Migration by aplanatic surfaces 1s calculated using four grids superimposed on the
subsurface: 1) a velocity model of the subsurface; 2) first arrival times between shot
locations and grid points in the subsurface; 3) first arrival times between grid points 1n the
subsurface and recording positions; and 4) (iniually filled with zeroes) holds the migrated
depth image. First arrival umes for energy travelling from source to receiver is calculated by
adding the first arrival tme of the energy from the shot to each node in the grid to the first
arrival time of the energy from an imaginary source at the geophone to each node in the
grid. Aplanatic surfaces, or 1sochrons, for each source-geophone pair can be drawn through
the model of the subsurface that represent nodes that all have the same first arrival time
(travel ume) of energy from source to receiver, and include all points in space from which
the energy could have been reflected (once) before reaching the geophone. The signal
recorded at the time of each aplanatic surface 1s added to the grid nodes in the migration grid
that correspond to the points on the aplanatic surface. Repeating this step for all aplanatic
surfaces finishes the migration of a single trace and iterating the above procedure for all pairs
of shots and geophones completes the migration of the full data set.

The aplanatic surface pre-stack migration algorithm used in this study calculated
travel times by a “fast marching level set method”, please see Kocurko and Lines (1998) and

Sethian (1996) (chapters 1, 2, and 9).
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Appendix C: Finite-Difference Modelling

This discussion 1s based mainly upon the paper by Kelly ¢7 2/ (Geophysics, 1976).

Finite differences can be used to calculate svnthetic seismograms of almost any
subsurface geological model, while exact analytical solutions to the elastic wave equation do
not exist for most subsurface geological models. This method gives reliable arrival umes of
seismic events and amplitudes that vary with the elastic impedance contrasts. The resulting
seismograms can be used to identify and interpret as much of the recorded data as possible.

Finite difference modelling 1s a “ame-marching” procedure that solves the
appropriate elastic equations recursively to calculate motion in a perturbed elastic medium.
Two different methods of finite differences exist: implicit and explicit. Implicit techniques
use matrix inversion to simultaneously calculate the motion at all locations in the spatial grid
at some future time from known values at previous times. Explicit techniques, which are
computationally simpler and are discussed here, calculate the motion at a point in the spatial
grid at some future time from the motion already calculated for previous times. There are
two general formulations of explicit finite difference techniques: homogeneous and
heterogeneous. For the homogeneous formulation, the elastic medium (subsurface geology)
is approximated as a group of homogeneous lithologic regions, each with constant density
and elastic parameter values. Motion in each region of the homogeneous case is calculated
by an appropriate finite-difference approximation for that specific region. For this method,
boundary conditions across each interface must be solved explicitly. Heterogeneous method

can use different density and elastic parameter values with each grid point (excellent for
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simulating complex structures) by using more general elastic equations that solve the
boundary conditions implicitly.

Problems in finite difference modelling include placement of a point source in the
model space, edge reflections, and grid dispersion. The source usually creates difficultes in
calculations (because 1t 1s a point singularity) but can be avoided by subtracting the
displacement created by the source from a rectangular region surrounding the source
location (it actually inserts the source on the boundary of the rectangular region). The
source contribution to motion is calculated analyvtcally from the known solution for a source
in an infinite region. Reflections from the sides and bottom of the numerical model space
can interfere with resulting synthetic seismograms but can be minimised by requiring the
boundaries to have viscous behaviour that will mathematically absorb the incident energy
(attenuating the reflection strength). Grid dispersion 1s inherent to finite difference
modelling and produces a delay between lower signal frequencies and higher ones as a wave
propagates on a grid, which creates significant “tailing” of the signal. Grid dispersion can be
minimised by ensuring the number of grid points per wavelength at the source’s upper half-
power frequency 1s at least 10.

Below is a brief description of the homogeneous elastic solution for a two-layer case
in two dimensions (P- and SV-waves only). See Kelly ¢/ a/ (Geophysics, 1976) for more
detail. Note that the modelling for this paper was completed using the acoustic solution,

which is a special case of the elastic solution that uses compressional energy (P-waves) only.

Variables:

X horizontal rectangular coordinates

z vertical rectangular coordinates (+ve down)
u horizontal displacement
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W vertical displacement

At time step
density
Lamé’s parameters
compressional (P-) wave velocity

shear (§-) wave velocity

:B/(x
n, | integers (number of grid steps in x, z, and ume, respectively)
=(0At)/h < (1+B7 /o) ™?

Y

A,

a

B

h grid interval in x and z directions

Y

m,

F

Subscript 1 upper layer 1n 2-layer model

Subscript 2 lower laver in 2-layer model (faster a.,3)

The equations of motion are:

2°1 ’u 9w °’u 9w

{
— (442 -
P~ A A S S ) T T s
o w °’u  ow o°w  0°u
— (142 -
T e T T T Ve

The above equatons of moton have corresponding explicit, coupled finite-difference
equations:

u(mon, I+ =2u(m,nl)—ulm,n -1+ Fz[u(m +1,n,0)=2u(m,n,y+u(m—1,n0]
+F (- )/2 wm+lLn+ L h—wm+ln=10)—-wm—-1Ln+LD)+wm-1n-10]/4
+ Fz)/:[u[m,n + 1,1y =2u(m,n, Hu(m,n—1,1)]

wim,n,l+ 1) =2w(m,n, 1) —w(im,n -1+ Fz[w(m,n + LD =-2w(m,n,ly+w(im,n—1,01)]
+F (- yz)[zl(m +ln+lLh—um+ln=-1H)~um—-1,n+1,)y+u(m—1,n—-110)]/4
+ Fz)/z[w[m +1Lnl)y=2w(im,n I wim-1,n,l)]

Boundary conditions at the free surface require the sum of stresses to be zero:

(o =28 )? +a’ ﬂ =0 (normal stress) @ + ﬂ =0 (tangenual stress)
X

0z dz  Ox
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[u ((m, N +1, 1) u, (m,N.,l) N w,(m+1,N,[)~
2h

S (2,0 — s 1D o w,(m+1,2,0) —w, (m—=1,2,1)
:pzﬂ{_ no T 2

w,(m—l,N,l)}

u,(m,N,)=u,(m,1,])
w,(m,N,)=w.(m,1,])

These equations can be used to create an algorithm for finite-difference modelling.
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Appendix D: Programs Used in this Study

The following is a list of Setsmic Unix modules that were used for creation, processing

and display of the data used 1n this study.
sumute—used for a front-end mute
sufilt—filters data
suximage—displays SU data on screen
supsimage—writes SU data to .eps file format for use in documents
sufdmod2—creates 2D acoustic synthetic seismograms
suvelandrho—<creates velocity and density matrix for input to sufdmod?2
suaddhead—adds headers to SU files
segvhdrs—writes SEG-Y headers
segywrite—writes SEG-Y file from SU format
segvread—reads SEG-Y file to SU format
sushw—adds header values to SU files
suvmapl—pre-stack aplanatic migration algorithm
suwind—strips off traces
suxmovie—used to view synthetic seismograms animated in time
farith—does calculations on two binary files (for combining scattering host velocity

file with scattering or homogeneous target object)
sufft—creates a frequency spectrum with offset
suamp—creates an amplitude spectrum with offset
suspecfk—creates a frequency spectrum with wavenumber
a2b—used to convert ascu data (scattering velocity matrix) to binary format
suflip—used to transpose the scattering velocity matrix
sustack—used to stack synthetic seismograms
susort—used to sort traces in synthetic seismograms
suchw—used to change header word
sunmo—uscd to calculate normal-moveout correction
sumiggazdag—post-stack migration algorithm (Gazdag migration)
sumigfd—post-stack migration algorithm (finite difference mugration)
sumigtk—post-stack migration algorithm (in T-K domain)
supswigb—urites .eps files of synthetic seismograms in wiggle format for use in
documents

A sample of a file used as input to suvelandrho is as follows:

nx=400 # nodes in x-direction
nz=300 # nodes in z-direction
x0=0.0 origin of x-axis
xn=2000).0 length of x-axis
z0=0.0 origin of z-axis
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zn=1500.0 depth of z-axis

defvel=5800.0 background velocity (m/s)

defrho=2.7 background density (g/cc)

xs=1140.0 x-coordinate of source location

2s=5.0 z-coordinate of source location

fmax=150.0 maximum frequency used

tpeak=85.0 peak frequency used

tmax=0.8 maximum time recorded (seconds)

hsz=0.0 depth of horizontal seismic array

vsx=1720 x-position of VSP array

5250.0 4.03 8 velocity (m/s), density (g/cc), #nodes of
target object geometry

1080 700 x- and z-coordinates of target object geometry

1200 700 nodes

1320 820

1320 940

1200 1060
1080 1060
960 940
960 820

An example of an input file to supvmapl 1s as follows:

400 300 0.0 0.0 2000.0 0.0 0.0 1500.0 20
{# nodes 1n x, # nodes 1n z, x-origin, v-origin, x-end, v-end, z-origin,
z-end, # traces sent to each slave}
/net/srvr06/public/tina/velocity
{downgoing velocity model}
—-same— {upgoing velocity model}
/net/srvr06/public/tina/velocity
{input file with x,v,z coordinates of shot and receiver locations}
12 {# slaves}
/ust/local/bin/supvmapl srvr03.weland
/ust/local/bin/supvmapl srvr03.weland
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/ust/local/bin/supvmapl srvr0+4.weland
/ust/local/bin/supvmapl srvrO4.weland
/ust/local/bin/supvmapl srvr05.weland
/ust/local/bin/supvmapl srvr05.weland
/ust/local/bin/supvmapl srvr06.weland
/usr/local/bin/supvmapl srvr06.weland
/usr/local/bin/supvmapl stvr07.weland
/ust/local/bin/supvmapl srvi07.weland
/ust/local/bin/supvymapl srvr08.weland
/ust/local/bin/supvmapl srvi08.weland
/net/srvr06/public/tina/tinal_mig
{output file}
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