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ABSTRACT

ln the summer of ì980" a portable crustal seismic survey h/as car-

ried out in the Red Lake-Ear Fal ls area of northwestern Ontario by

the University of Hanitoba. Open pit mine bìasts from Griffith mine

were used as the seismic source for the survey. Griffith mine is

located 2! Km north of Ear Falls on Highway 105. Two profiles aìong

Highway ì0! were recorded, one to the south (17 Km) of the mine en-

trance and the other to the north (40 Km). portable recorders were

placed at a ì Km spacing on both profiles except for the last 4 re-

cording sites on the North profile which were at a 5 Km spacing.

Because of the nature of the miners production needs, the blasts

were several seconds in duration resulting in a source signaì sever-

aì seconds Iong.

Due to the complex nature of the source signal and poor timing

information, the qual ity of the data was general ly marginal. For

this reason, much effort was made in studying possible methods of

processing and interpreting the data. Also, because of the nature

of the source signal a detaiìed study of the source was carried out.

The source study involved an attempt to syntheticaì ly modeì the

source signal by convolving a series of spikes representing individ-

ual shots in the shot patterns with either a Ricker or cyl indrical

source wavelet. The resuìts showed that there are many types of ar-

rivals recorded at the source recorder other than just a direct p-
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wave. The source study aìso helped to sort out p and s-wave arri-
vals and make the processing of the data simpler.

After f i I ter i ng the data two techn i ques of process i ng the data

were tried. The first technique attempted was a vertical stack.

AII common receiver records were stacked in order to try to increase

the S/N of the first breaks. Aì I records wi th a source-receiver

distance between 3 and ! Km were aìso stacked in order to recover

deep near vertical reflections such as the Riel and Hoho discontinu-

ities. Both of these stacks were not successful due to the poor

timing information.

Because of the compìex nature of the source signal, cross-corre-

lation was also tried. This technique was not successful because

the source signal was not random in nature.

Two techniques were attempted in the interpretatÌon of the data.

Ray tracing (wrrittal and clowes,197Ð was used in order to try and

model the shal low structure using fi rst break information. Shal low

crustal models were derived for each of the two proflies. The mod-

els showed large scaìe features such as a shear zone probably asso-

ciated with the East Lake Fauìt on the North profile and structures

assoc i ated wi th the Bruce Lake faul t zone on the south prof i I e.

IdKBJ modeì ì i ng (chapman, .l978) of var ious crustal model s was al so

tried in order to locate deep reflections such as the Riel and È1oho

discontinuities in the data. The crustaì models of Hal ì and Hajnal

(1973) were used because the data from this model was recorded in

the same general area. The results showed only minor evidence of



these deep reflections due to the marginaì qual ity of the data and

the compì ex source s i gnaì .

The resuìts of the project showed that this type of survey can be

viable with proper planning of shot patterns and survey parameters

although more study of the source conditions is necessary.

- vr



ACKNOI,JLEDGEÈlENTS

The author would f irst like to thank Griff ith l,line and the 0n-

tario Geological Survey (especially Dr" V.G. Gupta and Dr. R.B. Bar-

low) for their co-operation and assistance in this survey. Thanks

also to John wenham for keeping the portabìe recording units in op-

erati ng order dur i ng the data col I ection and those who assi sted i n

the colìection of the data (wanda Delandro, sandy Jenkins and sheraz

Khan). Thanks to Tom t'lillar for his assistance in the processing of

the data and Gordon ilaxwell for his assistance with the geologic

portion of the work. I also thank lan Noble, Aì Carswel ì, Roger

Tang and chris Dilì¡stone who assisted me whiìe I was not present at

the university. I especiaìly thank Dr. D.H. Hall and Dr. W" lloon

for their guidance and supervision and Texaco Canada Resources Lim-

ited for their patience. f'lost of all, I thank my family for their

continued support throughout my school years.

- vtt



CONTENTS

ABSTRACT iv

ACKNOWL E DG EI4E NTS vtt

paqeCh apter

I. INTRODUCTION

il. F I ELD PROCEDURE AND I NSTRUI4ENTAT I ON

Field Procedure
Shot Po i nt Record i ng
Field Recording

ilt. GEOLOGY

Engl
Red
Deep

. l4

Crustal Structure

tv. PROCESS I NG OF 27

A/D Conversion and Demult¡plexing .27
I nterpol at i on 29
Tieing in the Traces . 36
Comments on Raw Data \2

THE SOURCE 48

The Shot Point
Sei smi c Wavel ets

R i cker VJave I et
Cylindricaì Source

f,lodeìling the Source
Types of First Arrivals .

D i scuss i on of the Program Opt i ons
D i scuss i on of Resu I ts

Source Signaìs considering p and s-waves
Other types of Arr ival s
Rad i at i on Patterns
Source signals

ish River Subprovince
Lake Subprovi nce

ì4
17
2t+

7

7

7

9

84
8S
85
8g
90

V.

48
55
55
64
77
8o
8'+

- vt tt -



vt.

vilt

Append i x

A.

B.

c.

D.

E.

F.

G.

L IST

smogram
Trac i ng

l4ethod
Resu I ts

99

100
t0t
t06
I t4
I ì6

117

il7
121+

126
126
133
136
137
ì38
t38
139

140

ì40
ì4t
t\2

paqe

1t+5

163

167

176

ì85

190

202

227

DIGITAL PROCESSING

Fiìtering of the
Vertical Stack

TECHN r QUES

Da ta

Cross-correlation
D i scuss i on of Resu I ts
Aiternate Processing Techniques

vil I NTERPRETAT I ON

Ray Trac ing l4ethod
WKBJ Synthet i c Se i
D i scuss i on of Ray

The North Prof
The South Prof
Other Ray Trac

D i scuss ion of tIKBJ
The North Profi
The South Prof i

0ther WKBJ llode

ng l.'lode ì

Resu I ts

le
le

le
le
I

Considerations

Considerations

coNcLUs r oNs

Source l,lode ì

Data Quaì í ty
Process i ng
I nterpretat i on I 43
F i na I Conc I us íons I l+4

I ing

RECORDER AND SHOT PATTERN INFORI,IAT ION

RECORD INFORI4ATION.

RAW RECORDS.

F I LTERED RECORDS

CROSS-CORRELATED RECORDS

SHOT PATTERNS

PROGRAI{S

OF REFERENCES

- tx -



F i gure

l.t "

I "2.

1 .3.

2"1.

2.2.

2 "3.

2.4.

3.i.

3.2.

3.3"

4. r.

\.2.

4. 3.

4.4.

I+.5.

\.6.

\"7 "

4.8.

4.9.

5.1 .

5.2.

LIST OF FIGURES

page

Location of survey area.

Location of Griffith mine.

Location of North and South pits.

Frequency response of the recorder prototype. I
Location of the shot point recorders. . ìO

Recorder and shot pattern locations of shot #1. . 12

Recorder locations of the North and South profi les. 13

Geology of the Red Lake-Engl ish River Subprovinces. " 15

Geoìogy of the survey area. 18

Deep Crustal Structure. . 26

Var i at i on of tape recorder speeds. 30

Variation of tape speed within a single recorder. . 32

Unreliabiìity of timing information. " 33

Locating a common second marker. . 37

Raw records of shots #l and #2. 38

Difficuìties in locating first breaks. 40

Exampìes of shot records showing more than one type of
arrival.

2

3

4

Raw records of the North profi le.

Raw records of the South profi ìe.

4r

44

45

49

\9

Simple exampìe of a shot pattern-example

Simpìe exampìe of a shot pattern-example

-x-



5.3.

5"\"

5"5.

5"6"

5"7 "

5.8.

5.9.

51

52

53

5\

57

6S

b5

7o

72

73

Shot pattern used for shot #l "

Shot records-ì. .

Shot records-2.

Shot records-3.

The initial wave at the source. "

Examples of Ricker wavelets"

Cyl indricaì source.

5.10" Source function used for cylindrical source. .

5.1.l. Variation of waveform with propagation distance.

5.12. Variation of the waveform with (To).

5.13. Variation of waveform wi th the radius of the elastic
boundary. 75

Compar i son between the form of p and s-waves. . " 76

Generat i ng spi ke ser i es. . 78

Direct arrivaìs. .82

P-wave signal of shot #2 using Ricker waveìets. 86

P and s-wave signals of shot #2 using Ricker wavelets. 8l

P and s-wave signaì of shot #2 using cyì indrical

5.1\.

5"15.

5.16 .

5.17 .

5.t8.

5.19.

5 "20.

5.21 .

5.22.

5.23.

5.2\.

5.25.

5.26.

6. t.

6.2.

source wavel ets.

Rad i at i on pattern.

l,lodeìled source signaìs of shots #1, #Z and #3.

l4odelled source signals of shots #5 and #6.

Èlodel led source signals of shots #7 an¿ #lO.

llodelìed source signals of shots #l+, #9, #11 and #ì3"

l,lodelled source signals of shots #8, #lZ and #15.

l,lodelled source signals of shots #14, #16 anA #17 "

Fiìtered records of shots #l and #2.

F i I tered records of the North Prof i I e.

88

92

93

94

95

96

97

98

102

103

- xt



b.J.

6"4.

þ.5.

6.6.

6.7 .

6.8.

7.1.

7 .2.

7 .3.

7 .\.

7 .5"

7 .6.

7"7 .

7.8.

7 "9"

A.t.

4.2.

4.3.

A.4.

4.5.

A.6.

4.7 .

A.8.

4.9.

F i I tered records of the South Prof i I e

Verticaì stack of common receiver locations of the
Nor th prof i ì e.

Vertical stack of common receiver locations of the
South profi le

ì04

t08

t09

I t0

112

lt3

I l9

120

l2ì

122

r28

129

't30

135

ì46

t\7

148

t49

150

t5l

152

153

| 5t+

Vertical stack of
sites. .

Cross-correl ated

Cross-correlation

Ray tracing model

Ray tracing model

First break picks

First break picks

.':':':'.t:"T :' :t:':":
records of shots #l and

of similar records. .

for North Prof i I e.

for South Prof i I e.

from the North profi

from the South profi

le.

WKBJ Earth model. 127

Expected arrivaì times of Riel and Hoho events on

le

North profi le.

Expected arr ival
South Profi le.

times of Riel and lloho events on

Effect of the Pakwash Lake Pluton on the North
prof i ì e.

Effect of the Pakwash Lake Pluton on the south
profi le.

Recorder and shot pattern locations of shot #1.

Recorder and shot pattern locations of shot #2.

Recorder and shot pattern locations of shot #3.

Recorder and shot pattern locations of shot #4.

Recorder and shot pattern ìocations of shot #5.

Recorder and shot pattern ìocations of shot #6.

Recorder and shot pattern locations of shot #/.

Recorder and shot pattern locations of shot #8.

Recorder and shot pattern locations of shot #9.

- xll



4.t0.

A.ìt.

4.t2.

A.ì3.

A.ì4.

4.15.

A.16.

4.17.

c.t.

c "2.

c.3.

c.4.

c.5.

c .6.

c.7 .

c.8.

c.9.

c.t0.

c" I I "

c"12"

c.t3.

c.r4.

c.t5"

c. t6.

D.ì.

D .2.

D"3.

Recorder and shot pattern

Recorder and shot pattern

Recorder and shot pattern

Recorder and shot pattern

Recorder and shot pattern

Recorder and shot pattern

Recorder and shot pattern

Recorder and shot pattern

Raw records of shots #l

Raw records of shots #2

Raw records of shot #3

Raw records of shot #4.

Raw records of shot #5.

Raw records of shot #6

Raw records of shot #7.

Raw records of shot #8.

Raw records of shot #9.

Raw records of shot #ì0

Raw records of shot #l I

Raw records of shot #12.

Raw records of shot #,l3.

Raw records of shot #14.

Raw records of shot #16.

Raw records of shot #ìJ.

F i I tered records of shots #ì

F i I tered records of shots #2

Fi ltered records of shot #3.

I ocat i ons

I ocat i ons

I ocat i ons

I ocat i ons

I ocat i ons

ì ocat i ons

ì ocat i ons

I ocat i ons

shot #ì0.

shot #l I "

shot #l 2.

shot #l 3.

shot #.l4.

shot #15.

shot #16.

shot #t7.

155

156

157

t58

159

160

t6ì

162

t68

t68

t68

l69

169

t70

t70

171

t7t

172

172

173

173

17 t+

l7 t+

175

177

177

177

of

of

of

of

of

of

of

of

- xttt -



D.4.

D "5.

D"6.

0"7.

D"8.

D"9.

0.t0.

D"tì.

0.12.

D.13.

D.14.

D" t5.

D.16.

E.t.

E"l.

E .3.

E.4.

8.5.

E .6.

8"7.

E .8.

E"9.

F.l.

t .2.

F .3.

F .4.

t .5.

Fi ltered records of shot #4.

Fi ltered records of shot #5.

Fi ltered records of shot #6.

F i t tered records of shot #7

Fi ltered records of shot #8.

Fi ltered records of shot #9.

F i I tered records of shot #l 0.

F i I tered records of shot #l I

F i I tered records of shot #l 2.

F i ì tered records of shot #l 3.

F i I tered records of shot #i 4.

F i I tered records of shot #l 6.

F i I tered records of shot #l 7.

Shot patterns used for shot #3.

Shot patterns used for shot #4.

Shot patterns used for shots #5

Shot patterns used for shots #7

and #6

and #8

178

t78

179

179

r80

r80

t8t

t8l

r82

182

t83

ì83

184

t86

t86

t86

t87

ì87

188

188

t89

t89

192

ì93

t94

195

196

Cross-correlated records of shots #ì

Cross-correlated records of shots #2

Cross-correlated records of shot #3.

Cross-correìated records of shot #5

Cross-correìated records of shot #6

Cross-correlated records of shot #8.

Cross-correlated records of shot #ll

Cross-correlated records of shot #ì2.

Cross-correlated records of shot #16.

Shot patterns used for shot #ì and #2

. XIV -



F .6. Shot

F "7 " Shot

F .8 " Shot

F .9. Shot

F.10. Shot

patterns used

patterns used

patterns used

patterns used

patterns used

for shots #9

for shots #l I

for shots #13

for shot #ì!.

for shots #ì6

and #.l0.

an¿ #12

an¿ #14

ana #17 "

t97

t98

t99

200

201

Tabìe

4.1. Processing sequence.

\.2. Example of caìculati

4.3. Records used in the

6..l. Records used in vert

B. l. Shot and record information-table

L I ST OF TABLES

paqe

28

on of i nterpol at i on constants. . " 35

North and South prof i I es. 43

i ca I stacks.

8"2" Shot and record info

8.3. Shot and record i nfo

F. l. Source information.

rmation-table

rmation-table

I

2

3

107

ì64

165

166

l9l

-XV-



Chapter I

I NTRODUCT I ON

ln the summer of 1980 a crustal seismic survey was carried out in
northwestern 0ntar i o aì ong h i ghway 'l05 between Red Lake and Ear

Falìs (figures l.l and 1"2). This experiment was carried out by the

university of l'lanitoba with the co-operation of Griff ith mine and

the 0ntario Geoìogical Survey.

Griffith mine is an open pit iron mine located 2! Km north of Ear

Falls. The mine consists of two pits; the larger one ì Km north of

the other. Figure 1"3 illustrates the locations of the two pits.
Twice a week the mine blasts from one of these pits.

Ten self contained two-channel portable analogue recording units

were used in the survey. Each unit recorded seismic data on one

channel and timing information on the other. One portable unit was

placed at the edge of the pit in order to record the form of the se-

ismic signal as well as the absolute time of the shot. The remain-

ing recorders were placed approximately I Km apart aìong highway l05

starting from the entrance to the mine" After seventeen bìasts

throughout the summer, data was col ì ected for two prof i I es; one

north of the mine entrance and the other to the south.

The mine is located in metasedimentary terrain about ! Km north

of the Red Lake-Engl i sh River subprovi nce boundary. The southern
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5

seismic profi ìe extends across this boundary from the metasedimenta-

ry terrain of the Red Lake Subprovince to a metasedimentary gneissic

terrain in the Engl ish River Subprovince. An important objective of

this survey was to study the nature of this boundary.

A metavoìcanic terrain is Iocated north of the metasedimentary

rocks. A granitoid mass is located north of these metavolcanic

rocks. study i ng th i s metavol can i c-gran i te boundary was another ob-

jective of the survey. some other objectives of the survey were:

l. to determine velocities of constituent rocks

in the area,

to delineate near surface discontinuities

such as ìarge scale faults and if possibìe

determi ne d i ps and

to map any horizontaì refìectors down to the

Hohorovi ci c d i sconti nui ty.

l'1 ine or quarry blasts are not ideal for this type of survey as

the blasts are designed to break rock rather than create ideal se-

ismic waves. The shots recorded in this survey r^rere very complex

and consequentìy one of the most important results from this work

may be the production of interpretable seismic data.

Aìthough some of the above objectives may not be attainable due

to the complex nature of the source signal, the procedures invoìved

in this thesis project to attain these objectives are:

l. to process the raw data,

2" to study the complex source by attempting to

synthetical ly reproduce the source signaì,

2.

3.



3. to try different techniques to process the

the data and

l+ " to interpret the data us ing WKBJ (Chapman

I 9i8) and ray trac i ng techn i ques (wn i tta I and

Clowes 197Ð "

since this is a new type of experiment, more emphasis is made on

the process i ng of the data rather than the i nterpretat i on. A ì so,

since the qual ity of the data is suspect due to inadequate timing

and the lack of a reverse profi le, the important resul ts of this

work will result from the studies of the source signal and the pos-

sibìe methods of interpreting the data.



2"1 INSTRUI,IENTATION

Ten two channel seìf contained

ers were used in the experiment.

totype of the recorders is given

sponse of the prototype i s shown

Chapter

F I ELD PROCEDURE AND

il

I NSTRUf{ENTAT I ON

por tab ì e ana ì ogue cassette record-

A complete description of the pro-

by Dorn (197k) 
"

in figure 2.ì.

The frequency re-

Each portabìe unit records seismic data on channel I and timing

information on channel 2. ln order to achieve absolute timing of

the traces the wwvB radio signal was recorded on channel 2. A Haìl-

Sears HS-.l0 geophone (peak frequency I Hz) was used with each re-

corder to detect the se i sm i c s i gna I "

2.2 F IELD

2 "2.1 Shot

PROCEDURE

Point Recordinq

Twi ce a week Gr i ff i th mi ne bl asts from one of two pi ts. Each

shot consisted of one or more shot patterns from different locations

in the pit. A recording unit was set up on bedrock at the edge of

the pit in order to record the form of the signal and the absolute

time of the shot. since it was never important for the mine blast

to occur at any specific time, the bìast was often delayed by ! min-

utes to an hour. For this reason the recorder was set to start re-

-7-
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9

cord¡n9 5 minutes before the scheduled bìast time and the recorder

was then aì ìowed to record the entire length of the tape (45 min-

utes). Since the blasting engineers tried to ensure that the bìast

occurred within 4! minutes of the scheduled time onìy one shot was

missed during the entire summer. The shot point recorder sites are

shown in figure 2"2"

2"2"2 Field Recording

For each blast, recorders were set up at approximateìy ì.0 Km

spacing along highway ì0!. Geophones were placed on bedrock or were

bur i ed for better coupl i ng wi th the earth. The f i rst recorder was

set up at the mine entrance and data for profiles to the north and

to the south of this point was collected throughout the summer. The

location of each recording site was located using aerial photographs

and major landmarks" These ìocations were then marked on a l:!o,ooo

scaì e map.

The records were played back each week to inspect the quality of

the data. Poor records \^rere repeated at a later shot. Records wi th

a low s/N ratio were aìso repeated at a later shot in order to be

s tacked .

0ften the shot point record was not recorded properly due to

equipment fai ìure. ln this case a good record from that shot was

repeated in a later shot. The remaining records of the initial shot

could then be tied in with the ìater shot. Figure 2.1 i I lustrates

the recorder locations as well as the locations of the shot patterns
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of shot #1. The recorder locations of the remaining shots are shown

in Appendix A. The ìost records indicated in figure 2.3 and Appen-

dix A were due to either to equipment failure or human error. Note

that since shot #15 was more than 45 minutes late, only the shot

point record was recorded, consequently this shot wiìl not be con-

sidered in further processing but wi I I be used in the source mod-

elling in Chapter !.

The North profi le is approximately 35 Km long. Records were tak-

en at a spacing of I Km with the exception of the last 4 records

which were recorded at a spacing of 5 Km. This was done in order to

increase the coverage as weìl as to test two of the portable record-

ers which were modified to produce a higher gain. lt was necessary

to increase the gain on these units because some of the records far-

ther away from the shot point showed a ìow S/N ratio. lt was hoped

that this wouìd improve the recording capabilities of the recorders.

The South profi le is approximateìy ì2 Km

spacing throughout. Figure 2.1+ shows the

North and South prof i I es.

in ìength with a I Km

I ocat i ons of both the
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Chapter I I I

G E OLOGY

The crustal seismic survey was carried out over two different
geoìogic subprovinces. The North profi ìe is situated entireìy with-

in the Uchi or Red Lake Subprovince while the South profile extends

from the Red Lake Subprovince into the Engìish River subprovince lo-

cated to the south (figure 3.1).

3.ì ENGLISH RIVER SUBPROVINCE

The Engl ish River subprovince has been studied extensiveìy by

various authors. Good accounts of the area are given by Breaks et

al (1978), Beakhouse (1977) and Wi tson (t971). This area has aìso

been studied in detai ì by Jones (197Ð and Dwibedi (t966).

The Engl ish River subprovince is an east-west trending belt of

early Pre-cambrian felsic to intermediate amphibol ite to granul ite

facies (0wioedi 1966) gneisic rocks. The gneisses have been intrud-

ed by several feìsic to intermediate plutons. The subprovince ex-

tends f rom southeastern f'lan i toba into northwestern 0ntar io and con-

sists of two major components; the VJinnipeg River bathoì ithic belt

in which felsic plutonic rocks predominate and the Ear Falls-l'lanito-

gan gneiss belt in which sedimentary gneiss predominates (Beakhouse

1977)Gigure 3..|). Since the survey onty extends inro the Ear

Falls-f{anitogan gneiss belt, only this component will be discussed.

- 14 -
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The Ear Faì ls-f'lanitogan gneiss belt is composed of migmatized

clastic sedimentary material characterized by a middle to upper am-

ph i bol i te fac i es, metagreywacke-metas i I tstone sequence i ntruded by

subord i nate fe I s i c pl utons (Beakhouse 1917) "

A local ized study of metasedimentary rocks proposed to be meta-

morphosed sandstone and shales (Jones 197Ð was conducted by van de

Kamp and Beakhouse (lglÐ in the pakwash Lake area. since this

study describes the actual terrain of the southern portion of the

south profi le, a brief description of the gneisses from this study

is given.

The metasedimentary gneisses are compositional ty layered which

probably represents originaì layering (van de Kamp and Beakhouse

197Ð. Layers range from I cm to 2 m thick whiìe the grain size in
the gneisses range from 0.2! mm to 1.0 mm in which the fine grained

gneisses are mica poor and the coarse grained gneisses are mica

rich. [./ithin individual layers a gradation from biotite poor,

quartz and feldspar rich portions to a biotite rich portion is com-

mon. Van de Kamp and Beakhouse (197Ð propose that these probably

represent originaì graded beds with the biotite representing an

original shaley upper portion and the biotite poor portion repre-

senting a sandy bottom.

The gnei sses are composed pr imar i I y of quartz (25-3OZ), plag ioc-

lase (40-602) and biotite. l4inor K-feldspar, muskovite, si r I ime-

nite, garnet and pyrite also occur.
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The structure of the gnei ss i c bel t i s mostl y unresolved due to

the extensive metamorphism. Fol iation is generaì ìy paral ìel to sed-

imentary bedding whi 1e both fol iation and beddiLlg are concordant

with the margins of ìarger pìutons. The boundary between the gneis-

sic beìt and the Red Lake subprovince consists of a mylonite zone

(Beakhouse 1977) or fault zone. The location of the proposed Bruce

Lake Fault at the subprovince boundary is indicated by I ineaments

and sheared rocks in the Bruce Lake area (shklanta l97o). lt was

hoped that this boundary could be located in the survey (figure

3.2).

The Bruce Lake fault is thought to be a part of the sydney Lake

fault system which designates the boundary between the Red Lake and

the Engl ish River subprovinces. The sydney Lake fauìt has a minimum

right lateraì displacement of 6 Km (Breaks et al, ì978), as well as

a vertical thrust component of 4.0 Km (Thurston and Breaks, .l978).

An overthrust component to the north is also estimated to be 2.J Rn

(Beakhouse, 1977). This ìarge scaìe displacement is expected to be

visible in the data col lected in this experiment.

3.2 RED LAKE SUBPROVINCE

The Red Lake subprovince has also been studied extensively by

various authors although much of the survey area has not been re-

cently studied in detai l. Since Dowl ing (t894¡ , Bruce (1924,193\)

and Horwood (ì940) studied the area, local ized detai ìed studies have

been undertaken by various authors. The area around the southern

portion of the North profile has been studied by shklanka (.|970)
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ìe the northern portion has been studied by Ferguson ('I968), pi-

(1978a,1979a) and Thurston (ì98t) .

The Red Lake subprovi nce i s generaì ì y an east-west trend i ng beì t

of metavoìcanic-metasedimentary and granitic rocks extending from

Paìeozoic contact west of Hudson Bay to Lake [{innipeg (Thurston and

Breaks' .|978). The grade of metamorphism is lower than that in the

Engì ish River Subprovince and is characterized by subgreenschist to

greenschist facies metamorphism (Thurston and Breaks, 1978) " The

metavolcanic-metasedimentary sequences form greenstone belts that

are intruded by composite bathol iths, ranging in composition from

diorite to granite (Ayres, ì978).

A deta i I ed study of the Bruce Lake area was carr i ed out by

shkìanka (.l970). The foì lowing discussion of the terrain around

Bruce Lake and the area immediately to the north is based on this

s tudy .

lmmediateìy to the north of the Red Lake-Engì ish River subpro-

vince boundary is a metasedimentary terrain of which the main rock

type is metagreywacke. The rocks range from I ight to dark grey in

coìour, fine to medium grain in texture and from poorly foliated to

schistose, depending on the maf¡c contact (Shklanka, .l970). 
The

rocks are normaìly welì bedded although rocks near granitic intru-

sions are coarser grained and the bedding is destroyed.

Shkìanka (ì970) cìasses the metagreywackes into three types, âl-

though gradations between these rock types occur interbedded with

each other. The three types include biotite bearing, stauroì ite
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bearing and amphibole bearing greywackes. The most common¡ biotite
bearing greywacke is composed of quartz and plagiocìase whi le some

muscovite, garnet and microcl ine may be present. The staurol ite

bear i ng greywacke cons i sts ma i n I y of guartz and feì dspar wi th stau-

rolite forming up to 259ó of the rock. Biotite and muscovite may

also be present. The minor type of the three is the hornblende

bearing greywacke which is composed mainìy of amphiboìe, biotite,
quartz and feldspar whi ìe some garnet may be present.

The shot point is located within an iron formation which is ìo-

cated at the west side of Bruce Lake on the east edge of the met-

asedimentary terrain. According to shklanka (.I970), the iron forma-

tion consists of magnetite-quartz interlayered with recrystal I ized

chert or jasper. Locaììy magnetite-rich biotite schist occurs as

weì I as hematite with magnetite. lnterbedded metasediments also oc-

cur with f¡ne grained greywackes the main constituent. Semi-calca-

reous greywackes also occur within the interbedded sediments. The

metasediments are mainly composed of quartz and feldspar whi ìe biot-

i te, amph i bol e, garnet and anda I us i te are present.

The iron formation is complexìy folded whi le feldspar porphyry,

lamprophyr and gabbro dikes intrude the formation (shklanka l97o) .

Located to the east of the iron formation underlying Bruce Lake

is the Bruce Lake pìuton.

A large quartz diorite to diorite pìuton intrudes the metasedi-

ments along the north eastern part of Pakwash Lake. The pakwash

Lake pluton is mainìy composed of plagiocìase, microcl ine, perthite,
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hornblende, biotite and quartz (Shkìanka ì970) . The contacts of the

pluton with the surrounding metasediments are generaì ly sharp in na-

ture.

A metavolcanic belt mapped by Shkìanka (ì970) is located to the

north of the metasediments. This belt is continuous with the Dixie

Lake metavolcanic-metasedimentary belt to the west which is domi-

nantly composed of a thick sequence of pillowed to massive, mafic to

intermediate metavolcanic flows ranging from 2-9 metres thick

(Breaks et al, 197Ð. The Dixie Lake belt is similar in composition

to the northern part of the belt mapped by Shklanka (ì970). ln the

southern part of the belt the majority of the volcanics are water-

ìain pyroclastics whi le minor rhyoì ite and mafic volcanics aìso oc-

cur (Shklanka, 1970). Lineaments which mark the boundary between

the metasediments and the metavolcanics are generaì ìy regarded as

fauìts. The rocks around the East Lake Fauìt (figure J.2) are well

bedded and interlayered with biotite bearíng and hornblende bearing

metagreywackes. Also, the rocks in the fauìt zone are sheared or

mylonitized (Shklanla, .|970) 
"

The pyrocìastics in the metavolcanic terrain consists mainly of

fine grained tuff with some rhyodacite and coarse grain tuff, al-

though aì I gradations between these types are present (Shklanka,

1970) . The vol cani cs are commonì y i nterbedded wi th metased iments.

According to Shkìanka (1970)

basical ìy grey in colour and is

plagiocìase" Biotite is also

, the fine grained dacitic tuff is

composed of mainly quartz and sodic

found wh i I e muscov i te, amph i boì e,
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chlorite, epidote or carbonate may also be present. The grain size

is about 0.0! mm. The coarse grained tuff is found in minor amounts

and consists of sodic pìagiocìase embedded in a fine grain matrix

made up of biotite, quartz and sodic plagioclase. The sodic pla-

gioclase crystals fragments are up to 4 mm in diameter whi le the

grain size of the matrix is approximately 0.05 mm. The rocks are

bedded and interlayered (some beds are graded) with other varietíes

of tuffs and metasediments. Beds range from a few inches to tens of

feet in thickness.

Rhyodacite is another rock type found in minor amounts in the

area. The rocks are I ight grey in colour and are composed of

quartz, sodic pìagiocìase and muscovite whi le biotite, epidote or

chlorite aìso may be present (shklanka, 1970). The rhyodacite oc-

curs as beds interìayered with mainìy dacitic tuff or metagabbro.

I'laf ic volcanics aìso occur in minor amounts in the area and are

dark green in colour and fine grained in texture (shklanka" 1g7o)"

They are composed mai nly of amphibole and are generaì ìy fol iated.

The Gull Rock Lake Bathoìith is ìocated north of the metavoìcanic

terrain and extends to the Red Lake Greenstone Belt. This area has

not been studied in detai ì consequentìy onìy a brief general ized

discussion of the batholith and its effects on the immediate terrain

is given.

The Guì lrock Lake Bathoì ith is a massive body composed of medium

grained biotite granodiorite to quartz monzonite (Breaks et â'|,

1976). The most dominant granitoid phase of migmatite near the Red
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Lake greenstone belt is a medium grained leucocratic quartz to gra-

nite (Pirie' 1978a). Smaller medium to coarse grained leucocratic

quartz monzani te i ntrus ive bodies al so cut the southern boundary of

the greenstone belt (Pirie, 1979a).

Regional geological mapping of the Red Lake greenstone belt was

carried out by Horwood (.l940) whi le more detai led mapping has been

done by Ferguson (lgø5,1966,1968). llore recent stud¡es in this area

were carried out by Pirie (.l978a,t978b,1979a,t979b), Wallace

(1980,198.l, ì982) and Thursron (ì981) . Since the seismic survey was

carr i ed out over the southern regi on of the greenstone bel t, onì y

this portion wi I I be discussed.

Huch of the southern region of the greenstone belt is underìain

by a sequence of Pre-cambrian mafic to feìsic metavolcanics largely

calc-alkaline in composition (pir¡e, 1979a). The dominant component

of the southern region of the greenstone belt is a felsic sequence

composed of flows, tuff, ìapi l l i-tuff and minor ìapi ì l istone (pirie,

1978a). At the southern limits of the greenstone belt, these felsic
rocks are i ntermi xed wi th ttdo types of i ntermed i ate metavoì can i c

flows. One is a fine grain amygdular fìow while the other consists

of a simi ìar matrix containing numerous pìagiocìase phenocrysts.

These fìows are also found to be locaììy pillowed or breciated (pi-

rie, ì978a,1979a). Granitoid sheets and dikes also commonly intrude

this metavolcanic complex. Further to the north a simi ìar mixture

of feìsic and intermediate to mafic metavolcanics occurs with great-

er amounts of bedded clastic meteasediments derived from felsic vol-

canic rocks (Pirie, 1979a).
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A ìarge body of bioti te hornblende trondjemi te to quartz dior i te

intrudes this sequence just east of a narrow channel in Guì Irock

Lake. Dikes and sheets of medium grained gabbro and diabase also

intrude the calc-alkal ine metavolcanic sequence throughout the area

(Pirie,1979a). At the northern limits of the North profiìe an in-

termedÌate intrusíon localìy known as the 'Howey Diorite' occurs

near the junction of highways 105 and 125 (pirie, t978a,1979a).

structural ìy the greenstone belt is interpreted to be a synformal

recumbent anticl ine forming the nose of a nappe which is embedded

i nto the surroundi ng grani tic rocks and basement (Thurston and

Breaks, .|978). lt is not ìikely that this structure can be resolved

as only two recording sites were ìocated within this region.

3.3 DEEP CRUSTAL STRUCTURE

An important objective of this study is to del ineate deep hori-

zontaì reflectors, therefore it is important to discuss the deep

crusta I structure. Deep crusta I stud i es have been carr i ed out by

Hal I (1971), Hal ì and Hajnaì (ì969,191Ð and Gupta and Barìow (ì984)

in the area of interest.

studies by Haì I and Hajnaì (lg0g,lgjÐ have shown that there are

two d ist inct deep crustaì ìayers in the area (trre Riel and the Èloho-

rovicic discontinuities). They used average compressional veloci-

ties of 6.05 Km/sec, 6.85 Km/sec and 7.92 Rn/sec to calculate aver-

age depths of ì8.3 Km tor the Riel (or conrad) oiscontinuity and

34,3 Rn/sec for the llohorovicic discontinuity.
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A gravity study by Gupta and Bartow (t984) shows rhe depth of the

Rieì to be l4 Km at the Wabigoon/Engl ish River subprovince boundary

23.5 kn at the English River/Red Lake subprovince boundary and i6 Km

north of the Engl ish River/Red Lake boundary" They aìso found that

the corresponding depths of the Hoho were 37.5 Km, 3ì Km and 37 Kn

at these po i nts . The geometry of these deep i nterfaces ca I cu I ated

by Gupta and Barlow (1984) are in agreement (wit¡rin 2 Km) with the

seismic depths calculated by Hal ì and Hajnat (t969,197Ð over rhe

same region. These results show the crust is thinnest under the

sydney Lake fauì t system, whi le the thickest section of the Riel

(23.5 Km) occurs over this point (tigure 3.3). tt is hoped thar

these depths can be further ver i f i ed wi th the i nformat i on acqu i red

from this experiment. This wi I I be further discussed in chapter /"
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Chapter I V

PROCESS I NG OF RAW DATA

4"I AÆ CONVERSION DEI4ULTIPLEXING

The objectives of the processing sequence were both to enhance

the signal to noise ratio and to obtain a technique to interpret the

compìex signal. The sequence is outìined in table 4..l.

Anaìogue to digital conversion was carried out using a Geo Space

DAs-209 digital seismic field recorder. A remote playback unit read

the cassette tapes, demodulated the information and fed it into the

ampl ifiers of the Geo Space system. The signal was ampl ified by

some pre-determined fixed gain (depending on the amplitude of the

signal), then fed into the A,/D converter which sampìed at an inter-

val of ì msec. The digital signaì then \Á/as recorded on I track 800

BP I tape.

channel I contained seismic data and channel J contained timing

information (t/wvB time code) " channel 2 was not used as some inter-

nal probìems were encountered with the system. channels 4-10 also

were not required.

The next series of steps were part of a processing package for

data recorded by the Geo Space recording unit arranged by Owen Ste-

phenson who was the seismic party chief at the centre for pre-camb-

AND

-27-
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ANALOGUE RAW DATA

A/D
&

CONVERS I ON

&
AND DE''IULT IPLEX

*

B I T CHECK

Pìot Check

I NTERPOLAT I ON

Plot Check

VERT I CAL

TIEING
IN E

TIEIN
D I FFER

"fV

STACK F I LTER

@

Ir
FINAT INT

\

CROSS-CORRELAT I ON

B

É
DATA

I N RECORD

ACH SHOT

*
G IN THE
ENT SHOTS

¡

t
ED DATA

E

ü
ERPRETE D

TABLE 4. ]

Process i ng seguence.
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r i an Stud i es at the Un ivers i ty of f.lan i toba " The package was f urther

modified by Tom Hi I lar who now holds that position.

AII 30 channels were then transferred to 6250 Bpl tape using a

blocksize of 20008 bytes. The next stage involved a fi le finding

program used to check the data for any error fiìes which may have

occurred in the preceding steps. The fol ìowing step involved check-

ing the data for missing bits and replacing them. The data was also

demultiplexed during this stage.

The data was then plotted in order to check its quality. Records

w¡ th poor qua I i ty due to the prev i ous process i ng stages were re-d i -

gitized.

\ "2 I NTERPOI-AT I ON

The rate of digitization on each record was found to be different

as the tape speeds of the recording units were not the same. These

tape speeds were found to vary by as much as loï from unit to unit.

Figure 4.ì i I lustrates examples of this variation. Record 2l-N and

shot #5 are shown in this exampìe. The seismic signaì of the re-

cords is shown as welì as the WI.JVB time signal. The number of digi-
tal intervaìs per second is aìso shown. Anderson (197Ð found that

the number of digital intervals per second varied by ìess than 12

along each trace (using the same recording units) . The data col-

lected in this experiment varied by as much as !? (figure l+.2), con-

sequently in order to make each record consistent with al ì of the

others it was necessary to interpolate each record in sections. A



sHor 46

Seism'€ Sþnel

One eecond
alo35 ssmpleg

30

T I I.,IE (SECONDS]

MEAN=942.7 samples

TIME fSECONDS)
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program written by Anderson (1979) was modified and used to perform

a linear interpolation on each section of each record. ln order to

interpolate the data it was necessary to find the number of digitaì

intervals per second. This was accompl ished by counting the samples

from a dump of the time signal. The mean value was caìculated and

an interpolation constant was derived for each section of each re-

cord .

Another problem arose concerning the interpolat¡on of the data.

It was found that the l'rWVB time code h/as not reì iabìe for exact tim-

ing information due to either the recording or the playback of the

records. The rise of each square wave (marking the beginning of

each second) was often deìayed by a small amount, consequentìy this

wouìd íncrease the apparent length of one second and decrease the

apparent ìength of the next (figure 4.3). lt was therefore neces-

sary to average the number of digital intervaìs per second over a

large range in order to derive rel iable interpolation constants.

The interpoìation constant was therefore derived over a range larger

than the actuaì range of interpolation. The foì ìowing i I lustrates

the calculation of the interpolation constants necessary to interpo-

late each section of each record:

Apparent I ength of one second ¡

f,leans for each sect¡on of each

bYz

M
l'lEANm=ãT i /l,t

I

where: i=second counter

n digital intervals=Tn

record-are calculated

l1=Totaì number of seconds used in

caìculation.
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Figure &.2: Varistion of tape speed within a single recorder. This
diagram i I lustrates the variation of the dig¡t¡zation intervaì at

the beginning of shot #5 to that at the end. Again, note the
polarity of the time code.
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m=Section number

=f12r...rN

N=Total number of

i nterpo I ated.

to be i nterpoì ated.

sections to be

Note: N was usually set at 3,4 or j depending

on the ì ength of the record.

lnterpolation constants for each section are

from the mean values representing the number

digitaì intervals per second:

der

of

i ved

Zm=i nterpol at ion constant

=l,lEANm/ ì 000

Table 4.2 i I lustrates an exampìe calcuìation of

the interpolation constants.

Some records did not include a time signaì due to equipment faiì-
ure. These records were interpolated using the same interpolation

constant throughout the entire record. The number of digitaì sam-

pìes per second used in the derivation of the interpolation constant

were taken from an average of records recorded on the same unit at

near the same time. lt was necessary to use records that were digi-
tized near the same time as the speed of the playback unit aìso var-

i ed wi th t ime. At th i s poi nt al I of the records were cons i stent

with one another within lZ"
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4.3 TTETNG rN THE TRACES

Since the records were recorded individually ¡t was then neces-

sary to tie aìì records together. The first step involved tieing in

records which were recorded at the same time (same shot). This was

done using the absolute timing information of the $.JVB time code. A

reference point in the time code just before the shot time was cho-

sen. This reference time was then ìocated on each record of common

shot point. Since the onìy consistent reference points on al ì re-

cords are the rises and falls of the square waves of the time code,

it was necessary to choose the rise of a certain second marker as

the common poi nt on al I traces. Th i s was not as easy as f i rst

thought because of the unreì i abi I i ty of the UIWVB time code (f i gure

4.¡). The author's own discretion was used in picking a second

marker in the code w¡th a reliable square wave near the beginning of

each record. The rise point of the square wave was then taken to be

cons i stent w¡ th the actua I r i se t ime of aì I other square waves.

This rise point could then be transformed to the chosen common sec-

ond marker (figure 4.4). The time code channel was no longer re-

quired at this point and was therefore dropped.

.The shot-receiver distances were measured directly from a

l:50,000 scale map. The error in measurement is t 50 metres due to

to the lack of major ìandmarks to locate many of the recorder ìoca-

tions. Appendix B gives these measured distances for al I records.

Figure 4.5 show the tied in records of aìl shots #l and #2. The re-

maining shots are i I lustrated in Appendix C.
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Once aìl records of common shot point were tied inu

39

i t was then

necessary to tie the records from the 16 shots together. This was

accompìished by picking the first breaks off of the shot point re-

cords. Again, this was not as easy as first realized since the po-

sition of the fírst break was not obvious. ln many cases the'obvi-

ous'first break was not the actual first break. The actual first

break was located before a large ampl itude apparent first break

sometimes just bur¡ed in the noise. By fiìtering the shot point re-

cord with a 6-40 Hz fiìter and plotting on a large amplitude plot,

the first breaks of most shot point records couìd be located aì-

though it was still diff¡cult to identify in many cases. Figure 4.6

iìlustrates the d¡ff¡culty of locating first breaks. Figure 4./ ¡ì-

ìustrates some of the more obvious exampìes that indicate more than

one t),pe of arrivaì at the source recorder. Possible explanations

for these small amplitude first arrivals are discussed in Chapter j.

Note that the poss¡bility of using the high amplitude apparent first

breaks to tie in the shots was considered but this arrival was not

apparent on many shot records. Aìso, since the exact nature of the

arrival was not known, it was hard to extrapolate a shot t¡me. ln

fact the use of this arrivaì was used in the beginning with no

appreciable results.

0nce the absolute time of the first break was known, the time of

the shot could then be derived since the distance of shot point re-

corder and the approximate velocity of the medium was known. The

shot time was then extrapolated to an accuracy of *10 msec. This

shot time could then be found on all traces of common shot point and

thus represent the start of al I records.
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some of the shots did not incìude a shot point record, therefore

it was necessary to tie these records in with the records of the

other shots" This was done by using records that were repeated at a

later shot for this purpose" Since the travel time of the record

was known from the second shot, the shot time of the first shot

could be derived by extrapoìating this traveì time back to the

source " 0ne prob I em \^/as encountered us i ng th i s techn ique " The lo-

cation of the field recorder was the same for both shots but the lo-

cation of the shot was not. This was because the location of each

shot pattern was not the same from blast to blast. Since the veloc-

ity of medium was known from the travel time of the second record,

the travel time of the first record could then be extrapolated from

the difference in distances. The time of that shot couìd then be

derived. Once the absolute time of aìl shots were derived, all of

the records of al I of the shots could be tied together. At this

point the shot point records were not required other than for cross-

correlation and for comparison with the modeìs in Chapter 5" Fig-

ures 4.8 and 4.! show the tied in records of both the North and

South profiles. Table 4.3 indicates which records were included in

the North and South profi les.

4.4 cotU'lENTS 0N RAW DATA

The quality of data varies from good to very bad. The data from

shots ì, 2,3 and 8 are of good quaìity. Shots 4,5 and 6 are poor

in qual ity The data from the remaining shots were of reasonabìe

quaì ity. The qual ity of each record is briefly summerized in Appen-
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NORTH PROF I LE SOUTH PROF I LE

Shot
number

Record
number

S hot- S hot
number

Record
number

S hot-
rece i ver
d i stance
(Km)

I
l
I

2

3
r3

2

2

12

t4
12

3
\
4

ì6
6
6

r3
\7
17

17
17

t-N
2-N
3-N

4B-N
5C-N
6F -N

7-N
8-ru

9D -N
I OF-N
ltc-N

I 2-N
I 3-N
ì 4-N

r 5c-N
ì 6c-N
r 7B-N
I 8C-N
20D -N
2ì-N
2 3-N

248-N

3.70
3 "21
3.80
\.63
5 "4t+
7.28
7"5\
8.25
9. l0

ro.98
10.72
r ì.60
12 . t+2

t3.51
ì 4.30
15.38
16.\5
t8.35
19.75
2\.29
3ì.82
35.1+8

l-N
2D -S

3-S
4F -S
5-s

6e-s
7 B-S
8-s
9-S

I 0-s
il-s
1 2-S

r 3B-S
] 4B-S
r 5B-S
] 6B-S
1 7B-S

3"70
3 .00
3.37
4.94
\.2t+
5 .15
5 "67
7 .79
7"89
8.sl
8.82
7 "33

r0.ì7
ì 0.98

I

lt
7

t6
7

il
ll
I
I
I
I
9

ì0
ì0
t0
l0
r3

1.65
2.56
r .40

TABLE 4.3

Records used in the North and South profi les.

dix B. These

locate them.

shot #2 did

did not

and 17.

records can be seen in Appendix C using Appendix B to

not include a time signal whi le several other shots

incìude a shot record. These include shots 4, 8, 9,12, l4

Shot points l0 and ìJ are poor in quality while the remain-

ing shot point records were generaìly good in quaìity.
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The most serious problem encountered wíth the remaining field
records was a low sígnal to noise ratio. This problem generaìly oc-

curred on records with a shot-receiver distance of greater than lo

Km, aì though some of the other cìoser records are aì so affected"

Some of these records include 6-5, 7-S, lO-S, IOC-S, l3-So lb-S,

t6B-s, I l-N, I ìB-N, t2-N, ì3-N, t4-N, ì5-N, t6B-N, l6c-N, t7-N and

l7B-N. These records as weìl as other records with low s/N can be

found in Appendix C (use Appendix B to locate them).

Records I and ì78-N show spike problems which is noise generated

from the pìayback unit. This problem was encountered often and when

it occurred these records were played back and re-digitized. The

spikes in records I and l7B-N could not be depressed due to poor

qua ì i ty cassette tapes.

The time channeì on record 6E-N interferes with the seismic sig-

nal. This occurs occasional ly in the playback if the cassette tape

is not pìaced in the unit properly. Again, records of this type

were re-digitized although record 6E-N resulted from the recording

of the data rather than the pìayback. Record 2c-s shows a poor sig-

naì due to the shape of the source signal. Records 2l-N, 23-N and

248-N have questionable signals since an internal osci I lation was

thought to be set up within the recorder. These records were re-

corded on the experimentaì high gain recorders. Although it will
not be possible to detect later events it is easy to pick first
breaks on these records.
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Chapter V

THE SOURCE

5"1 THE SH0T P0INT

The seismic source used in this experiment is extremeìy compli-

cated. ln order to properly process and interpret the data a good

understanding of the source and the physicaì conditions around it is

necessary.

The quarry blasts were designed to break up rock and thus were

not ideal ly suited for a seismic experiment. Each blast consists of

one or more shot patterns in different parts of the pit. These in-

dividual shot patterns consist of l0-50 dri I I holes with looo-ì7oo

lbs of ANF0 or Hydromex per hole. The ANFO which is a mixture of

ammonia nitrate and fuel oil was used for most blasts. Hydromex was

used for blasts in wet areas of the p¡t" Aluminum ANFO which is a

mixture of ANFO and granuìar aluminum was aìso used in some blasts.

The depth of the hoìes were generaììy 40-42 feet while the diameter

ranged from 9 7/8 inches when Hydromex h/as used to lZ l/Z inches

when ANFO was used. .l000-lì00 lbs of ANF0 was used for dry blasts

while about 1700 ìbs of Hydromex was used for wet blasts.

lndividual shots within each shot pattern went off at 15,25,35,
40, i0 or 6! msec intervaìs. Figure !.ì i I lustrates a simple exam-

pìe of one type of shot pattern. ln this example, the shots in the

-48-
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Figure 1.2: Simple example of a shot pattern-exampìe 2.
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first row explode first. The second row of shots then expìodes fo

msec I ater , fo I I owed by the th i rd row !o msec af ter the second.

This pattern conti.nues until alì of the rows of shots have expìoded"

F igure !.2 i I ìustrates another type of shot pattern. The i ndividuaì

shots in the first row of this type of shot pattern expìode at a 50

msec interval. The second row starts in the same manner 65 msec af-

ter the first row starts. simi larly, the third row starts to ex-

plode 6! msec after the second row starts. This pattern is contin*

ued until alì of the shots in aìl of the rows have exploded. The

shot patterns used in this experiment consist of one of these types

of patterns. Figure !.J ilìustrates the shot pattern used in shot

#1. The remaining shot patterns used in the survey are i I lustrated

in Appendix F.

The delays between the different shot patterns range from 0.2 to
2"! seconds. Figures !.4, 5"5 and 5.6 illustrate the actual sig-

nals recorded at the shot point recording site (3oo-1000 metres from

the shot patterns) .

ln order to deveìope a good understanding of the source, an at-
tempt to synthetically reproduce the source signal was made. Before

the source signaì couìd be synthetical ly model led, dìfferent types

of wavelets and their propagation through the earth were studied.
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5.2 SErS¡,ilC WAVELETS

Two types of seismic waveìets were considered in this study. The

first is the more traditional Ricker wavelet (Ricker,

ì940, ì944, 1953a,1953b,1977) and the second i s a cyt i ndr i cal source

þrave I et (Hee ì an , 195Ð .

5.2.1 Ricker Waveìet

The theoretical developement used here fol lows the work of N.H.

R i cker ( l 9l+0 , l9¡+4 ,1953a,1953b,197Ð .

Briefly, the cìassical differentiaì equation which is satisfied

by the elastic dispìacement K it,

5-l(X+zn), (, x)- lLvx v xX= P #=

where' À= fS+â 4
t=t i me

/=dens i ty of the med i um

K=bul k modul us

/|=shear modu I us

/can be written as:

X=Xt + Xz

where: p,=compressional component

4f^=shear component
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Therefore the differential equation can be separated into two

equations.

^ 'â àzxtv'Xr=fu-4ffi 5-2(a)

ezlt P àz Xzv rçz:-TÃF-

where, V¡=.orpressionat vetocity = (ltlA\'/^
\P/

V¿=shear / 
'+¿ -\t'=ve roc I ty = (T)

5-2 (b)

The genera I so I ut i on for (5-2) i s :

7,-t = !,(x- v, ¿) + J,(y* V=+) 5-3

where: f¡(x-vt)=wave traveìling in the positive x-direction

f2(x+vt)=wave travelìing in the negative x-direction

ln order to find f(x-vt) various physical effects of the earth

must be considered. Before these effects are considered the initial
waveform at the source must be approximated.

The initial wave at the source (figure !./) can be given by:

f (x-vt) =b when O<xca

f (x-vt) =0 when a<x<oo

f (x-vt) =0 when x=O 5-4

f (x-vt) =-b when -acxcO

f (x-vt) =O when -€<x<-a
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Figure l./: The initial wave at the source.
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þJhere: t=t ime

v=veìocity

x=d i stance

f (x-vt) can be represented in a Fourier integral by:

æ

l,(x-v+) = # J
o

earth absorbs higher

absorption band can be

frequencies more

represented by:

5-5

than lower frequen-

5-6

Since

cies,

the

the

rr= ex,fi-(*)rtJ

where: Tr=transmission factor

Xo= ì,/k=f i Xed ref erence

Jo=constant reference

q=constant i nteger

Assume that aì I of the single frequency components which make up

the wave form alì travel with the same veìocity as the source wavel-

et f¡(x-vt) passes through the earth. This is true for lower fre-
quencies, therefore at larger distances this is generaì ly true since

higher frequencies are attenuated more. The displacement of the

wavelet as modified by the earthrs absorption at a distance (x) will
then be:

d i stance

f requency

#t]s,^+'
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@ 
d(*)*xostnw-vt) ds1,fu-nt)= +l 5-7

o

where, ?ì-= 4
V

Thi s expression can be simpì i fied such that the displacement ob-

served at a distance x is:

!,fu,ú)= +rr.F,çtu)

where, Hq&)= W = +Lrt+1"-r(Ð{.

Gqtu)=äfreJ -f4l{. ftãl#-,'l ?

f- =garr" f unct ion

u- 4rra'bJon-WW

.n 2n Jo,Lo= a_
electromagnetic geophones measure the

opposed to the actual displacement,

5-8

r@s-,".1

"']

Common

ment as

sider:

velocity of displace-

therefore we must con-
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7-4*
r*QKM

Ricker (1977) have shown

the earth:

5-9

5- l0

that q=2 best rePre-

where ,I*= d.Hqfu)
v -. 

dLI

M- -fu.l1'/*

,'" fg= Qlrca) r(ã)#"r7)#- 7

Exper imenta I stud i es

sents the absorption

The far field veìocity of

generated 'us ing equat ions

5-lì (a)

5-lt (b)

5-l I (c)

displacement of the wave form can now be

$-Ð and (5- I I (c) ) .

by

of

Gsût)=qeyn(#)

t-tq/u)=qeyn( #)
rs(u) =g(# +)€{p(f)
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ln order to generate a near fieìd Ricker waveìet, the loss pro-

duced by viscosity must be considered. The classical wave equatíons

therefore becomes:

(xn#d va K, n(tl, ng rtl*" ^X;p# 5-tz(a)

5-t2 (b)

where z lLt=v i scos i ty assoc i ated wi th vol ume changes

\l=ui scos i ty assoc i ated wi th shear stra i ns

The spherical wave expression can be derived from:

# = + !u el-p(ns(tn ß'f''r sin(tat' s¡
C)

x J,zr[oo (r +ø)''* cot(+)-ølas 5-13

where' Q=generat i ng funct i on

p = ut/Ao

R=numericaì distance

=üor/C
r=true radial distance

T=numerical time

= t)oþ

t=t i me

The generating function can be derived and therefore the velocity of

displacement can be generated from:

#-- Aouro#. 5-r4
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Solvi

JXF
5-15

where: Ao=l

Ricker wavelets of various distances can therefore be generated from

5-15- Figure 5.8 i I lustrates how the form of the wavelet varies

with (numerical) d¡stance. The first four waveìets ilìustrates near

fieìd Ricker wavelets of varying numericaì distance. Numericaì dis-

tance is an expression used by Ricker (ì953a,1977) for the conven-

i ence of d i sregard i ng un i ts from the der i vat i on of the wavel et ex-

pressions. The expression for numerical distance (R) is shown in

eguation 5-.l3. The variation in the shape of these waveìets is due

to the different velocities of each singìe component of frequency.

The bottom two waveìets in figure 5.8 are far fieìd Ricker waveìets

varying in propagation distance. The form of these wavelets are

identical at large distances but the dominant frequency of the wav-

elet varies due to greater absorption at greater distances. Since

at lower frequencies the veìocities of each single frequency compo-

nent are general ly the same, then the waveform shape also remains

the same at larger distances.

ng 5-lJ and dífferentiating:

=H'f,u eLp(ns (t *ß"T'r s,n ( ry)
x Jrr[n ß (t + ß')'"r cor(ryÉ) - ßr)d É
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5.2.2

A cyì

of each

opement

Cylindricaì Source

indricaì source is usefuì as it best approximates the shape

shot in the shot patterns. The fol lowing theoretical devel-

of this source fol lows that of Heeìan (1953).

The length of the cyìinder is'2ì'and the radius is given as'a'
(figure 5.Ð. The source is postuìated to be centred at the origin
of co-ordinates and is embedded ideal ly in an infinite medium.

Stresses symmetric about the vertical axis act uniformly on the ver-

tical waì ls of the cyl inder. stress conditions at the source are:

[-O'rr]=P(t) or o as l=l'l or >ì

[-0'rz] =q (t) or 0 as I r I 
.l or > ì

[-dre]=s(t) or o as Itl.l or >l

p(t), q(t) and s (t) are pressure functions at the

and can be assumed to be proportional to one another.

5- l6 (a)

5_t6(b)

5_r6(c)

source boundary

The displacement can be expressed in terms of three wave func-

tions po, 9o and 1f,. These wave functions satisfy the foì lowing

three h/ave equat i ons:

ö;'- vç" óo = o 5-17 G)

o: -vf v=7o=o 5- l7 (b)

x:t - v.t v'xo=o 5- l7 (c)
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wheret[p =.orpresss i ona I vel oc i ty

'ìIgy=shear ve I oc i tY

The dispìacements Ur, Ue and Uz are expressed as:

Ur= &-dr

Ue- 82"òn

J-9"
àrò=

The stresses 6rr, lrz, Írø, lzz and fze can be expressed as:

uz= #++(.*p)

c*z=\v7"- 2n

%r=\vz ó,*2,,¿*(# - #.)
orz=*(*(r# +v=e" -2#t)

5-r8(a)

5-r8(b)

5-r8 (c)

5-ì9(a)

5- l9 (b)

5-ì9(c)

5- l9 (d)

t èLo
Y^ ôr

ò / ¿øJz\JZ

)

-ve #)
ove= n { "'4"òròz 5- l9 (e)
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where,À=K-!n

K=buì k modul us

/1=shear modu I us

Solving the wave equations and equating the stress conditions

source with the appropriate equations in figure !..l0, the far

vertical dispìacement can be approximated to be:

Ltze___ry #þU FI cosö

at the

field

5-20 (a)

5-20 (b)

5-20 (c)

-W#tsG-Ð] sing

Qr."= W#tr(+ +J sùzr +

+ #Jø q(t- +) sir f

Vu: l-tz, + L[¿*

where: F@)= a ( t - ? uz Co s*$ /y*)/ Åtî,nv

St¡

qþ)=,4 S,'^ó/"lrr^4

Uø)= - Av' C?" d/+Í/4v
Uzo=ver tical eompoRcnt of p-wave

Uz.n=vertical component of s-wave

E6)= a zö/'lrrnv
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Uz=total vertical component

â=voìume of the source

-2rrûl
A=area of the vertical walls of the source

= *r,al
=shear modulus

p (t) =source funct i on

a=rad i us of eì ast i c boundary

Since eìectromagnetic geophones as used in this experiment meas-

ure the velocity of displacement, we must therefore consider:

#='=-W#=Vtr-Ftr cos ø

W s&-*) cu"ó

#'":W #Le(t-T,V s,nú

.W q&-+) J,nþ

5-zt (a)

5-2 t (b)

&=d-k" *àUø*àt Jt 'dt

The source function (figure 5.tO) used in this study was:

5-21 (c)

f,(+¡ =?u el-P(nt7t") 5-22
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where: {o=One half the period of the source function

E=Amplitude of the source f unction

For simpì icity it was assumed in this study that q(t)=p(t). Using

equation 5-20(a) as the source function, the far field velocity of

vertical displacement therefore becomes:

= âr'r.F,(Ø) Cos óff rl"rp(W)I anLT
rTT _

è u=,
àt

n-Ll tT/

5-23 G)

5-23 (b)

5-23 G)

wavelet can be generated using

cyl indrical source waveìet can

¡t is important to study how

the

be

the

òW_ òwu - Juz,uJt 
'' 

,J¿

where: t¡ =¡-P7Y

tZ =t-R,/vs

Po= ì

A far field cyl indrical source

above expressions. Before the

used to model the source signal



Figure 5.10: Source function used for cylindrical source.
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various parameters of the expressions affect the shape of the wavel-

ets. By study i ng these parameters some i ns i ght ¡ nto the phys i cal

conditions present at the source as well as the type of wavelet to

use may be ga i ned.

After studying these expressions it was found that the most sig-

nificant factors affecting the form of the wavelet are the initiaì

period of the source function (to), the radius of the elastic bound-

ary of the source (a), the angìe of departure (Ó) and the propaga-

tion distance of the waveìet (r). As expected, the effect of in-

creasing the propagation distance is to decrease the dominant

frequency (or period) of the waveìet. The shape of the wavelet ap-

proaches the shape of a far field zero phase Ricker wavelet (Ricker,

1940) as the distance of propagation increases. Figure !.ìl illus-

trates how the cyl indrical source waveform varies with distance.

0nì y p-waves are cons idered i n th i s exampì e.

The initiaì period of the source function (To) as expected deter-

mines the frequency of the wavelet as well as affecting the shape of

the waveì et. At a f i xed propagat i on d i stance, the effect of de-

creasing (To) causes the form of the waveìet to approach the shape

of the far field Ricker wavelet. Figure j.l2 illustrates how the

wavelet shape varies with (To). Again only p-waves are considered

in this example as s-waves vary in a similar manner with (To).

The radius of the elastic boundary (a) primari ly determines the

shape of the cylindrical source waveìet, although it also varies in-

versely with frequency. As the radius of the elastic boundary (a)
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is increased, the wavelet form again approaches the shape of the far

field Ricker waveìet (figure 5.13). Again, only p-waves are consid-

ered.

The angle of departure (0) affects the relative ampl i tudes as

well as the reìative shapes of the p and s-wave source wavelet. As

the angìe (0) approaches !0 degrees (measured from the negative z-

axis) the shape of the p-wave again approaches the shape of the far

field Ricker wavelet. The s-wave on the other hand does not vary in

wave shape with (0) within the range of propagation distances used

in this experiment. Figure !..l4 compares the shapes of the p and

s-waves within the ranges of propagation distances (r) and angles of

departures (0) present in this study.

As concìuded from the previous section, the shape of the wavelet

is primariìy due to the the amount of higher frequencies present in

the signaì. As the signaì loses most of its higher frequencies it's

shape approaches that of the far field (or zero phase) Ricker wavel-

et.

Although studies of the physical reactions of blasts of this kind

have been undertaken (Sharpe, l9\2 and f.lorr is, .l950) , ¡t is not ap-

parent what are reasonable values to assign to some of the physicaì

cylindrical source parameters such as (a) or (To). By comparing the

synthetic source signals with the actuaì source signals ¡t may be

possibìe to assign reasonable values to these parameters. The re-

sults of the study of the cyì indricaì source parameters have shown

which physicaì parame'Lers are'uhe most suitable for the purposes oÍ
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5"3 r{oDELLtNG THE SOURC E

The shot patterns used in this survey can be represented by a se-

ries of spikes with corresponding time delays. Every shot in a shot

pattern can be represented by a unit spike since all of the shots in

each shot pattern uses approximateìy the same amount of expìosives.

A series of spikes can then be generated for each shot pattern.

Figure 5.15 sives an example of how such a series of spikes can be

generated for a single shot pattern" Now, convolving this series of

spikes with an appropriate wavelet wi I I approximate the signal cre-

ated by the blastíng of the shot pattern.

f'lost of the m i ne b I asts cons i st of two or more shot patterns .

The signaì of such a blast can be obtained by adding the signaìs

from each shot pattern together. Consider the following:

s (t) =source s i gnal

w(t)=single wavelet

spì (t)=spikes generated from first shot pattern

sp2(t)=spikes generated from second shot pattern

this study (a=! metres, ì=20 metres

rameter 'l' is the ìength of the

tion"

then s (t) =ç (t) r,spl (t) +w (t) r,=02 1a,

Since convolution is distributive:

s (t) =* (t) 'i [sp I (t) +sp2 (t) ]

Therefore instead of adding the two signals

terns together, the two sets of spikes can

and then can be convolved with the wavelet.

77

and To=0.035 seconds). The pa-

el asti c boundary i n the z-d i rec-

5-z\ (a)

from the

be added

5_2\ (b)

two shot pat-

together f i rst
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ülhen the spi kes from the d i fferent shot patterns are added

together there are deìay times between the shot patterns to consid-

er. Two types of delays were used between shot patterns; the first

caì ìed non-el deìays and the second cal led period l0 delays. Also

included in the delay between shot patterns is the downhole time to

start the second shot pattern. The non-el deìays are 2.275 seconds,

the period l0 deìays are 0.J40 seconds and the downhole time is

0.230 seconds. Note that there may be one or more of non-el or

period l0 deìays between the shot patterns. other important delays

to consider are the deìay created by the traveì time of the signal

in the primachord between shot patterns and the delay created by the

difference in d¡stance to the shot point recorder. The travel time

of the signaì in the primachord can be calculated by dividing the

distance between the shot patterns by a velocity of 20,000 ft per

second (6.s5 Km/sec). The delay created by different travel t¡mes

to the recorder can be derived by dividing the difference in dis-

tance by the velocity of the medium. A velocity of 4./0 Km/sec was

used in this study. Tabìe Fl in Appendix F shows each shot pattern

of each shot as well as the delay type, the distances between shot

patterns and distances to the shot point recorder. The fol lowing

i I lustrates how the signals from the different shot patterns can be

added together and how the delay can be caìculated:

s (t) =s r (t) +[ T+s2 (r) ]

where: Sl (t)=spikes generated for shot pattern

S2(t)=spikes generated for shot pattern

AT=delay between shot patterns

T- t*dhr* (D2-D t) /v+Do/6.56

5-25

#t

#z
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At-type of delay

dht-downhoìe time

DO=distance between shot patterns

Dl=distance of shot point recorder from shot pattern

D2=distance of shot point recorder from shot pattern

V=velocity of medium

One of the waveìets previously discussed can now be convoìved

with the spike series to generate a synthetic source signal. A pro-

gram written in this research (8.4. Haxweìl) generates the spike se-

ries and convolves ¡t with any waveìet that is input into the pro-

gram. Programs were also written (in this research) to generate

cyì indrical source wavelets and Ricker waveìets and store them in a

file to be read by the source generating program. Another program

was written that reads in any desired waveìet and changes its domi-

nant frequency (per i od) to any des i red frequency. Th i s program a ì so

stores the output into a file to be input later into the source gen-

erat i ng program.

5.3.1 Types of First Arrivêls

The nature of the first arrival recorded at the shot point is not

known, but for the purposes of this study only the direct rays were

considered. since the relative ampl itudes of p and s-waves for

spherical and cyindrical sources are different, the fol ìowing deri-

vation is necessary in order to isolate the differences.

#t

#z
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As described in the developement of the cyl indrical source al I

angles are measured from the negative z axis (figure 5.6). The ver-

tical displacement measured at the recorder is:

Uz=Uzp+Uzs

Uzp=l,lp (d, t,d, ) *cos Ó.

Uzs=-|,/s (r,t,@r ) *sin da

where: Uzp=yg¡tical dispìacement of p-wave.

5-?6 (a)

5-26 (b)

5-26 (c)

Uzs=verticaì displacement of sv-wave.

Uz=total di spì acement.

Wp (. , t,0 r ) =amþ I i tude of the p-wave before i t

reaches the rece i ver .

Ws (r, t,pr ) =ampl i tude of the s-wave before ¡ t

reaches the rece i ver .

r=distance traveì ìed by wavel u¡= 1y"+z^)t/t

x=radial distance from the source.

z=verticaì distance from source.

$,=angle of departure at the source.

measured from the negative z axis.
I

Qe=angle of arrival at the recorder

measured from the negative z axis.

when generating the direct ray the angle of departure and the angle

of arrivaì wi ì I be equal:

$r *$a 5-27

The arrival time of the waveìet is:

t-r /Y

wher e: V=ve I oc i ty of med i um .

5-28
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Figure 5.16: Direct arrivaìs.

The amplitude (of Oispìacement) decay of a spherical wave is ft:t:t-1.

I'Jhen absorption is íntroduced, the ampìitude of a spherical source

decays ¿5 ftrt:t-Jl2 (Ricker, ì940). For the ampìitude of the velocity

of displacement the decay rate is ft:t:'r-!/2 (Ricker, .|940). The am-

pl itude of a direct p-wave from a sphericaì source is therefore rep-

resented by:

A=Ao'tcos (óa)

where: LJ (d, t, ó r ) -Ao

5-29 G)

Ao-initiaì ampìitude of wave. minus

absor pt i on .

The ampl i tude of

sented by:

a direct s-wave from a spherical source i s repre-

A=Ao*s in (0¿) 5-29 (b)
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For ìarge distances, the ampìitude of a direct ray of a cylindrical

source decays the same as for the sphericaì source. The ampl itude

of a direct p-wave from a cylindricaì source is therefore represent-

ed by:

A=Ao'tcos (0r ) *cos (0a) 5-10 (a)

The amplitude of a direct s-wave from a cylindricaì source is repre-

sented by:

A=Ao'ls in (0, ) *rs in (0¿) 5-30 (b)

Note the d i fferences between the equat i ons represent i ng the

sphericaì source and the equations representing the cyl indrical

source. The difference between the twc types of sources is that the

ampìitude of the signal from the cylindrical source depends on the

angle of departure as welì as the angle of arrival (angle of inci-

dence). The ampl itude of the sphericaì source signal is only depen-

dant on the angle of arrival (angle of incidence). For this reason

within the ranges of these angles in this study (approximately 90

degrees) , the relat ive ampl itudes of the p-wave to the s-r.rave is

much I arger for the spher i ca ì source than for the cy ì i ndr i ca I

source.

Figures 5.17 and 5..l8 ilìustrate the direct ray signal generated

from the program for shot #2 using various Ricker waveìets. Also

shown in the diagrams is the signal recorded from that shot. Note

that there is more to the actual signa¡ than the synthetic signaì,
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consequently different types of arrivals must aìso be considered.

Figure !.ìl ilìustrates signaìs generated using cyìindrical source

waveìets as well as the recorded signal for shot #2. A.gain, the ac-

tual signal is ìonger than the synthetic signal.

5 "3.2 Díscussion of the Proqram 0ptions

The program can generate p and s-waves using any type of wavelet.

The program wi I I also read a series of spikes generated from other

ray tracing programs in order to convolve with the resultant wave-

form. The resulting signal consisting of reflections, headwaves and

other arrivals can then be generated for any geologic model. Note

also that the cyl indrical source program CYLSOURCE has many other

options and can generate other types of wavelets which are not con-

s i dered i n the s0uRCE program " The wave I et generat i ng programs

cYLSOuRcE, RICKER and READ as wel I as the signal generating program

SOURCE is listed in Appendix G.

5"\ DtSCUSSt0N 0F RESULTS

shot #2 was used to study the source signal as it shows some evi-

dence of two separate arrivaìs. lt was aìso used because the shot

patterns used were not as compìicated as some of the other shot pat-

terns used i n other shots "
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5.4.1 Source Siqnals considering p and s-waves

The synthetic signal (considering only p-waves) of shot #Z is

shown in figures 5.17 and 5.19. Although the signaì is not exactly

reproduced, the general shape of the signal is present in most exam-

ples. Simiìarly, figures 5.18 and 5.19 show the synthetic signal

considering both s and p-waves. Note that there is a small differ-

ence from the examples using only p-waves. The ìarge ampì itude ar-

rival is the s-wave arrival while the p-wave arrival is a very smalì

event just in front of this. The difference in the arrival ampli-

tudes of the p and s-waves is due to the ìarge angle of incidence of

the direct ray. This has the effect of attenuating the p-wave more

than the s-wave. Because the cyì indricaì source has an additional

effect of (Ö) (angìe of departure) the p-wave is attenuated even

more and is invisibìe in figure 5..l9.

5.\ .2 0ther types of Ar r i va ì s

other types of arrivals that may be affecting the shape of the

source signal are turning rays, refìections, head waves and diffrac-

tions. Since the source area is geological ly very complex, it is

I ikely that other types of arrivals are contributing to the final

form of the signaì recorded Ëy the source recorders. As mentioned

in Chapter 3, the source area is located within a complexly folded

iron formation along with intrabedded metasediments. Head waves and

reflections wi I ì I ikely contribute to the form of the source signal

as a result of the intrabedded metasediments and the iron formation.

Ray tracing models in Chapter / show the presence of a very low ve-
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locity weathered layer with a high velocity gradient throughout the

area. For this reason, turning rays wi ì ì affect the form of the

source signal. Because the source recorders are ìess than l Km away

from the source, the turning ray wilì essentialìy be equivalent to a

d i rect ray for the source records.

Since the geoìogy of the source area is very compìex, diffra-

tions, ßuì tipìe reflections and reverberations wi I I also affect the

source signal. A good understanding of the local geology as well a

more accurate study of the shot pattern information would be re-

quired. ln any further studies of this kind, other types of arri-

vals, locaì geology and source radiation patterns would be important

considerations for further investigation.

5 "\.3 Rad i at i on Patterns

Another factor that has not been consídered in this study is the

radiation pattern which depends on the reìative positions of the re-

corder and the shot pattern. The radiation pattern was not consid-

ered because it makes the generation of source signals very complex

since each shot in each shot pattern must be considered individuaì-

ly. Because the individual shots of each shot pattern are close to-

gether (less than ì! feet), the radiation pattern should onìy have a

negl igible effect on the generation of source signaìs. However, a

more detaiìed study should consider it. Figure !.20 illustrates how

the radiation pattern might affect the arrivaì times to the shot and

field recorders.
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5 "1+.1+ Source signals

For simplicity, only the direct p and s-h/ave arrivals are consid-

ered in the modeìs of the remaining shot signals. Figures !.2ì to

5.26 illustrate the modeìled signaì from each of the shots using the

cyì indricaì source waveìet. ln each case, the general form of the

model led signaì is simi lar to that of the recorded signaì. some re-

corded signals such as shot #2 indicate a close resemblance with the

modelled signaì. Other records such as shot #J and shot #6 indicate

two separate types of arrivaìs. This is not observed on the mod-

eì ìed signaì. lf the first smal ler ampl itude arrival is ignored,

the modeì led signal reasonabìy resembles the recorded signaì " 0ther

modeì led signals such as that for shot #l are considerably shorter

in duration than the recorded signal. The above discrepancies are

probabìy due to the local source condi tions around each shot pat-

tern. Because of the compìex geoìogy, different shots may be af-

fected in different manners depending

the individual shot patterns.

on the local geoìogy around

ln order to better understand the source signaì used in experi-

ments of of this kind, a more thorough study is necessary. A study

of the locaì geology, the physical conditions around each shot and

much more accurate representations of the shot patterns and differ-
ent arrivaì types will be important in such a project. The results

of this study of the source are prel iminary but encouraging. This

study has at least shown that the p-wave arrivaì is very smaì ì in

ampl itude compared to the s-wave arrival. This was important in lo-

cating fírst breaks in order to assemble the profi les (chapter 6) .



9r

ln many cases the p-wave may have been buried in the noise preceding

the large ampl îtude s-wave arrivals. Because of this, much care was

taken i n order to try to i sol ate the p-wave arr ival . Despi te the

care taken to pick first breaks, this may have been a source of some

errors in assembl ing the profi les. These errors would also affect

the veìocities used in this study" Another important resuìt of the

source study is that it shows that the source can be modelled. This

indicates that future surveys of this kind are possible and can be

used again to provide an inexpensive seismic source.
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Chapter Vl

DrctTAL PRoCESSTNG TECHNT QUES

The source signal used in this experiment is complex and usual ìy

a second or more in duration, conseguently many of the earìy arri-
vaìs may be buried in the signal. At intermediate distances (5-ì0

Km) the p-wave and the s-wave separate making arrivals up to 5 sec-

onds (near surface reflections and refractions) d¡fficult to identi-
fy. The separation of the p-wave and the s-wave can be seen in most

records although it is more apparent on records 6r-ru and 4F-s" Even

at large distances (>lo xm) as the s-u/ave is further separated from

the p-wave, low amplitude later arrivaìs are buried. Later events

of interest that may be buried in the signal are the reflections

from the Rieì and the f'lohorovicic discontinuities. To further com-

pl icate the source signaì, the mine bìast may consist of two shot

patterns separated by several seconds. The subsequent separation of

the s-wave and the p-wave at intermediate and large distances onìy

increases the difficuìty in ìocating ìater arrivals. Therefore the

purpose of any processing techniques applied to this data will be to

try to recover some of these buried arrivals.

Digital processing techniques that may be useful are vertical

stacking, cross-correìation and deconvoìution. since the signal to
noise ratio of the data was often ìow, it was first necessary to

fi lter the data to improve the qual ity of the data before any of

these methods could be appì ied.

-99-
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6. I F I LTER I NG OF THE DATA

The fi lter used in this study was the Butterworth band pass fi ì-

ter. The Butterworth fi lter is useful because of its close approxi-

mation to an ideal band pass fiìter which has a response of one in

the band pass region and zero in alì other regions. The expression

for the Z-transform of an 8-pole Butterworth band pass fi lter used

for digital data is (Kanasewich, 1978 after Butterworth 1930):

\^/(z) =
(t-z=)

6-l
n,(=)8,(z) E=ê) ts+(z)

where'Bj= t-D¡Z + Dz¡Zz

Dü=
O.i

Drj =
-bi+ aiz

Q¡

Oj= fr+ bj*

k¡

.ôt=sampl ing interval

bi,"j=coefficients obtained from the pole

pos i t i ons of the correspond i ng 8-poì e

Butterworth low pass filter.

Since the naturaì frequency of the Hall-Sears geophones is I Hz

and the frequency response of the portable recording units is about

6O tlz, then suitable high and low cut frequencies for the f ilter

Ciz
ñ

". ALuJz
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must be between these frequenc i es. After exper iment i ng wi th severa I

band widths between ì and 6o ¡lz a ìo to 35 Hz band pass fiìter was

found to be most effective on the data.

The s/N ratio was greatìy enhanced by the fiìter as first breaks

previousìy unrecognizable could be identified. The fi ltered records

for shots #l and #2 are shown in figure 6..l, while those for the re-

maining shots can be located in Appendix D. The quality of both the

North and south profi les were subsequentìy greatly enhanced by the

Butterworth f i I ter (f i gures 6.2 and 6. ¡) .

6.2 VERT I cAL sTAcK

A vertical stack involves the rrmixing

several shots made in nearìy the same

for offset differencesr¡ (Sheriff, 1976) .

studied and used successfully in crustal

Green et aì (ì978) .

together of the records of

location wi thout corrections

Vertical stacks have been

studies by Brown (1977) and

The source signal from each shot is different, consequently ver-

tical stacking may be a usefuì technique in processing this type of

data. since the source signaìs of two different shots may be dis-

simiìar in form, other records from the shots will also be differ-
ent. Generating a verticaì stack of traces recorded at the same re-

cording site (common receiver location) but recorded from different

shot signaìs results in the initial pulse of each arrival to be com-

pleteìy stacked. succeeding pulses in the signaì wi ì I be stacked to

a lesser degree depending on the similarity between each source sig-
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nal. By stacking a large number of records, the initial puìse in

each arrival may be stacked enough to be identified" Since onìy a

I imited number of records were repeated, this method wiìl not be to-

tal ly useful for thi s data, âl though enough repeated records were

collected to test the usefulness of the technique for future studies

of this kind.

Two methods of stacking the data were attempted. The first meth-

od involved stacking records recorded at common receiver ìocations.

It was hoped that this method of stacking would make it possible to

ìocate f irst breaks using records with low S,/N. The second method

of stacking the data involved stacking records recorded from differ-

ent recording sites but with simi ìar shot-receiver distances in or-

der to try to enhance near vertical reflections. Records with shot-

receiver distances between 3 and ! Km were used for the stacks. lt
was hoped that this method of stacking the data would make it possi-

ble to locate deep reflections. Table 6..l Iists the repeated re-

cords that were stacked as weìl as

cord i ng s î tes that were stacked.

the records of the different re-

The resuìts of the verticaì stack of records at common receiver

sites show that the timing of the data was not accurate enough as no

increase in the ampl itude of first breaks was apparent. Figures 6.4

and 6.5 i ì lustrate some examples of stacked records of common re-

corder locations. ln each example the upper traces represent the

records that were stacked. The lower trace in each example repre-

sents the result of vertical ly stacking the upper traces. Figure

6.6 illustrates examples of stacked records between 3 and 5 Km" The
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i nadequateresu ì ts of stack i ng

timing as no reflect

these records aga i n

ions were recognized.

N

emphas i ze the

6,1 cRoss-coRRELATt oN

Cross correlation is a measure of the similarity between two sets

of data. A correìation coefficient can be generated from two

al ígned data sets by muìtiplying corresponding data points together

and summing the products. The cross-correlation coeffic'ient can be

obtained from (Telford et aì , 1976) z

flt

X
--

@

K
Simi larìy, a normal ized cross-correlation may be

ford et al, 1976) z

Kffi ffio þ{**u

x G. ?åp,. !--t*.,/(.ãGfr åHfr ) " 
n,-,

lf two data sets are simiìar in a certain alignment, the correlation

coefficient is high when cross correìated. simi ìarìy, if two data

sets are not similar in a certain aìignment, the correlation coeffi-

cient is near zero when cross-correlated. lf one data set is in-

verted or !0 degrees out of phase, the cross-correìation coefficient

is negative. cross-correlating two sets of data involves the gener-

ation of correlation coefficients at different al ignments by shift-
ing one of the data sets by some constant interval.

Cross correlation is used extensively in vibroseis and in other

seismic techniques involving long source signals. I t is useful in

vibroseis as the source used is a frequency varying sweep, conseq-

6-z

derived using (feI-
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Stack
number

File
number

Record
number

Shot
number

File
number

Sho t-
rece i ver
d i stance

(rm)

I

2
5B-N
5C-N

5"53
5.4t+I t ll I

4

2

I

rllel'l)
I ,å | ; I

I

2

l
ì

2

lz I

I

2

I

2

3

5B-N
5C-N
5D-N

2

3
4

5.53
5 -t+\
5.4t+

I r 6e-N

I r ec-ru
15 "53
t 5.38

I 4B-s
| +r-s

5.12
\.94

I
')

3

4B-S
4D -S
j{F-S

5"12
5.16
4.94

8
12
r6

I lz-s
I r 7a-s

tt "77il .40
il
t3

ì

2

3
I+

5
6

7
I

2D-S
3D-S
3B-S
2-S
2B-S
3-S
5-s
l+F -S

3"00
3.37
3.23
3.25
3.32
3.37
\.2t+
\.gto

ìl
t7
t4

7

9
7
7

t6

2

I

I

2

ì

3
4
2

I

2

3
4

5
6

2 D-S

3D-S
3B-S
2-S
2B-S
3-S

tl
t7
ll+

7

9
7

2

l
I

2

I

3

3.00
3.37
3 "23
3.25
3.32
3.37

TABLE 6. ì

Records used i n vert i ca I stacks .
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uently there is onìy one alignment uJith the source signal that gen-

erates a high correlation coefficient.

Cross-correlation can also be usefuì using a long random source

signaì" As in the vibroseis signal, there will onìy be one align-

ment with the source signaì that generates a high correlation coef-

ficient, consequentìy if the complex source signal of the data coì-

lected in this experiment is random in nature, cross-correlation may

be a useful technique to apply.

The cross-correlated traces of shots #l and #2 are shown in fig-

ure 6.7 whi le the cross-correlated records of some of the other

shots are i I lustrated in Appendix E. The cross-correìation of re-

cords involving shots t^/ith no shot point records were carr ied out

using the nearest record to the shot.

The results of the cross-correlation show that the source signaì

is not random in nature. There is a high correlation for each shot

or group of shots in the blast. Figure 6.8 illustrates in a simpl i-

f i ed manner what i s occurr i ng dur i ng the cross-correl at i on of the

data. As the operator is shifted down the trace the first high cor-

relation occurs when the last shot in the operator is aligned with

the first shot in the signal. The second high correìation is Iarger

than the first and occurs when the last two shots in the operator

(source signaì) are aligned with the last two shots of the signaì"

This trend continues untî I the maximum correlation occurs when the

entire operator and the signal are al igned. The opposite trend oc-

curs as -r-he operator is f urther sh if ted past the s igna I .
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sotmcE seGîuÂL
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O${E WAVELENGTI'I OVERLAP

(FMST FreH CORREL.ATK}}'I)

TWO WAVELENGTH OVERLAP
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TWO WAVEI,E¡{GTH OVERLAP

CROSS CffiET.ATED

F igure 6.8: Cross-correlation of simi lar records.
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Another factor affecting the cross-correlation of the data is the

radiation pattern. Since most of the mine blasts consist of multi-

pìe shot patterns, the time delay between the signals of the shot

patterns may vary depending on the reìative positions of the shot

point recorder, the field recorder and the shot patterns. The radi-

ation pattern from singìe shot patterns can also cause the signaìs

recorded at the shot point and at the field recorders to be differ-

ent depending on their reìative positions.

The finaì factor affecting the cross-correìation of the data in-

volves the nature of the first break. Since the type of arrivals at

the shot point and at the field recorders are different, the actual

signal is similar but not the same, consequently the signal recorded

at the shot point is not adequate for cross-correlation.

6.\ D I ScUSS I ON OF RESULTS

The resuìts of this study have shown that neither vertical stack-

ing or cross-correlation were effective methods to process this

data, however under planned source conditions both methods may be

effect i ve.

Aìthough the vertical ly stacked records of this experiment fai led

to bring out first breaks or later events it may be possibìe to use

these techniques with better pìanning of the shot signal. f,lost im-

portantly, the times of each shot must be measured more accurateìy.

This might be accompl ished by timing the plunger or the eìectrical

system used to ignite the blast rather than using firsi breaks of a
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record near the blast. Also, it is important that alI the data to

be stacked have recorded shot signaìs that originate in a simi lar

location in the pit. Finaììy, it may be possible to pìan the shot

signal so that a large group of shots in a shot pattern ignite si-

muìtaneousìy followed by a deìay of greater than ì0 seconds in order

that the arrivaìs from this blast can be recorded before the remain-

ing portion of the shot pattern is set off. This would be a more

effective way of obtaining good results from a survey of this type

as most of the problems are due to the complex nature of the blasts.

ln fact with a series of smaì ler blasts each l0 seconds apart, it

may be possible to record a suitable number of records for stacking

if necessary at a later time. At this time however, ¡t is not ap-

parent whether th i s type of blast wouìd be suî table to the mi ne,s

production needs. lf some or all of these shot conditions are met

then vertical'l y stacking records can be a viabìe method of process-

ing data recorded from quarry blasts"

The cross-correlated traces of this data is also not suitabìe for

normal interpretion, âìthough with better planning of the shot pat-

terns this method may be effective. First, the shot time must be

known more accurateìy" As mentioned in the preceding paragraphs,

this might be accompl ished by timing the plunger or the electrical

system of the blast. The shape of the source signal must aìso be

recorded more accurateìy. A technique whereby only the direct p-

wave is recorded would be best suited as muìtipìe arrivals at the

shot recorder resuìts in an inadequate source signal" Perhaps if
'uhe horizontaì component of the source signal was recorded, other
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arrivaìs such as the direct sv-wave and head waves would be sup-

pressed enough to record a signal suitable for cross-correlation.

Also, if the source signal could be accurately reproduced, it may be

adequate for cross correlation of the data. This has been attempted

in Chapter ! and requires further study.

0nce the source signal can be accurately recorded it is important

that the individual shots in the shot patterns be arranged such that

a random signal is created. Aìso, the ìocation of the shot point

recorder should be pre-planned such that the radiation pattern does

not affect the signal. lf all of the preceding conditions are real-

ized, cross-correlation can be a viable method for the processing of

complex data sets such as this.

6.s ALTERNATE PROcEss I NG TEcHN I QUEs

A technique that would have been usefuì is deconvoìution, however

due to time constraints this method was not attempted. With proper

planning of the shot signal, this method would probably have been

more effective than the two processing techniques used in this

study.

Another technique that may have been useful to appìy to this data

is a combination of stacking and cross correlating. The first step

required of this technique would be to stack al ì records of common

receiver location. lf the source signals were also stacked then

perhaps the resultant signal may be random enough that cross corre-

lation of the stacked data may be effective. Due to a lack of re-

peated records and poor timing information, this was not attempted.



Chapter Vl I

I NTERPRETAT I ON

The i nterpretat i on of th i s data was attempted i n two parts.

First, â first break anaìysis was appìied to study shalìow refrac-

tors using the ray tracing technique of Whittaì and Clowes (1979).

The WKBJ method derived by Chapman (ì978) was then appìied to inter-

pret later refìections. The WKBJ method considers only horizontaì

reflectors consequentìy the ray tracing method was better suited to

i nterpret the near surface events.

7.1 RAY TRAC I NG }lETHOD

The l,lhittal-Cìowes (ì979) technique is a ray tracing method which

computes trave I t imes of head ì^/aves, turn i ng rays and post cr ¡ t ¡ ca ì

refìections for any pre-determined subsection. First, any subsec-

tion can be derived by using plane interfaces of any dip. Veloci-

ties at these interfaces are constant while a linear velocity gradi-

ent is set up perpendicuìar to the direction of dip of the

interfaces. The ray path is a circular arc through each layer. The

path of various rays can be traced and the travel time within each

layer can be derived using:

dT=G*D- ( Â,RC TA ru F{ {cO s ( lOL,T }) - ARcrAru ¡'{ (COS ( ¡ ¡ ru ) }

where: VEL=the veìocity in the layer

GRAD=the veìocity gradiant in the layer

-'t l7 -

7-1
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lOUT=the initial ray departure angìe measured

with respect to the gradient.

I lN=the ray intersection angle on the next

boundary measured with to the gradient.

By tracing each ray through the subsurface, travel times for any

turning rays, head waves or post critical reflections can be comput-

ed. A time-distance plot can then be generated i I lustrating these

arrivals. Applying this technique, best fit models for both the

North and South profiìes were generated. Figures /..l and 7.2 illus-

trates these models while the first break picks are shown in figures

7 .3 and 7 .\.

The best fit model of the North profile (figure 7.1) consists of

an upper layer which varies in depth from 0.9 Km at the source to

0.75 Km at an 8.5 ttm distance. The veìocity of this low velocity

layer is 4.7 Km/sec at the surface with a velocity gradient of 0.5

Kmlsec/Km. This ìayer is interrupted by a very low velocity ìayer

extending from 8.5 Km to ì!.0 Km. This low velocity zone varies in

depth from 1.0 Km at an 8.5 fm distance to 3.3 Km at a distance of
.l5.0 Km. The velocity of this zone is 3.2 Km/sec at the top of the

zone but has a very high velocity gradient of 0.65 Km,/sec/Km. The

originaì low velocity zone then resumes across the rest of the pro-

fiìe to a 40.0 Km distace. The depth varies from J.3 Km at a dis-

tance of .l5.0 
Km to 2.25 Rm at a 40.0 Km distance. The velocity of

the second Iayer is 6.16 Km/sec at its upper interface and has a ve-

locity gradient of 0.075 Km/sec/Km. The top of the third layer is

2.75 Km deep at the source and then dips to a depth of 4.4! Km at
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the end of the profile (40.0 Km). The veìocity at the top of this

layer is 6.45 Kmlsec, while the velocity gradient is 0.0ì Km/sec/Km"

The best fit model of the South profi ìe (figure /.2) is simi ìar

to that of the North profile. The modeì consists of a low veìocity

layer near the surface which varies from 0.8 ltm in depth at the shot

point to 0.01 Km at a distance of 6"0 Km. The lower interface then

dips from this point to a depth of 2.3 Km at a 3.25 Km distance.

This interface then extends from 3.25 Km to 20.0 Km which is at a

depth of 2.2 Km. The ìow velocity ìayer has a velocity of t+"7 Rn/

sec at the surface with a high veìocity gradient of 0.! Km/sec/Km.

The second ìayer has a velocity of 6.16 Km/sec at its upper inter-

face and a velocity gradient of 0.075 Km/sec/Km. The top of the

third layer extends across the profi ìe at a constant depth of Z.7E

Km. The velocity of this layer is 6.45 Km/sec at the top with a ve-

locity gradient of 0.01 Km/sec/Km. The ray tracing models of both

the North and South profiles wiìl be discussed further section 7"3.

since the ray tracing method does not consider pre-criticaì re-

fìections and because the profi les are short, the deeper reflections

are not considered using this technique. The WKBJ synthetic seismo-

gram method was therefore appì ied to interpret these arrivals. The

WKBJ method is suitable to interpret the deep refìections from near

horizontal ref lectors such as the l{oho and the Riel discontinuities.
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7 "2 [{KBJ SYNTHET tC SE lS¡{oGRAr4 HETHoD

The WKBJ technique is one of severaì methods that is available to

generate synthetic seismograms. This method uses the wKBJ approxi-

mate solution of the þúave equation. The method is valid only if the

frequenc i es are h i gh compared to the vel oc i ty grad i ents. us i ng the

WKBJ soìution the displacement of the seismogram is:

u(ru x3 * {#}€å(r} xm{p}/ffi 
, (p, K} 7-2

tæE(p,x)

where: S (t) =source funct i on wh i ch i nc I udes the

transform function of the geophones.

6=px+T (p)

'''' :;'futi' ;*= 
i ntesra r'

vza
The method can generate d i rect rays, turn i ng rays, ref ì ect i ons

and head waves. Because of the complex nature of the data collected

in this experiment, later events were hard to locate, consequently

various earth models were considered to generate synthetic seismo-

grams.

The Earth models used were those of Hal I and Hajnal (196g,1973) ,

Berry and Fuchs (197Ð and DeLandro (.l98.l). The ray tracing models

for the upper ìayers were averaged and the Earth models were applied

at ìower depths in order to generate the synthetic seismograms.

Deep reflections were generated using the WKBJ method and the re-
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sulting seismograms were used to locate these events in the actual

data. The Earth models of Haìl and Hajnaì (lgeg,197Ð as well as

the seismograms that were generated from them are shown in figure

7 .5. The Hal I and Hajnal (lg6g ,197Ð model i s i I lustrated here be-

cause of its close proximity to the survey area.

The model consists of a low veìocity layer on the surface which

has an initial veìocity of 4./ Km/sec. This layer has a velocity

gradient of 0.5 Km/sec/Km, consequently the veìocity is increased to

5.\5 Kn/sec at a ì.5 Km depth. The density over this interval is

2.69 gn/c¡:t:tJ. At this depth the velocity increases to 6.ì6 Km/sec

and the density increases to 2.75 gmlcmt(¡'.3. Both the velocity and

the density is constant to a 3.0 Km depth. At a 3.0 Km depth the

veìocity is increased to 6.4! Km/sec and the density is increased to

2.8 gmlcm:ifcJ. The vel oc ity and dens i ty is constant to a depth of

24.0 Km. From this depth, the Haì ì and Hajnal (lggg,197Ð model was

used. At 24.0 Km the velocity increases to 6.85 Km/sec and the den-

s i ty i ncreases to 2.9 gmlcm:brr3. Th is aga in is constant to a depth

of 3.l.0 Km where the veìocity increases to 7"12 Km/sec and the den-

sity increases to 3.1 gmlcm*:t3. The velocity and density is con-

stant to a depth of 45.0 Km.

The densities used for the shal low layers in these models were

estimated from Gupta and Barlow(.l984) and Berry and Fuchs (197Ð.

The densities from the deeper layers were approximated from Stacey

(1977) and Berry and Fuchs (197Ð. Figures 7.5 and 7.6 iìtusrrare

the expected arrival times of the Riel and Hoho events as taken from

the WKBJ modeì.

South profiles.

These events are indicated on both the North and
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7 .3 D r SCUSS r 0N 0F RAY TRAC I NG RESULTS

The best fit models of both the North and South profiles generaì-

ly fit w¡th the surrounding geology, aìthough there are some unnatu-

ral structures assoc i ated wi th the model s that must f i rst be ex-

plained.

7.3"1 The North Profile

The first major problem with the ray tracing model of the North

profile is a delay in arrival of the first breaks on a few records

at distances less than l0 Km from the source. Fortunately, this can

be explained by the presence of the Pakwash Lake Pluton. The pluton

seems to be causing a deìay of first arrivals to certain recording

locations. F igure /./ i I ¡ustrates the effect of the pìuton. The

first arrivals of the first four recording sites is a direct ray (or

turning ray) therefore the pìuton does not significantly affect

these records. The first arrivaì at the fifth and sixth recording

sites should be a head wave however this arrivaì has been deìayed.

This deìay is a result of the pluton interrupting the interface that

the head wave is propagat¡ng aìong. Since this interface is cut off

by the pluton the head wave must traveì in the low veìocity upper

ìayer causing a small deìay in the arrival of the first break" The

pìuton does not lie in the path of records #/, #8 and #9 therefore

the wave is al lowed to reach these sites with no deìay. The head

waves of the remaining recording sites are impeded in the same man-

ner as records #! and #6 as the pluton lies in the direct path be-

tween the source and receiver.
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The occurence of this head wave indicates that the Iow velocity

ìayer is thinner in the sedimentary terrain than in the Pakwash Lake

Pluton and that there is an abrupt I ithoiogic change to a much high-

er velocity material at a depth of about 0.8 Km under the metasedi-

mentary terrain. The Pakwash Lake Pluton must have intruded through

this interface as indicated in figure /.8.

It has now been shown above that deìays in first breaks in the

profile may be due to the Pakwash Lake Pìuton and the fact that the

profi le is not straight. Although these delays can be expìained by

the presence of the pìuton, a second large deìay in the first arri-

vals occurs between l0 and ll Km indicating the presence of a low

velocity zone between the shot point and the recording sites. Be-

cause there was no reverse profile, the exact ìocation of the low

velocity zone is not known. Possible ìocations of this low velocity

zone include:

ì) the Pakwash Lake Pluton,

2) the area around the East Lake Fault and

3) a subsurface zone.

The first possibi I ity is unì ikely as the pluton is composed of

quartz diorite which is not a low velocity materiaì. The occurrence

of a ìarge shear zone around the East Lake Fault makes the second

possibi I ity the most I ikeìy. The third possibi I ity is unl ikety as

no evidence of a subsurface structure has been detected in previous

geophysical work in the area. lf in fact the area around the East

Lake Fault is the ìow veìocity zone affecting the data, its effect

must be greater on the records further to the west. This can be ex-
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pìained by the fact that the East Lake Fauìt divides into two sepa-

rate sections just north of the metasedimentary-metavolcanic bound-

ary (figure 7.8). lf a shear zone exists between these two sections

of the fauìt, the western records will be affected more by the shear

zone because it is wider in the west. Also, since the profi le

trends in an east-west direction, the raypath through the shear zone

would be aìong its ìength rather than along its width, causing a

significant delay for the records further to the west.

The profi ìe turns in a more westward direction at about ì0 Km

from the source. The bend in the profile at this point is probabìy

a major cause of this delay. The East Lake Fault shear zone and the

bend in the profile at l0 Km from the source only partially explains

the large delay as the low veìocity shear zone (Vp=3.2 Km/sec) re-

quired to fit the model is not physical ly probable" For this reason

there are probabìy some other factors contributing to this delay.

At the present time, it is unknown what might be contributing to

this delay as no previous geophysicaì or geological work has indi-

cated evidence of a ìarge low veìocity structure. lt should be not-

ed that this delay may also be partiaìly due to the poor timing in-

formation causing errors in assembl ing the records of the profi le"

Because of the magnitude of the delay, it is unl ikely that it was

caused entirely by errors in assembl ing the profi ìes as the proce-

dure has been checked many times.

The veìocity of the weathered layer measured from this study is

lower than those measured in other crustal studies in northwestern

0ntar ío and southeastern f.lanitoba (Hall and Hajnal, 1969,1973, Green
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Green et al

(1978) calcuìated a near surface p-wave velocity of 6.07 Xn/sec from

first breaks in a crustaì survey carried out on the Aulneau bathoì-

ith which is located to south of Kenora, Ontario. This indicates

that the weathered layer is very thin in this area. Anderson (1979)

measured a velocity of 6.ìl Km/sec from initial first breaks in the

Snake Bay-Kakagi Lake area also to the south of the Kenora region.

He estimates that the ìow velocity weathered layer is approximately

60 metres th i ck.

The Red Lake-Engì ish River subprovince boundary area seems to be

much more susceptible to weathering as the low velocity ìayer in

this region is much thicker than in the areas of the surveys to the

south (Green et al , 1978, Green et al , 1979 and Anderson, 197Ð.

The init¡al velocity of À./ Km/sec is extremely low but a high velo-

ciy velocity gradient of 0.j Rn/sec/Km makes the velocity increase

quickly with depth. The reason for the low velocity and thick

weathered layer is probably due to the presense of extreme deforma-

tion and faulting around the Red Lake-Enl ish River subprovince

boundary making the area more susceptible to weathering.

7 "3.2 The South Profiìe

As in the North profiìe, the Pakwash Lake pluton also affects the

records of the South profiìe in a similar manner. Figure 7.9 iìlus-

trates the effect of the pluton on the South profiìe. The first and

second records are not affected by the pìuton as the first arrivals

are direct or turning rays. Recoras #3, #l+ and #5 are affected by
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the pluton in

were affected.

the same manner that the records of the North profiìe

s i tes #6 and #7

The pluton does not I ie in the path of recording

consequently the head wave reaches these ìocations

with no deìay. Note that records #3, #6 and #7 are slightly ahead

of the trend of the remaining records. Since al ì of these records

were recorded from the same shot point (shot #11), this may be due

to a small error in the tieing in of this shot with the rest of the

shots. The remaining records are not affected by the pluton but are

delayed due to a steeply dipp¡ng structure at a 6 Km dístance. Geo-

logicaì ly, this structure corresponds to the southern extension of

the Bruce Lake Fauìt.

The results of the best fit model shows that the velocity condi-

tions on either side of the Bruce Lake Fault are radicaììy differ-

ent. This indicates that there is a distinct boundary between the

Red Lake and Engl ish River Subprovinces.

The large deìay located at a distance of 6 Km from the source may

be due to a cataclastic zone associated wi th the Bruce Lake Faul t.

Since the Bruce Lake fauìt is part of the Sydney Lake fauìt system

which is a cataclastic zone consisting of low density material then

the Bruce Lake fault and surrounding area will ìikeìy also consist

of low density and low veìocity material.

The model also shows that the

in the gneissic terrain south of

tary terrai n north of the fauì t.

the metasedimentary terrain sits

low velocity zone is much thicker

the fauìt than in the metasedimen-

As indicated in the North profile,

on top of a high velocity zone at a
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the models between the Bruce Lake Fauìt

evidence of a metasedimentary basin be-

7.3.3 Other lel Trac ing l,lodel Cons iderat ions

Aìthough the model 'looks' as if the upthrown side of the fault

is on the north side, this is in disagreement with the actuaì geolo-

gy which indicates that the upthrown side is south of the fault.

Since the best fit model is a very simple model, it should not be

assumed that the shape of the model is the exact shape of the actual

geologic structure" The seismic survey onìy maps large veìocity

contrasts and cannot detect much of the smaller structural detaiì of

the area. The best fit model therefore indicates only that there is

a ìarge difference in velocity conditions on either side of the

fault and that the upper low veìocity zone is much thicker on the

south side of the fauìt perhaps indicating that the gneissic rock is

more susceptable to extreme weathering on the surface. This is in

agreement with the magnitude of displacements expected from the

faults as vertical displacements on the order of 4.0 Km (Thurston

and Breaks, .l978) should yield drastic contrasts over the fault.

Aìso to be taken into account in any interpretation of these mod-

els is the fact that the profi les are not straight. This fact indi-

cates that the ray paths to each recorder may or may not traveì

through the same geoì ogy. Therefore var i at i ons i n the depth prof i I e

as well as any lateral variations could cause delays in traveì times

to the recorders. Also, since no reverse profiìes were shot ¡t is
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impossibìe to indicate where some of the structures are located

aìong the profiìe. Alì that can be assumed from the models is that

the structures affecting the records are somewhere between the

source and the recorder of interest. The degree of dips of the var-

ious interfaces are also affected by both the fact that there is no

reverse profi le and that the profi le is not straight. Velocities

wiìl also be affected by apparent dips as well as the fact that the

prof i I es are not stra i ght.

Another factor to be taken into consideration is the ìocation of

the source. The source is located in a very compìexìy foìded iron

formation intruded by many dikes (Shklanka, .l970). The location of

the different shot patterns of the different shots within th¡s com-

pìex geology may complicate the ray paths to the various recorders.

Another important consideration is that ray tracing does not

yield a unique model " Another modeì ì ing approach using different

velocity and structuraì conditions may aìso yield a model which also

match the first breaks. For these reasons, the ray tracing modeìs

shouìd be accepted only as a general indication of the shal low

structure of the survey area.

7 "t+ D IScUSS l0N 0F tIKBJ RESULTS

The WKBJ reflection times show marginal results when compared to

the data from the South profiìe while data from the North profile

indicates some minor evidence of Riel and l,loho ref ìections.
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7.t+.1 Nor th Profi le

Figure /.6 iìlustrates the expected arrivaì times of the Riel and

l,loho p-wave ref lections. The f irst few pulses of the signaìs where

there is evidence of these arrivaìs are shaded. As expected, most

of the evidence for these arrivals occur on the far offset recorders

although some of the near records indicate some evidence of these

arrivals. The complex source signal as well as poor S/N made it im-

possible to detect these deep reflections on many of the records.

7.\.2

The

The Sou th Profile

As indicated in figureJ.J, there is little evidence of either

Riel or l,loho p-wave ref lections in the South prof ile. At first

glance this is surprising as the data quaìity of the South profile

is general ly better than the north. A possible explanation for this

is that the Bruce Lake Fault is affecting the deep reflections in

some manner. The size of the fault and the effect that it had on

the ray tracing model indicate that this is quite possible. The

other probable cause of the poorer results in the South profi le is

that the maximum offset is onìy .l2.5 Km. f'lost of the best evidence

of deep reflections in the North profi le occurred on records with

farther offsets than .l2.5 Km. Aìthough the evidence of deeper re-

flections in the South profile is generaììy pooro there is some mi-

nor evidence for these reflections as indicated in figure7.7. Some

of the apparent arrivals do not correspond exactly to the model but

this may be due to the fault or smaìì errors in assembling the pro-

f ile.
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7 "4"3 0ther l^/KBJ l4ode ì Cons i derat i ons

The evidence of deep refections should not be thought of as di-

rect evidence for arrivals as there are many other compl ications to

consider. Although it is encouraging that these arrivals occur at

about the expected arrivaì times as derived from the models, there

are other possible origins for these events. Because the source

signal and the geology are both very compl icated, these events may

correspond to i nterference patterns assoc i ated wi th other events

such as s-wave arrivals or other arrivaìs associated with near sur-

face i nterference.

The fact that the far offset traces show the best evidence for

these reflections is not surprising. Because the far offset records

will have a higher angìe of incidence on the reflection surface, the

reflection ampl i tude from these reflectors wi I I be ìarger for ìonger

offsets "

Another factor to consider is that the Riel and l,loho discontinu-

ities are not fìat in the survey area (figure 3.3). Since the WKBJ

model is required to be flat, the earth model of Hall and Hajnaì

(¡g69,1971) was averaged over the survey area. This again wiìl be a

source of discrepancies between the modeì and the actuaì data.

Final Iy, it should be noted that the marginal results resulting

from this interpretation is not a resuìt of the l.lKBj technique or

the earth models used but a direct result of the marginal quality of

the data.
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CONCLUS I ONS

Because of the nature of this project, this study has covered a

wide variety of topics. For this reason the conclusions wi ì I be

discussed in five sections. The first section wi I I consider the re-

sults of the source modelling while the second part will make com-

ments on the qual ity of the survey" Processing techniques wi I I then

be discussed foìlowed by comments on the interpretation of the data.

This wi I ì be fol lowed by some generaì concluding remarks"

8. I SOURcE I.IODELL ING

Although only prel iminary results were obtained, this may have

been the most important part of the study. The source modelìing was

important in all aspects of the study. The profiles would not have

been assembìed properìy if the source signaì was not studied. Dis-

tinguishing between the low ampl itude p-wave arrival and the high

ampl itude s-wave arrival was essentiaì in assembl ing the profi les.

The study was also useful in understanding the results of the pro-

cessing. lt was found that in future studies of this kind a better

understanding of the source signal is necessary in order to process

the data properìy. Aìso, the interpretation of the data would be

very difficult without some understanding of the source signal.

- r40 -
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The resuìts of the source model I ing have shown that the signal

recorded at the shot recorder is much more complex than a singìe di-

rect p-wave arrivaì since the recorded source signaìs were usual ly

longer in duration than the model ìed signal. S i nce some model I ed

signals fit the recorded source signals better than others, the lo-

cal geoìogy between the source shot patterns and the source recorder

pìays a ìarge part in the type of arrivals that are recorded.

Despite this study, much more work of this type is necessary in

order to pursue other surveys of this kind. The source study car-

ried out in this project was very general in nature. Future studies

of this type would have to be done in much greater detail and re-

quires the use of more accurate computer aìgorithms.

8 "2 DATA QUAL I TY

The data quality in this experiment bras generalìy disappointing"

ln order to properly interpret this type of data, timing information

must be accurate. The equipment and procedures used in this survey

were not adequate to properly study this area. The major faults

with the portabìe analogue units were a poor timing system and an

unrel iable tape drive system. The procedures used in this study

were inadequate mostly because this type of survey is not often car-

ried out and it was hard to anticipate the types of problems that

would occur. Also, since this was a regional reconnaissance survey,

the need for accuracy was not initially realized.
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8.¡ PROCESS I NG

The processing procedures fol ìowed in this survey are onìy a few

of many possibilities for reducing the data to an interpretable

form. Although the procedures used in this study were not success-

fuì, much information was gained on how to process future studies of

this kind.

Two methods were attempted for the processing of the data. The

first technique used was a verticaì stack of the data in order to

try to recover deep near vertical reflections such as the Riel and

tloho discontinuities. The results showed that the timing of the

data was inadequate. The second technique tried was cross-correla-

tion in order to try to símpìify the compìex signal. ln order for

cross-correlation to be successful, the source signal must be random

so that there is only one high correìation corresponding to the on-

set of each arrival. lt was found that the source signal was not

random consequentìy cross-correlation did not simpl ify the signaì "

ln order for this type of survey to be successful in the future

¡t is important that careful planning of the shot patterns and a

better method of measuring the shot time be derived. The simplest

method to use in future surveys may be to set off one singìe blast

ì0 seconds before the main blast. lt is important to plan the blast

to suit the mine's production needs as weìl as the needs of the se-

ismic survey.
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8.4 INTERPRETATION

Since the quaì ity of the data was marginal, the interpretation was

quite general. flany of the initial aims of the project couìd not be

attained due to the data quality. Two methods were used in the in-

terpretation of the data. The first method used was ray tracing us-

ing first breaks to delineate the shallow crustal structure. Al-

though smal ler features were not visible on the seismic data, some

of the larger structures were apparent in the ray tracing modeìs.

Large features attributed to the Bruce Lake Fault and the East Lake

Fracture zone were very apparent in the ray tracing resuìts. The

method also showed the presense of a very ìow velocity weathering

layer with a high velocity gradient near the surface. lt was found

that this ìayer was much thicker over the gneissic and metavoìcanic

terrains than over the metasedimentary terrain at the source. This

weathered ìayer was found to be much lower and much thicker than

those measured in other surveys in northwestern Ontario (Green et

â1, 1978, Green et al, 1979 and Anderson, 197Ð. This discrepancy

may be due to the area around the Red Lake-English River subprovince

boundary being much more susceptible to weathering due to the ex-

treme deformation and faulting. 0ther velocity ìayers were aìso de-

f i ned us i ng the ray trac i ng method. It shouìd be noted that since

the profi ìes were not straight and since there was no reverse pro-

file, the velocities may not be exact. Also, because of the lack of

reverse profiles the structure at the ends of the profiles (North

and South profiìes) are not seen on the models. Therefore struc-

tures such as the Red Lake greenstone beìt would not be visible in

the models. The WKBJ synthetic seismogram method was also used to
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try and locate deep near vertical ref lections from the Riel and f,loho

discontinuities. The model of Hal I and Hajnal (1969,197Ð was used

because of its cìose proximity to the survey area. The data showed

oniy minor evidence of Hoho and Riel arrivals when compared to the

synthetic models thus i I ìustrating the marginal qual i ty of the data.

I "S F I NAL coNcLUS r oNs

Despite the lack of qual ity in the data it was encouraging that

some results couìd be attained from the data. f'luch was learned

about what is necessary for future studies of this kind. Some finaì

recommendations for future seismic studies of this kind include:

l) pre-plan the shot patterns to suit both the mine's

production needs as wel I as the survey needs,

2) carry out an extensive source study in order differentiate

between the different types of arrivals that are being

recorded at the source recorder,

3) carry out a detailed geologic study of the source area in

order to assist the source study,

deveìope a better method of measuring the shot times and

try deconvolution to see if it is more effective than

the methods used in this study (vertical stack and cross-

correl at i on) .

With careful pìanning and foì lowing the above recommendations, it

will be possible to use mine bìasts as an inexpensive seismic source

for future se i sm i c surveys .

4)

5)
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S hot
number

File
number

Record
number

Shot-
rece i ver
d i s tance

(Km)

Quality of
da ta

ì

2

3
l+

sP #t
t-N
2-N
3-N

0.33
3.70
3 "21
3.80

good
poor
good
good

l
2

3
4

5
6

7

sP #2
] B-N
4B-N
5B-N
6g-t¡
7-N
8-t¡

0"44
3.46
\ "63
5 "53
6 .¡8
7 .5\
8.25

no time signal
good
good
good
no time signal
adequate
?

I

2

3
4

5

sP #3
5C-N
6c-¡¡
I r-N
I 2-N

0.33
5 - l+l+

6.51
10.97
i r.60

good
good
poor (0C

poor (low
poor (low

shift.)
s/N)
s/N)

I

2

3
4

5

5D-N
I 3-N
r 4-N
I 5-N
I 7-N

5.44
12.1+2
ì3.51
r4.47
16.57

good
poor (low S/N)
poor (low S/N)
poor (low S/N)
poor (low S/N)

I

2

3

sP #5
ì ]B-N
ì 6B-N

o "22
t0.95
15.53

good
poor (ìow S/N)
poor (low S/N)

I

2

3
4

5

sP#
6E -N
9C-N
r 6c-N
r 7B-N

0.33
6.27
9 "20
t5.38
16.\5

good
poor
poor
poor (ìow
poor (ìow

s/N)
s/N)

TABLE B. I

Shot and record information-table l.
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S hot
number

Fiìe
number

Record
number

S hot-
rece i ver
d i s tance

(xm)

Quaìity of
da ta

I

2

3
4

5
6

sP #7
2-S
3-S
5-S
6-s
7-S

o.55
3.25
3.37
\.2\
5.22
5.69

good
good
good
good
poor (low
poor (low

s/N)
s/N)

I
2

3
\
5

4B-S
8-s
9-S
I 0-s
il-s

5. t2
7 "79
7.89
8.37
8 .87

good
good
good
adequate
adequate

I

2

3
4

2B-S
I 2-S
I 3-S
I l+-S

3.32
7 "33
8. o6
8.gr

good
good
poor (low
poor (low

s/N)
S/N)

l0 I

2

3
4

5

sP #r0
r 3B-S
r 48-S
r 58-S
I 6B-S

o.57
r0.r7
ro.98
11 .65
12.56

poor
good
good
good
poor (low S/N)

lt I

2

3
\
5
6

SP #]]
2D -S
6B-S
7B-S
I 0c-s
I 7-S

0.50
3 .00
5 .15
5"67
6"sl
1t "77

good
good
adequate
adequate
poor (l ow
poor (1ow

s/N)
s/N)

TABLE 8.2

Shot and record information-table 2.
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S hot
number

File
number

Record
number

S hot-
rece i ver
d i s tance

(Km)

Qual ity of
da ta

t2 I

2

3
4

5

4D -S
I 6C-S
9D -N
I tc-N
I 2B-N

5.16
12.81
g. l0
1o.72
I I .31+

good
ìow
?

s/N

poor (low S/N)
poor (low S/N)

r3 I

2

3
4

5
6

sP #ì3
r 7B-S
6r -¡¡
1 OD-N
I 8C-N
I 8D-N

o.57
I r.40
7.28
r ì.4r
18.35
18.35

poor
poor (low S/N)
good
poor (low S/N)
good
good

r4 I

2

3
4

3B-S
3C-S
I 0D-S
IOF-N

3.23
3.23
6.\9
ro.98

good
good
poor
I ow S/N

15 I sP #r5 
|

0.1+3 good

t6 I

2

3

SP #ì6
4F -S
ì 5C-N

o.56
\.9\
1l+. 30

good
good
adequate

t7 I
2

3
4

5
6

3D -S
I OG-N
2OD -N
2ì-N
2 3-N
248-N

3. l8
10.91+
19.75
2\.29
31.82
35.t+8

good
no time signal
adequate
good
osci lation?
oscilation

TABLE 8.3

and record i nformat i on-tabl eS hot 3.
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S hot
number

Number
of shot
pa t ter ns

Shot
pattern
number

H-86
| -36

Type
I ays
shot

of de-
between
pat ter ns

D i s tance
to
rece i ver
(me t r es)

D i s tance
between
shot
pa t ter ns

7 3.0

H-84 442.0 I --------
period l0 (2) 219.5

405. ¡{

H-87
| -37

E-r74
c-t66

390. I

\99.9
753.0

777 .2
923.\

280.0

| -38
c-ì26

per iod l0 (3) \75.5
t+9O.7

9l+.0

| -39
E-175

5\5.6
8r0.8

296.0

B-4 r 5t+5.6 I --------
H-88
D-ì98

506.o
670.6

t40.0

B-42 570.0 I --------
| -40
H-89
c-167

578 .0
606.6
969.3

64 .0
365 .0

period ì0 (3)
Non-E I

lì B-43 I

12 G-r30
D-199

Non-E I 3t0.9
713.2

34À.o

r3 B-4¡{ I 560.8 I --------
l4 B-49

B-50
Non-E ì 509.0 I

548.64 I

546.o

t5 l-l+6
D-200

5l+6 . o

l6 H-92
F-r4ì

530 .4
69\.9

20ì.0I Non-E I It-------t
17 B-53 4e6.8 l --------

TABLE F. I

Source information.
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Program SPLOT f i rst reads each shot
f i I ters the record to a bandpass of
worth bandpass fi lter. The program

signal from tape then
6-4O Uz using a Butter-

then plots the signaì.

C//BoBcAT J0B' 1359,, 
"R=256,T=21'1, 

l=200,1=09r,'SAl'1'
c/tû6250 sA'i1006 BIN l6l6
C/rtTAPE VPL0T
c/:tTS0
C/ / EXEC FORTHCLG,USERLI B='SYS3.VPL0TL I B',S I ZE=400K,0PT=2
C/ /FORT. SYS lN DD tc

I NTEGER CTl, CT2,CT3,CT4, CT5,Cl6,CT7, CT8, CT9, CTl0, CTì l,
Jc NBLK, UL I ¡1I T

REAL SHOT (I O) , R¡14X, DATA I

D ll,lENS t 0N D (8) , 0Rrn (30000) , T l HE (30000)
CALL BNDPAS (6.0,40.0, I .,0,G)
READ (5,r() NPL0T, (SH0T (CTì) ,CTl=l,NPL0T)
wRITE (6,:'<) NPL0T, (SH0T (CTl) ,CTl=l,NPL0T)
DO 600 CTIO=],NPLOT
READ (5,:t) NWTRAC, NWHDER, S I , UL I¡4IT, ISTART
NBLK=NWTRAC/5000+ l
RltlAX=0 .0
T l llE (2) =0 .0
WRlte {6,,t¡ NI/TRAC,NWHDER,S I,NBLK,UL lt4lT, I START
CTI l=0

700 coNT r NUE

CT I =-4999
CTì l=CTl l+l
WRITE (6,:t) cTl i
r F (crr r . GE.5oo) Go ro 8oo
D0 ì00 CT2=l,NBLK
CTì=CTl+5000
CT!=91 I +4999
READ (8) (DATA (CT4) , CT4=CTì , CT5)

]OO CONTI NUE

rF (DATA(r) .NE.SHor(crì0)) cO rO 7Oo
CALL F I LTER (DATA, NWTRAC, D, G, I )
D0 200 CT3=3'NWTRAC
DATAI=ABS (DATA (cr3¡ ¡
r F (DATA I . GT. Rr,lAX) RtlAX=ABS (0nrn (Cr3¡ ¡

CT8=CT3- ì

T r t,lE (cT3) =T r HE (CT8) +S I

2OO CONT I NUE

D0 300 C'16=3,NWTRAC
CTI=ç15-'
DATA (CT7) =DATA (Cr6+ I START) /R|.1AX
I F (cT7 . GT. UL I l'11 T) DATA (cT7) =0 .0
T I l.1E (cT7) =T I HE (cT6)

3oo coNTt NUE

D0 400 CTI=l ,250
I,,RrTE (6,*) DATA (CTl) ,Tll'lE (CTl) ,CTl

4OO CONT I NUE

CALL GRAPH (TI 14E, DATA, UL I ¡1I T)
600 CONT I NUE

c0 T0 900



201+

C

c
c
c

8OO CONT I NUE

t,lR trE (6, to)
goo coNT r NUE

cALL PLoT (4.0,0.0,9999)
to F0RÍ'1AT(', ','SHoT CANNoT BE FoUND')

STOP

END

SUBROUT I NE GRAPH (TAU, GTAU, UL I 14IT)
I NTEGER UL I 14I T, UL i ,IJL2,I BUF (6000)
RtAL TAU (30000) , GTAU (30000)
ULI=ULlÈ1lT+ì
UL2=UL I I'l lT+2
CALL PLOTS ( I BUF ,6OOO)
CALL NEWPEN (2)
cALL PLoT (0.0, -lo.o, -3)
cALL PL0T(0.0,0.5,-3)
CALL FACTOR (.75)
cALL SCALE (TAU,4.o,ULl14lT, l)
cALL SCALE (GTAU,2.O,ULlt'l1T, ì)
cALL AX I S (0.0, 0.0,' T I l,lt', -4, 4.0, 0.0,TAU (Ut I ),TAU (UL2) )

cALL AX t S (0 .0 ,0 .0, r AÈlPL lTUDE 

"9,2.0, 
90 .0, GTAU (UL l ) ,

¡k GTAU (UL2) )
CALL L I NE (TAU,GTAU, UL I ¡'1IT, J,0,4)
cALL PLoT (4.0,0.0,999)
RETURN

END

SUBROUTINE BNDPAS (F I , F2,DELT,D,G)
cot'lPLEX P (4) ,S (8) , Zt,Z2
D t¡{ENS t0N D (8) , XC (3) , XD (3) , XE (3)
TWOP I =6.2831853
l.lRtrE (6,t) Fì,F2,DELT

I FOR¡/IAT ('I BANDPASS FILTER DESIGN FOR A BAND FROI4',F8.3,
.'T0',F8.3,' HERTZ."//| SAi'îPLE INTERVAL lS 

"F5"2,. 't4t LL tsEcoNDS. ')
DT=DELT/ì000.0
TDT=2.O/Df
FDT=A.0/DT
P (t ) =cl,lPLX (-. 38268 3\, .9238795)
p (2) =s¡p¡X (- . 38268 3t+ , - .9238795)
p (3) =ct4pl_x (- .9238795, .382683\)
p (4) =ç¡p¡ x (- .92387 95 

" 
- . 382683\)

l,/l=flJQp lr'c[ |
l,/l=fl.lQp | :tt I
Wì =TDT'(TAN (Wì /TDT)
W2=TDTT.TAN (W2lTDT)
HWID= (WZ-Wr) /Z.O
¡.¡þJ=l,J I rtþJl

D0 ì9 l=1,4
Zl=p(t):t¡ç¡9
Z2=Zl JcZ I -tr^lt/
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z2=csQRT (22)
S(l)=Zl+22

l9 s (l+\)=zt-22
c wR trE (6,2) s

2 FORI4AT ('-S PLANE POLES ARE ATz',/' ',8(/' ',E12.6,t + I I

.,Er2.6))
G=.5,/HW I D
a-^.r.^
t¡-tt Jr u

^-^.r.^t¡-u.ru
D0 29 l=1,7 ,2
B=-2.o:'cREAL(S(t))
Zt=S(l),rs(t+ì)
C=REAL (Z I )
A=TDT+B+C,/TDT
Q=Q:'c{

0 ( t) = (c)tDT-FDT) /A
29 D(l+l)=(A-2.otB)/A

ô-^J.^t¡-\¡ ¿ru

c t.JR trE (6, 3)
3 FORI4AT ( | -F I LTER lS (l -Z'tr, 2) f<:t,la / Bl:tB2trB3rtB4')

c l,lR trE (6,4) D

4 FORI4AT (\(/',B(l) = I +',,8ì2.6,' Z+ 
"812.6,'lrcrc/t))c l,JR trE (6,5) G

5 F0Rf,tAT ('-FILTER GAIN lS ',E.l2"6)
RETURN

END

SUBROUT I NE F I LTER (X, N, D, G, I G)

cot'lPLEX P (4),S (8), Zt,Z2
D il'lENS tON D (8) , X (30000) , XC (3) , XD (3) , XE (3)

c
C X = DATA VECT0R 0F LENGTH N CONTAINING DATA T0 BE FILTERED
C D = FILTER COEFFICIENTS CALCULATED BY BNDPAS

C G = FILTER GAIN
C lG = I t'lEANS T0 RE|/IOVE THE FILTER GAIN S0 THAT THt GAIN
C IS UNITY
c
C APPLY FILTER IN FORWARD DIRECTION
c

3l Xl'12=X (ì)
XHì =X (2)
Xfl=X (3)
XC (l) =¡¡2
XC (2) =Xl4l-D (l),tXC (l)
XC (3) =X¡-X¡2-D (r) 't¡ç (2) -D (2) rc[C (t)
XD (l) =xc (l)
XD (2) =XC (2) -D (3) ¡txo (ì)
XD (3) =XC (3) -Xc (l)-D (3) i,XD (2) -D (4) ¡txn (l)
XE (l) =XD (ì)
xE (2) =xD (2) -D (5) ¡tXE (l)
xE (3) =xD (3) -xD (ì) -D (5) ¡txE (2) -D (6) rcxE (l)

c
c
c
c
c
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34

35

36

37

39

X (l) =XE (l)
X (2) =xE (2) -D (7) tcx (l )

X (3) =xr (¡) -xE (l) -D (7) ix (2) -D (8),tx (l)
D0 39 l-4,N
Xl'l2=XH I
Xl'l I =Xl'l
XH=X(l)
K=t-((t-l)/3)'r3
c0 T0 ß\,35, 36) , K
ll= I
t'lt =3
A2=2
c0 T0 37
li=2
l'11=ì
112=3

G0 T0 37
H=3
l'1.|=2
l'12= I

xc (f,1) =xl'l-xH2-D (l)'txc (r4ì) -D (2),txc (¡,tz)

XD (t4) =XC (1,1) -Xc (H2) -D (3) r(XD (Hl) -D (4) ¡tXD (f42)

xE (r4)=xD (H) -XD (r'12) -D (5),rXE (t41) -D (6) 
'rXE 

(t42)

X ( l) =X¡ (14) -XE (¡42) -D (7) 'tx ( l- l) -D (8) r,x ( I -z)

FILTER IN REVERSE DIRECTION

Xl'12=X (N)

XHI=X (N-ì)
Xt'l=x (N-2)
Xc(ì)=Xt42
Xc (2) =Xl4l -D (l)'txc (l)
Xc (3) =Xl4-Xll2-D (l ) ,txc (2) -D (z) t xc (l )

XD (l) =XC (l)
XD (2) =XC (2) -D (3),tXD (l)
XD (3) =XC (3) -Xc (l) -D (3),txD (2) -D (4)¡tXD (ì)
XE (l) =XD (l)
XE (2) =XD (2) -D (5) ?tXE (l )

xE (3) =XD (3) -xD (l)-D (5) *xE (2) -D (6) r.xE (t)
x(N)=XE(l)
X (N-l) =XE (2) -D (7) 'tX (l)
x (N-2) =XE (3) -xE (ì) -D (7) ¡tX (2) -D (8)?tx (1)
D0 49 t=4,N
Xl'12=Xt'l1

Xll l =Xl'l
J=N- I il
Xl'l=X (J)
K=t-((l-t)73¡'t3
c0 To (44,45,46) , K

1,1= I
l'1ì =3
ì12=2
G0 T0 47
l,l=2
l'11=l

c
c
c

44

45
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A2=3
G0 T0 47

46 tl=3
14l =2
H2= I

r+7 XC (¡4) =Xt4-XH2-D (l ) trxC (t4i) -D (2) :tXC (112)

xD (t4) =XC (t1) -XC (l'12) -D (3) *XD (r,1ì) -D (4):tXD (r'12)

xE (f,r) =xo (t1) -xD (¡,r2) -D (5) rcxE (r4ì) -D (6))'.Xt (f.12)

49 X (J) =XE (r'r) -XE (¡{2) -D (7)tcx (J+l)-D (8) ¡'rX (J+2)
IF (IG.NE.I) RETURN

D0 59 l=l,N
59 x(l)=x(l)/G

RETURN

END

c/ /GO.FTo8Fool DD UNIT=06250,D I SP= (ot0,pAss),V01=SER=S4F1006,
c// os¡t=sol, LABEL= (oì,,, I N),DcB= (RECFt'l=VBS,BLKS IZE=20008,
C// LRE?L=20004)
C/ / DD UNtT=D6250,D I Sp= (0LD,pASS),V01=SER=SAt4006,DSN=S02,
c/ / LABE¡= (02, , , I N) , DCB= (RECFtl=VBS, BLKS I ZE=20008, LRECL=20004)
C/ /GO.VWoRK DD DSN=EEVWoRK,UN lT=SYSDA,DI 5p= (NEW,PASS),

C/ / SpACE= (CyL , (2,2))
C/ /GO.FTOIFOOì DD DSN=EêFTO]FOO],UN IT=SYSDA,DISP= (NEW,PNSS),

C// SpACE= (t8, (t00,60) )

c/ /G0.FT04F00l DD SYSoUT=A
C/ /G0. SYS I N DD tc

2 1.O 2.O
27003 2 .00ì 2000 0
27003 2 .O0r 2000 600
c/x
C/ / EXEC VPLOT
c/r,



208

Program RICKER generates far field Ricker waveìets
and stores them in a data set to be later read into
the source generating program (S0URCE).

c
C//BOBCAT J0B'01 17,,,R=50,T=30, l=50,1=9','SAl'1'
C/rcTS0
C// EXEC FORTHCLG,USERLIB='SYS3.VPL0TLIB'
C/ /FORT.SYS lN DD t(

I NTEGER LENGTH, N,I.1,NPLOT, OPTI ON,STDAT, ENDDAT,ZERO
REAL DATA (5OOO) , DATA ì (5000) , DATA2 (5000) ,T (5000)
REAL S I,VS,VP,A,B,R, KI, FREQO,START
REAL START
READ (5, ,() NpL0T
D0 2 l=l,NPLOT
ITIHE=0
NT I HE=0
Rl,lAX=0 .0
D0 6 N=t,5000
DATA (N) =9 .9
DATA I (t'l) =O . O

DATA2 (H) =O.O6 co¡tr rNu¡
READ (5, iC) LENGTH , S I , START, OPT I ON

READ (I,*) VS,VP,R,A,B, FREQO,KI
T (l) =START
D0 I N=l,LENGTH
CALL RI CKER (DATA,T,VP,R,A,B, FREQO,K],N,LENGTH)
CALL SI GNAL (DATA,DATAI,DATA2,R,OPTION,N)
¡=|rl+l
T (14) =1 (N) +S I

I F (ABS (DArA r (N)

I F (ABS (DATA2 (N)

tF (ABS (DATAi (N)

I F (ABS (DATA2 (N)

CONT I NUE

CONT I NUE

D0 J N=I,LENGTH
DATAI (lt) =9utol (N) /Rf,lAX
I F (0PT I 0N . EQ. 3) DATA2 (¡¡) =0RrnZ (N) /RI'IAX
rF(rrrr.,lE.NE.o) G0 T0 5
I F (DATAT (N) "GT.0.0000001) sTDAT=N
I F (DATAì (N) .GT.0.0000001) lTll4E=l
I F (DATA2 (N) . GT.0 .000000 I ) sTDAT=N
tF (DATA2 (N) .GT.0.000000ì) lTlFlE=l
WR I TE (6, :t) DATA I (N) , DATA2 (N) , STDAT, N

CONT I NUE

rF(NTr''1E.NE.0) G0 T0 I{

t{=L E NGTH -N+ ì

I F (DATA I (¡1) . GT .0 .0000001) ENDDAT=H

¡ F (DATA I (f4) . GT.0 .0000001) NT I l'1E= I

I F (DATA2 (l'1) . GT.0 .000000 i ) ENDDAT=H

I F (DATA2 (14) . GT.0 .0000001) NT I I'tE= I

WR I TE (6. rr) DATA I (tt) , 0RIRZ (tl) , ENDDAT, N, ¡1

.GT.RHAX) ZERO=N

' GT ' R|'1AX) ZERo=N
. cT. Rt4AX) Rl,lAX=ABS (DATA I (N) )
. GT. R¡,IAX) RI4AX=ABS (DATA2 (N) )

I

2
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4 CONT I NUE

3 CoNT I NUE

ZER0=ZE R0-STDAT+ i
L E NGTH=END D AT-STDAT+ I

I.lR I TE (g, I 0) ZER0, LENGTH

WRITE (9,20) (ONTNI (N),N=STDAT,ENDDAT)
r F (oPTr0N.EQ.3) WRITE (9, lO) ZER0,LENGTH
I F (0PT I 0N . EQ. 3) ì^rR I TE (9, 20) (DATA2 (N) , N=srDAT, ENDDAT)

to FoRtlAT(t5, t5)
20 F0R|'IAT(5Flo.7)

STOP

END

c
C SUBROUTINE TO GENERATE FAR FIELD RICKER WAVELET

c
SUBROUTI NE RI CKER (DF,T,V,R,A,B, FREQO,Kì,N,LENGTH)
I NTEGER N, I , LENGTH
REAL T (5OOO) ,S l,A,B,R,K,Kì,1'1,GAl'lt'1Al,GAt4t4A2,GA|'1¡1A3,GAl'11'144,V,

ì DF (5OOO),U,USQ,USQSQ,FREQ0,HQ,DHQ,NU0,PI,F (5000)
P I =3. 1\159265\
n=2 . O:'(p I :rFREQ0/ (V,TSQRT (K I ) )
6=l¡ . Q*p ¡ :t (¡** 2) :t$:'< ( F R E Q0 tcscl) / ( (V:t:t2) :'<( | rcft )
NU0=2 . Qrcp | :tf fttQQ/!
GAl4llA ì =SQRT (P l) /2.0
GAHtitA2=3 . o:ISQRT (P t) / \ .0
GAt'1|'lAJ= I !.O:ISQRT (P I ) /8. 0
GAl,lHA4= l0! . O:tSQRT (P I ) /6\ .O
u=NUO'r (R-V¡tr (N) ) / (SQRT (K I ) 'TSQRT 

(R) )

USQ=[JJr:'cl

USQSQ=U$Q:trcl
RNU14=-USQ/4
r F (RNU¡4. LE.-75.0) RNUIt=-75.0
I F (RNUll.GT. 75.0) RNUt'1=75.0
HQ=SQRI (e l) 'tsr,¡¡P (RNU14) /4
DHQ=HQ:'r (l-USQ/2) /U
DF (N) =- (¡1:t¡:tv:tDHÐ / (R,tSQRT (R) )

F (N) =- (Krtt'l:tV*HQ) / (R'tSQRT (R) )
RETURN
END

SUBROUTI NE S I GNAL (DATA, DATAI, DATA2, D I ST,OPTI ON,¡1)
INTEGER OPTION
REAL DATAT (15000),DATA (i5000),DATA2 (ì5000),DlST
PHI=ATAN (DIST/130.0)
r F (oPT I ON . NE .2) DATA I (14) =DATA (tl) r,s95 1tt 

' 'lF (oPTloN.EQ.2) DATAI (1,1)=DATA (¡t) ,tSlN (PHl)
I F (oPT I ON . EQ. 3) DATA2 (¡t) =DRrn (m) r,s I N (PH I )

RETURN

END

C//GO.FTO]FOOI DD DSN=E&FTOIFOOI,UNIT=SYSDA,DISP= (NEW,PASS),

c/ / sPAcE= (cYL , (2,2))
C/ /GO.VWORK DD DSN=EEVtroRK,UN tT=SySDA,D I 5p= (NEW,pASS),

c/ / sPAcE= (cYL , (2,2))

c
c
c
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C/ /TTO9T OO1 DD DSN=I'lAXWELL. I N " DATA, D I SP= (OLD, KEEP), UN I T=D I SK

C//G0"SYSlN DD ¡t
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Program CYLS0URCE generates cy I i ndr i ca I source
and put them i n a data set to be I ater read by
source generating program (S0URCE). Note that
many options to this program ì isted under the
routine cal led SIGNAL.

wave ì ets
the

there are
sub-

C//BOBCAT J0B'0.l .I7,,,R=50,T=30, l=50,1=9','SAH'
C/rrTS0
C/ / EXEC FORTHCLG,USERL I B='SYS3.VPLOTLI B',S¡¿g=!00K
C/ /F1RT.SYS lN DD ¡'r

I NTEGER NPLOT, LENGTH,OPTNI, OPTN2,STDAT, ENDDAT,ZERO
REAL VS,VP,SI'10D,Rl,Z,A,DEPTH, PH l,T0,P0,R0,RELAf'lP,S I

REAL GT (loooo) ,T (ìoooo)
READ (5, rr) NPLgT,0PTN2
D0 3 l=l,NPL0T
RltlAX=0.0
N14AX=0
lT I l'1E=0

NT ll'1E=0
l'lllAX=0
K=l
READ (!,:t) LENGTH, S I , START, 0PTN I

READ (!,TC) VS,VP,Rì,Z,A,DEPTH,TO,PO,RO,RELA¡lP
Sl40D=R0)r (VSrt:t2)
T (l) =START
D0 I N=l'LENGTH
GT (N) =0 .0
T (N) =0 .0

9 C0NT r NUE

D0 2 J=I,LENGTH
CALL S I GNAL (GT, T, VS, VP, SI4OD, R I, Z, A, DEPTH O PH I' TO, PO' J' K'

RE LAI'IP, OPTN I )
l'l=J*ì
T (tt) =1 (J) +s I

r F (ABS (GT (J) ) . GT.RtlAX) RIIAX=ABS (GT (J) )

2 CONT I NUE

D0 i N=l'LENGTH
GT (N) =CT (N) /RI,IAX
rF(rrr¡{E"NE.o) G0 T0 4
r F (ABS (GT (N) ) .GT.0.0000001) STDAT=N

I F (ABS (GT (N) ) .GT.0"0000001) lTlt'lE=l
4 CONT I NUE

rF(NTrr'lE.NE.0) G0 T0 6

F1=LENGTH-N+l
r F (ABS (GT (14) ) . Cr.0 .000000 ì ) ENDDAT=H

I F (ABS (GT (14) ) . GT .0 .000000I ) NT I tlE= I
6 CONT I NUE

5 CoNT r NUE

RZERg=SQRT (Z:rr.2+R ¡:'cfr/) /Vp
!{R tTE (6, *r) RZER0
RZER0=RZER0/S I +0 .5
ZER0=RZER0
ZERO=ZER0-STDAT+ ì
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L E NGTH=E NDDAT-STDAT+ I

lJRITt (9, l0) srDAT,ZER0, LENGTH

WRITE (9,20) (GT (N),N=STDAT,ENDDAT)
I o F oRI'lAT (15, 15, l5)
20 F0R¡1AT(5Fì0.7)
3 CoNT r NUE

STOP

END

c
^ _-__---L =======
c
C SUBROUTINE SIGNAL GENERATES A FAR FIELD CYLINDRICAL
C SOURCE I^/AVELET. THERE ARE SEVERAL OPTNIS OF THE

C SUBROUT I NE. THESE OPT I ONIS ARE:
C ì -VELOC ITY OF D ISPLACET'IENT IN Z-D IRECT ION (TOTAL)

c 2-DISPLACEI4ENT lN Z-DIRECTI0N (ToTAL)

c a-vElocrTY 0F DISPLACEI'IENT lN R-DIRECTI0N (ToTAL)

c 4_D t spLAcEtlENT t N R_D T RECT t 0N (ToTAL)

c 5-vELocrrY 0F DISPLACEI4ENT lN PHI-DIRECTI0N (ToTAL)

C 6-D I SPLACE¡1ENT I N PH I -D I RECT I ON (TOTAL)

c 7-vELoclrY 0F DISPLACEI4ENT lN Z-DIRECTI0N (P-WAVE)

C 8-D I SPLACET4ENT I N Z-D I RECT I ON (P-WAVE)

c g-vElocrTY oF DISPLACEI4ENT lN R-DIRECTI0N (P-WAVE)

c ìo-DlsPLAcEl'lENT lN R-DIRECTI0N (P-WAVE)

c il-vELoclTY 0F DISPLACEI'IENT lN Z-DIRECTI0N (SV-WAVE)

C I2-D ISPLACEI'IENT IN Z-D IRECT ION (SV-WAVE)

c r 3-vELoc ITY oF D ISPLACEI'IENT lN R-D IRECT l0N (SV-WAVE)

C ]4-DISPLACE¡1ENT IN R-DIRECTION (SV-I.JAVE)

c r5-souRcE FUNCT I 0N

^ -------L =====-=
c

SUBROUT I NE S I GNAL (U,T, VS, VP, SI'TOD, R], Z, A, DEPTH, PH I,TO, PO, CT],
¡t CT2 , RE LAI'IP, OPTN I )

INTEGIR CTì,CT2,OPTNI
REAL T (I OOOO),TAU I,TAU2, S I, VS, VP, VOL, AREA, DEPTH, A, R, R], Z, P I,

:t SI'IOD, PH ] I , PH I 2, PH I 3, PH I I+, VALUE ' 
COSQ' LEN

REAL U (t0000),uP,I,lP, usv,wsv, DuP, Dt,lP, DUsv,Dl,.Jsv, uTP, ursv, ursH,
tr DUPT, DUTSV, DUTSH , UT, WT, DUT, DWT

REAL PPT, QPT, PST, QSP, SST, DPPT, DPST, DQPT, DQST, DSST, DDPPT, DDPST

REAL F1,T2,Gì,G2
P I =3. t\159265\
PH I=ATAN (Z/RI)
PH I 2=PH l+P I /2
R=SQRT (R I t(:'.2+Z:t*2)
PHll=l:tP¡¡2
C0Sq=995 (PH tZ) 't'tZ
TAUI=T (CTI) -R/VP
TAU2=T (cTt) _R/VS

V0 L=2:kP I tcD E PTHrc (dfr:tl)
¡p E ¡=l¡:'cP I tcA ¡tD E PTH
y¡¡gE=l¡rtP l¡lSl'10D
CALL I I'lPULS (PPT,DPPT, DDPPT,TAUI,TO, PO,P I )
CALL I ¡lPULS (PST,DPST, DDPST,TAU2,TO, PO, P I )

QPT=PPT
QST=PST
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SST=PST
DQPT=DPPT
DQST=DPST
DS ST=DPST
F I =V0Lt ( I -2r, (VSrtrc2¡ 'tC0SQ/ (VPr,*.2¡ ) / (VALUE'TVP)

c I =-AREA:i (VS;crt2) :'<CoS (PH I 2) / (VALUEtcVP:tVP)

F2=V0L:kS tN (PH t3) / (VALUETcVS)

G2=AREA,tS IN (PH I2) /VALUE
(=tlQl:'rg lN (PH l2) / (VALUE;cVS)

up= ( (F l*DppT/R)+ (ct:tQPT/R) ) r,S I N (PHr 2)
wp=- ( (F I i(DPPT/R) + (G I :IQPT/R) ) 'tC0S 

(PH I 2)
usV= ( (F2¡kDpsT/R) + (G2,rQST/R) ) r,COS (PH r 2)
wsv= ( (F2)'(DpsT/R)+ (czrrqst/R) ) r,s I N (PH I 2)
y5¡=¡1r'rggT/R
DUP= ( (F ììtDDPPT/R) + (GlrrDQPT,/R) ) iS ¡ N (PH I 2)
DWp=- ( (F t:TDDPPT/R) + (G t:'<DQPT/R) ) 'tC0S 

(PH I 2)
DUSV= ( (F2,rDDPST,/R) + (CZrr0QST/R) )'ICOS (PH I 2)
DWSV= ( (F2f(DDPST/R) + (G2'kDQST/R) ) ¡rS rN (PH r2)
¡y5¡=¡1:.cþ S ST/R
UT=UP+USV
WT=WP+WSV
VT=VSH
DUT=DUP+DUSV
DWT=DWP+DWSV
DVT=DVSH
r F (0PTNl.GT. 15)
IF (OPTNI.LE.O)
IF (OPTNI.LE.]) =DWT

=WT
=DUT
=UT
=DVT
=VT
=DWP

=WP

=D UP

rF (oPTNr.EQ.2)
IF(OPTNì.EQ.3)
tF(oPrNr.EQ.4)
r F (oPrNl.EQ.5)
tF(oPTNr.EQ.6)
rF(oPTNt.EQ.7)

U (ctt) =uP
U (cTl) =DWSV
U (CTl) =WSV
U (cTl) =DUSV
U (cTl) =USV
U (cTl) =DVSH
U (cTl) =PPT

G0 T0 ì0
G0 T0 t0
u (cT
U (CT

U (CT

u (cT
u (cT
u (cr
u (cT
u (cT
U (CT

rF(oPrNr.EQ.8)
r F (oPTNì.EQ.9)
IF(OPTN].EQ"ìO)
lF(oPrNr.rQ.lt)
rF(oPTNr.EQ.l2)
rF(oPrNl.EQ.l3)
IF(OPTNì.EQ.I4)
IF (OPTN].EQ. ì5)
I F (OPTNI.EQ. I6)
G0 T0 20

ìO CONTINUE
CT2=CT2+ì
I F (CT2 .EQ. I ) Ì^tR trE (6, l oo)

IOO FORI'IAT(' ','ERROR IN SELECTING OPTN] NUI'IBERI)
u(cTl)=o.o

20 CONT I NUE

RETURN

END

SUBROUTINE TO GENERATE SOURCE FUNCTION
c
c
c



2r4

suBR0urt NE l¡4PULS (pt,Dpt,DDPT,T,T0,P0,Pl)
REAL PT, DPT,T,TO, PO,P I,VAL
y¡¡= (J*r'c2) xp I / (tO:t'tZ¡
r F (vAL . cT. 75 .0) VAL=75 .o
I F (vAL .LT.-75.0) vAL=-75.0
PT=POlEXP (VAL)

DPT=PT?I (-Z¡ ,tP ItcTl (Torkf(2)

DDpT=2)rp | :'rpJfc 1 12ic (1:t:tz)'rP | / (T0t(t(2) ) - l) / (Totcrc2)

RETURN

END

C/ /GO. FTO I FOO I DD DSN=E6FTO I FOO ì , UN I T=SYSDA, D I SP= (NEW, PASS) ,
C// SpACE= (CyL , (2,2))
C/ /GO.VWORK DD DSN=EEVWORK,UN lT=SYSDA,D I 5p= (NtVJ,PASS),
c/ / sPAcE= (cYL , (2,2))
c/ /tro9too1 DD DSN=I4AXWELL" I N.DATA,D I SP= (0LD,KEEP),UN lr=D I SK

C/ /G0.SYS lN DD ¡k
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Program WREAD reads any wavelet and
frequency (period) of that wavelet
uency. The data is then stored in a

into the source generating program

converts the dominant
to any required freq-
data set to be i nput

(s0uRcE).

C//B0BCAT JoB'Ol 17,,,R=50,T=ll'1, l=60,¡=lr, rSAl'11

C/rcT5g
C/ / EXEC FORTHCLG,USERLI B='SYS3.VPL0TLI B' oS¡2E=!00K
C/ /F}RT.SYS lN DD ;t

I NTEGER OPTI ON, CTì, CT2,NPLOT
I NTEGER LTNGTH
REAL DATA (ì5000) ,pDATA (t5000) ,SDATA (t5000) ,DIST,PRD,RPRD,SI
REAL T (ì5ooo)
READ (5,r() NpL0T
D0 3 CTI=l,NPL0T
Rl,lAX=O .0
READ (5, ¡t) LENGTH, S I , PRD, RPRD, D I ST, ZPT, OPT I ON

READ (5, ìO) (DATA (CT2) , CT2=] , LENGTH)
CALL I NTR (DATA, PDATA, LDATA, LENGTH, IZPT,ZPT, PRD, 2OO.O,ZCONST)
CAL L I NTR (PDATA, DATA, L ENGTH, LDATA, I ZPT,ZP'l, 2OO. O, RPRD, ZCONST)

CALL S I GNAL (DATA, PDATA,SDATA, LENGTH,S I, D I ST,RI'IAX,OPTI ON,T)
CALL GRAPH (T, GT,CTz 

"LENGTH)t,lRtrE (9,20) tzPl, LENGTH
t./RtTE (9,30) (PDATA (CT2) ,CT2=l,LENGTH)
tF (oPTt0N.EQ.3) WRrTE (9,20) TZPT,LENGTH
rF (oPTr0N.EQ.3) h'RITE (9,30) (SDATA (CTz) ,CT2=I,LENGTH)

r0 FoRI4AT(5Fì0.7)
20 FoRI'lAT(15, t5)
30 FoR¡{AT(5Fro.7)
3 CoNT r NUE

cAL L PLoT (4 .0 , 0 .0 , 9999)
STOP
END

SUBROUTINE TO INTERPOLATE DATA

SUBROUTI NE I NTR (DATA, I DATA, LDATA,LDATAI, I ZPT,ZPT,PRD,RPRD,Z)
I NTEGER I.lL,I'18, CTI, LDATA, LTDATA
REAL DATA (I5OOO) , I DATA (I5OOO) ,R,Z,B,PRD,RPRD,SI
Z=PRD/RPRD
LDATA=LDAT A1 /Z
ZPT=ZPT /Z+ "5
I ZPT=ZPT
R=0.0
l'lL=0
l'18=0
B=0 .0
D0 20 CTI=I,LDATA
R=R+z
È,lL=R

l'18=R+.l.0
B=l{L
r DATA (Cr i ¡ =941A (r4L) + (DATA (FîB) -DATA (r4L) ) ,i (R-B)

c
c
c
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20 CONT I NUE

þtR t TE (6, r oo)
too F0R|4AT (' ', I tNTERP0LATI0N SUCCESSFULLY Co¡/tPLETED')

RETURN
END

c
C GENERATES P AND S-WAVE S I GNALS

c
SUBROUTINE S I GNAL (DATA,DATAI,DATA2, LDATA,S I,D I ST,R¡{AX,

rr 0PT|ON,T)
I NTEGER CTI , OPT I ON, LDATA
REAL DATAT (15000),DATA (t5000),DATA2 ('l5000),S l,D I ST,T (ì5000)
PH I =ATAN (D I ST/ I 30 . O)

D0 I CTI=ì,LDATA
rF (oPTt0N.NE"2) DATAI (Crt¡=¡¡10 (CTl) t,CoS (PHl)
r F (oPTr0N.EQ"2) DATAI (Ctt¡=¡¡1¡ (CTl) tSlN (PHl)
l F (oPTl0N.EQ.3) DATA2 (cti¡ =s¡14 (cTl) tslN (PHl)
I F (ABS (DATAì (CT1) ) .er.R|4AX) RHAX=ABS (DATAì (CTì) )

tF (ABS (DATA2 (CTr) ) .GT.RI4AX) Rt4AX=ABS (ORTEZ (CTi) )

I CONT I NUE

T(ì)=o"ooo
D0 2 CTI=I,LDATA
DATAI (Crr¡ =¡¡1¡l (CTì) /nmnX
DATA2 (Crr¡ =¡¡1U2 (CTr) /nmnX
N=CT ì+ ì
T (N) =1 (cT I ) +0 .001

2 CONT I NUE

RETURN
END

C/ /cO.FTOlFOOt DD DSN=66FT0lF00l,UNtT=SySDA,DtSp= (NEW,pASS),
C/ / SpACE= (CyL , (2,2))
C/ /c0.VWoRK DD DSN=6êVWoRK, UN lT=SYSDA, D I 5p= (NEW, PASS) ,

c/ / sP AcE= (cYL , (2,2) )

c/ /FTO}I OOI DD DSN=HAXI,TELL. I N " DATA, D I SP= (010, rEep), UN I T=D I SK

c/ /G0. SYS I N DD :t
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Program SOURCE generates a source signal from a spike series
and convolves with a waveìet(s) input into the program. The
spike series are representations of the shot patterns used
i n the exper i ment. See the program ì i st i ng for the opt i ons
of the program.

c
c
c
c

C//BOBCAT J0B'0ì ì7,,,R=50,T=3H, ¡=!00,1=9','SAl{',CLASS=F
C/T<I APE VPLOT
C/rcTS0
C// EXEC FORTHCLG,USERLIB='SYS3.VPL0TLI B',S¡2E=!00K
C/ /f }fi.SYS lN DD rt

NTEGER CTl, CT2, CT3, CTt+,CT5,CT7,NPL0T, 0PTN ì, 0PTN2, 0PTN3
NTEGER LENGTH, LTH, BLTH, EVTLTH,NSEG,NRFLN,NSHOTS (ìO),ZERO
NTEGER DELAY (IO) ,O¡TRY2 (IO) ,RFTII'lE (IO) ,DELAY3 (5) ,SLTH,PLTH

I NTEGER BPLTH, BSLTH
REAL VS, VP, St'100, R l, Z, A, DEPTH, PH I l, PH I 2, T0, P0, R0, RCoE F

REAL cr (2OOOt),cpr (2000t),GST (20001),T (20001),I,IPT (500),
¡t WST (500)

REAL Sp,START,St,BLAST(20001) ,Af'lP (lO,5O) ,VARI (5) ,VRRZ (5) ,R(5)
REAL GSPT (ZOOOI),GSST (2000.l),EVENTS (2000ì)

NUI4BER OF DATA SETS TO BE GENERATED

READ (5, rc) NPL0T
WR I TE (6, :t) NPL0T
D0 3 CTI=l,NPL0T

READ AND I.IR ITE PRE L I 14I NARY I IIPUT DATA

NT I f4E= I

CALL READO (SP,OPTN2,OPTN3,OPTNI, LENGTH,VS,VP,RI,RUZ'
NSPAT, S I, VARI,VAR2, START)

------;;;;-il;;;

D0 l! l,l=l , 
.l0000

GT (N) =0 .0
GST (N) =0.0
GPT (N) =0 . o
GSPT (N) =0.0
GSST (N) =o . o
BLAST (H) =o . o
T (N) = 1000/S I

i5 coNTr NUE

C

c
c
c

c
c
c
c

c
c
c
c
c

READ SHOT

DERIVES THE DELAY

Do 7 ct7=i'NSPAT

PATTERN PARAT,ITTERS AND

BETWEEN SHOT PATTERNS
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c
c

CALL READ4 (NSEG,NSHOTS,DELAY, DELAY2, DELAY3,AI'IP, C17,VP,7,
rc RI,VARI)

I F (NSPAT.EQ. l) DELAY3 (t¡ =9

C GENERATES SERIES OF SPIKES FOR EACH SHOT PATTERN
c

CALL OPER (RTIP, gINST, BLTH,NSHOTS,S I, DELAY,DELAY2,NSEG,
¡'r DELAY3, CT7)

99 F0RI'4AT ('NSEG=',7X,1 2,' BLTH=r,7X, l4)
g8 F0R|4AT (roF4.2)
7 CoNT r NUE

READ WAVELET (S)

I F (OPTN2 " EQ.2) GO TO 8
READ (5, ìO) ZERO,PLTH
READ (5, 2o) (IJPT (N) , N= I , PLTH)
IF (OPTN2.NE.3) GO TO 9

8 RERo (5, lo) ZER0,SLTH
READ (5,20) (WST (N) ,N=i,SLTH)

g coNT I NUE

GENERATE SPIKE SERIES TO REPRESENT
DIFFERENT ARRIVALS

vSz=VARt (t)
VP2=VAR2 (t)
DEPTH=VARI (2)
NT I iïED=0
VE L=VP
VE L2=VP2
I F (OPTN2. EQ.2) VEL=VS
I F (0PTN2.EQ.2) vEL2=VS2

5 I F (0PTN2.EQ.3.AND.NTlt'lED.EQ. l) Vrt=VS
r F (0PTN2.EQ.3.AND"NTU.lED.EQ. l) VEIZ=VSZ
D0 ll t't5=¡ ' 

.|0000

EVENTS (¡15) =o . o
ìg c0NTtNUE

I F (OPTN J . EQ. ]) CALL DRAY (EVENTS, R,Z,VEL, S I , NTIÈlE0, EVTLTH,
:t OPTN2, OPTN3)

I F (OPTN I . EQ.2) READ (5, '() EVTLTH
rF (oPTNl.EQ.2) READ (5,20) (EVENTS (N) ,N=i,EVTLTH)

C 6 CONTINUE
c
c
c
c

GENERATE SOURCE SIGNAL

r F (NT r r,lED . EQ.2) G0 T0 17
B P LTH=B LTH
BS LTH=B LTH
I F (OPTN2 . EQ.2) GO TO I 6
CALL CONV (STNRT,T,GPT,BLAST,BPLTH,WPT, PLTH,S I )

c
c
c
c

c
c
c
c
c



c
c
c
c

c
c
c
c
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I 6 I T (OPTN2. GT. I) CALL CONV (START,T, GST, BLAST, BSLTH,WST, SLTH,S I )

L E NGTH=B LTH

0lST=R(l)
I F (OPTN2. EQ.2) GO TO I 7
CALL CONV (START,T,GSPT, EVENTS, EVTLTH,GPT, BPLTH'S I )

CALL TIT4E (GSPT,T, EVTLTH,S I,START,ZERO)
r F (0PTN2.EQ.3.AND.NTlHED.EQ.i) G0 T0 5

17 I F (OPTN2.GT. I) CALL CONV (START,T,GSST,EVENTS,EVTLTH,GST,
¡l BSLTH,SI)

I F (oPTN2.GT. i) CALL Tl¡4E (GSST,T,EVTLTH,SI,START,ZER0)
L E NGTH=EVTLTH
CALL AD (CT,CSPT, GSST, LENGTH)

NORI'IAL IZE AND PLOT SOURCE S IGNAL

CALL NORI,ILZ (GT, LENGTH)
CTì I ì=CTl
CALL GRAPH (T,GT,N, LENGTH,SP)

S I GN I FY END OF CURRENT DATA SET

t,lR r rE (6, 50) cT l
l0 FoRtlAT (t5,t5)
20 FOR|'IAT (¡il 0.2)
21 FoRr,lAT (5t12.7)
50 FORHAT(//",'------ -r,,rPLoT 

"ll,' 
col',lPLETED"

¡r' | 
-------')

3 CoNT r NUE

cALL PLoT (8.0,0.0,9999)
I I FORI'IAT(' ' ,2X, 'SHOT=',12,2X, '0PTNl=',12,2X, '0PTN2=',1.|,

It 2X,'QPTNJ=',ll)
STOP

END

c
n ------- ================================-=======L -------

C SUBROUT INE READO READS AND WR ITES PREL II'IINARY
C I NPUT DATA.
C OPTNI REPRESENTS THE TYPE OF ARRIVALS TO INPUT

C ]-ONLY DIRECT RAYS

C 2- I NPUT SP I KE SER I ES FROI4 OTHER PROGRA¡l

C REPRESENTING DIFFERENT ARRIVALS

C OPTN2 REPRESENTS TYPE OF I./AVES

C ] -P-WAVE ONLY

C Z-S-I,IAVE ONLY

C 3-BOTH P AND S-I,JAVE

C OPTN3 REPRESENTS TYPE OF WAVELET

C ì -CYL I NDR I CAL SOURCE WAVELET

C 2-RICKER OR SPHERICAL SOURCE WAVELET

^ -------L ==============================----
c

SUBROUTI NE RTADO (SP,OPTN2,OPTN3,OPTNI , LENGTH,VS'VP,RI ,R,2,
* NSPAT,S I ,VARI,VAR2,START)

I NTEGER OPTN2, OPTN3'OPTNI, CT], LENGTH,NSPAT
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REAL VS,VP,RI,R (5) ,Z,S I ,VARI (5) ,VAR2 (5) ,SP,START
READ (5, lo) SP,oPTNl,oPTN2,0PTN3
tJR trE (6,70) SP,0PTN I ,0PTN2,OPTN3
READ (5,20) LENGTH,S I,NSPAT,START
WRITE (6,80) LENGTH,SI,NSPAT,START .
READ (5,30) VS,VP,Z, GRAD, (R (CTt) , CTI=l ,NSPAT)
Rl=R (l)
t^,R tTE (6,90) vs, vP, R t , z
READ (5,tc) (VARI (CTl) ,VAR2 (cT1),CTl=.l,4)
l'/RtTE (6, t20) (vARì (CTì) ,VAR2 (CTl) ,CTì=1,4)

lo FoR|4AT (//5X,F4. t, iOX,It, tox, Il,lox,Il)
2O F0Ri4AT (6X, t5,5X,F5.3,21X, t2,8X,F6.3)
30 F0RI4AT (5X, r6 .1,7X, F6. 1,8X,F6.2,8X,t5.3,8X,5r8.2)
40 F0RI4AT (gX, F4. t,7X,t5.1,4X,F6.4,4X, F4. l,9X,F\ "2)
50 FoRI4AT (6X, F4. l, l5X, I 1,4X,5F5.2)
60 FoRr4AT (9x,8F5. r)
70 F0RI'1AT (" , r SHoT #"t3. i , ' , oPTNI ="12," 0PTN2=' "',2,:t r,QPTNJ=',12)
80 FoRI'1AT(",'LDATA=t,''5," Sl=',F5.3," NSPAT=', 1 ì,

¡k | , START='F5.3)
90 FoR|/lAT

] OO F ORT4AT

I t0 F0Ri'1AT

I2O FORI4AT

RETURN
END

' f, fsvEL=t ,F6.1,', PVEL=|,F6.1,', HDIsT=',F6. l,
', VDIST=',F5.1)
",'DlA|'IETER=',F4..l, r, DEPTH=',t5.ì o', T9=',F6.4,
', PO=r,F4..l,', ÐENSITY=',F4.2)I t, rRcoEF-r,F4.1, 

" 
# or nTLECTNS=" l l o4X, l0F5.2)

t ','vARlABLES"8F7.l)

c

^ ------
C SUBROUT I NE READ4 READS I NPUT PARAI,IETERS FOR

C SHOT PATTERN BE I NG CONS I DERED.¡ -------
c

SUBROUT I NE READ4 (NSEG, NSHOTS, DELAY, DELAY2, DELAY3, AI'IP, CT4,
Jc VP, Z, R, VAR ì )

I NTEcER CT t, CT2, CT3,CT4, CT5, NSEG, NSHoTS ( I O), l¡SHOr, DELAY ( I 0),
r( DELAY2 (t0) , DELAY3 6)

REAL At'lP (ì0,50),R (5),Rl,R2,R3,Z,D I ST,GRAD,VARI (5),D,0.l,02,
¡t PHII,PHI2,VP

DELAY3 (l)=O
READ (5,IO) NSEG

þJRrrE (6,70) NsEG
READ (5,20) (NSH0TS (CTl) ,CTl=l,NSEG)
I,/R trE (6,80) (¡¡sHors (cr2) , cr2= I , NsEG)

READ (5,30) (DELAY (CTl) ,CTl=l,NSEG)
l^lRlrE (6,90) (0elnv (cr2) ,cT2=l,NsEG)
READ (5,40) (DELAY2 (CTl) , CTI=l ,NSEG)
t.JRtrE (6, too) (DELAY2 (CT2) ,CT2=l,NSEG)
D0 ì CTI=l,NSEG
NSHOT=NSHOTS (CTI)
READ (5,50) (nnp (Cf l ,CT2) , CT2=l , NSH0T)

!.JRITE (6,1lo) cTl, (4,'1P (cTì,cT2) ,CTZ=I,NSHoT)
] CONT I NUE

READ (!, rt) R3 , D LAY
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wRITE (6,tc) R3,DLAY
Rt=R (t)
p2=p (CT4)

DHT=O.230
I F (cT4.EQ.l) nHt=o.o
D=R ì t(tr2+Z:'rt(2

D ì =SQRT (D)

þ=ft1:tfrl{lfc:kf
D2=SQRT (D)

CTf=ç14* 
'DELAY3 (Cr4)= (DLAY+DHT+(R3/6.56)+ ( (nZ-Ol) /VP) ):t1000.0

7 CoNT I NUE

WRITE (6,9Ð DELAY3 (CT4) ,DLAY,DHT,R3,D2,DI
99 FoR¡4AT(' r,'DELAY3=r, 14,5X,5F6..l)
ro FoRf4AT (30X, l2)
2o FoRr,rAT(36X,ì512)
30 FoR|4AT(27X,15r4)
40 FoRr4AT (24X, l5 I 4)

50 FoRI'lAT (20X, I 5t \.2)
70 FORi4AT (' ' ,' # Ot SEG'-4ENTS I N SHoT PATTERN' , I 2)
80 FORI4AT(' 

"'# 
OT SHOTS IN EACH SEGHENT="1512)

90 FORI4AT(' ','DELAYS t'JlTHlN EACH SEGI4ENT=',1514)
loo FORI'IAT(' ', TDELAYS BETWEEN EAcH SEGt'lENT=',l5l4)
tìo FoRtlAT(, ','SplKES 0F SEGI4ENT #"12, 15F4.1)

RETURN
END

c
^ -------L =======
C SUBROUT I NE T I I4E ALLOCATES T I I'IES TO THI DATA SUCH

C THAT THE REQUIRED FIRST ARRIVALS ARRIVE AT THE PROPER

c Tll4E.

c
SUBROUTI NE TI T,lE (DATA,T, LDATA,S I,START,ZERO)
I NTEGER Nì,N2,N3, LDATA, LDATAI,ZERO
REAL DATA (ZOOOt) ,DATAI (2000.|) ,T (2000ì)
REAL SI,START
N2=Z ER0

D0 ì Nì=I,LDATA
DATA I (t'tt ) =9¡ro t*"
¡2=!rl!+ ì

I CONT I NUE

N2=START/S I +0 .5
LDATA=LDATA-ZER0+ I

D0 2 Nl=l,LDATA
N2=N2+ì
IF (N2.GT.O) DATA(Nì)=DATAI (N2)

lF (N2.LE.o) DATA (Nl) =o.O
T (N I ) =START+N I ¡tS I

2 CONTI NUE

l OO FoRI'lAT (' r , r T l l'lE suCcEssFULLY c0t4PLETED ' )
RETURN

END
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^ -_-----L ==============================!---
C SUBROUT I NE DRAY DER I VES A SP I KE SER I ES TO

C REPRESENT THE ARRIVAL OF A DIRECT RAY.

^ _------L =======
c

suBRouT I N E DRAY (rVrrurs,R, z,vE L, s l, NT I l'1E D, l'lAXT I t4, 0PTN2, 0PTN3)

I NTEGER OPTN2, OPTN3
REAL PHI ],PH I 2,R,Z,DI ST,ARRVAL, EVENTS (ZOOOI)
pt=j"1\159265\
pH I l=ATAN (Z/R)+pt /z
PH I 2=ATAN (R/Z)
D I ST=S QRT (R:t:ll*lr'cfc 2)
T I tlE=D I ST/VE L
r F (0PTN2. EQ.2) G0 T0 2

IF (OPTN2"EQ.3.AND.NTII4ED.GT"O) GO TO 2

ARRVAL=C0S (PH l2) /SQRT (R:'cR:tR*R:tR)

I F (oPTN3.EQ. l) ARRVIt=-CoS (PHl l) :tsg5 (PHl2)
G0T03

2 ARRVAL=S tN (pH t2) /SQRT (R:tRrcprcRrrR)

rF (0pTN3.EQ. r) RRRVRT=SlN (PHlì)¡tS lN (PHl2)

3 CoNT r NUE

tT I HE=T I ¡lElS t+0.5
lT I l4E= lT I l'lE+l
D0 4 N=ì,lTll4E
EVENTS (t't) =o ' o
I F (N. EQ. lT I l¡tE) EVENTS (H) =nRRVRt

4 CONT I NUE

l'lAXT I l't= lT ll'lE
NT I HED=NT ll'lED+l
RETURN

END

c
^ -------L =======
C SUBROUTINE AD ADDS THE DIFERENT TYPES OF

C WAVES TOGETHER

^ -------
c

SUBROUTI NE AD (DATA,DATAI,DATA2, LDATA)

I NTEGER CTI , LDATA
REAL DATA.| (2OOOl) , DATA (20001) , DATA2 (20001)
D0 I CTì=l'LDATA
DATA (cTl) =DATAI (cTl) +DATA2 (cTl)

I CONTI NUE

RETURN

END

c
l^ 

------- ========================================L -------

C SUBROUTINE CONV IS A SII4PLE CONVOLUTION ROUTINE

C WH I CH TAKES AN OPERATOR (WAVELET) AND CONVOLVES

C IT I,JITH A DATA SET (DATA). SINCE THE OPERATOR IS
C I S OFTEN AS LONG OR LONGER THAN THE LENGTH OF THE

C DATA SET, ZEROES ARE ADDED TO THE FRONT OF THE

c DATA SET. THE NUi4BER 0F ZERoES lS EQUAL T0 THE

C LENGTH OF THE OPERATOR. THIS IS VALID SINCE THE

C DATA AT THE BEGINNING OF THE DATA SET IS ESSENT-
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C I ALLY ZERO. ______________:_L -===--:
c

SUBROUTINE CONV (START,T II,1T, DATA2, DATA, LDATA, OPTOR, OPLTH, S I)
I NTEGER CTI, CT2, CT3, CT4, LDATAI, LDATA2, LDATA,OPLTH,

¡.C DELAY(IO),DELAY2(10)
REAL START,DATA (2OOOl) ,DATAI (20001) ,0Pî0R(5OO) ,Tl¡,lE (20001) ,

tr DATA2 (20001)
D0 I CTI='l, ì0000
DATA2 (Ctt¡ =9.9

] CONT I NUE

LDATA I =LDATA+0PLTH- ì

LDATA2=LDATA I +0PLTH- I

TIT,lE (ì)=START
D0 l0 CTI=ì , LDATA2
CT2=CTì- (0PLTH-l)
r F (cT2.LE.0) DATAI (Ctt¡ =s.s
I F (CT2'GT'O'AND'CTl' LE'LDATAI) DATAI (Ctt¡ =3¡TA (CT2)

r F (cTr .GT.LDATAI) DATAI (Cti) =O.O
IO CONTINUE

D0 200 CTI=l,LDATAl
DATA2(Ctl)=o.o
CT2=CT I

D0 ì00 CTJ=ì,OPLTH
CT4=0PLTH-CT3+l
DATA2 (Cl I ) =ORrR I (CT2) ,,rOpToR (CT4) +DATA2 (CT I )
CT2=CT2+ ì

ì OO CONT I NUE

2OO CONT I NUE

LDATA=LDATA I
2o FoRr4AT(5F10.7)

RETURN

END

c
c
C SUBROUTINE OPER GENERATES A SERIES OF SPIKES
C TO REPRESENT EACH SHOT IN A BLAST. THE AI{PLITUDE
C OF EACH SP IKE DEPENDS ON THE I'¡UI4BER OF SHOTS

C EXPLOD ING AT ANY PART ICULAR T II'lE. THE SER I ES OF

C SP IKES WILL THEN BE CONVOLVED WITH A I,IAVELET TO

C GENERATE THE SOURCE S I GNAL.

c
SUBROUTI NE OPER (AI4P,OPRI, LTH],NSHOTS,S I,DELAY,DELAY2,

tr NSEG,DELAY3,CT4)
TNTEGER CTI,CT2,CT3,DELAY (t0) ,DtLAY2 (.l0) ,NSHoTS (10) ,NSEG,

r. LTH,BLTH,LTHI,DELAY3(5),CT4
REAL AHP (ì0,50) ,OPR(2OOOl) ,0PRl (20001) ,sl,BLAsr(zoool)
D0 I CTI=.I,2000ì
oPR (cT l ) =o. o

I CONT I NUE

D0 3 CTI=l,NSEG
cALL 0P (Rt'tp, gllsl,BLTH,NsHoTs,s l, DELAY, CTI)
LTH=BLTH+DELAY2 (CTl)
D0 2 CT2=l, LTH
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cT3=ç12-OELAY2 (CTl)
I F (cT3. LE . o) BLAST (ct3¡ =e.6
0PR (CTz) =oPR (CT2) +BLAST (CT3)

2 CONT I NUE

3 CoNT I NUE

LTH]=LTH+DELAY3 (CT4)

DO 4 CTì=],LTHI
CT2=CTì -DELAY3 (CT4)

I F (cT2 . LE .0) C12=2
oPRr (crl) =0PRl (crl) +0PR (cr2)

4 CONT I NUE

RETURN

END

c
^ -------tJ =:==-=:

C SUBROUTINE OP GENERATES A SERIES OF SPIKES
C WHICH REPRESENTS PART OF THE OPERATOR REPRESENT-
C THE BLAST. THE OPERATORS GENERATED IN THIS SUB-
C ROUTINE ARE ADDED TOGETHER IN OPER TO GENERATE

C A COI'IPLETE OPERATOR TO REPRESENT THE BLAST.
a 

-------L ===-==:
c

SUBROUTI NE OP (AI4P,BLAST,BLTH,NSHOTS,S I,DELAY, CT2)
INTEGER CTI,CT2 ,CT3,NSHOTS (IO) ,DELAY (IO) , LENGTH,BLTH,

¡'c I'T0DI, IDSAI'IP
REAL BLAST (2OOOI) ,AI'IP (IO,50) ,OPR (2OOOI) ,S I ,RDSAI4P,RDELAY
CTì=2
RDELAY=DELAY (CT2)

RDSAi4p=RD ELAy / (S I ¡r I000) +0 . I
I DSA|IP=RDSAHP
BLTH=NSH0TS (CT2) )t I DSAI'IP- I DSAI'IP+l
BLAST(l)=Rnp(CT2,l)
I F (DELAY (CT2) .EQ.O) RETURN

D0 30 CT3=2'BLTH
titOD l =fl0D (cT3, I DSAHP)
rF (r,r0Dr.EQ.l) G0 T0 lo
BLAST (cr3¡ =9
G0 T0 20

to BLAST (Ct3¡ =¡¡p (CT2, CTI)
CT 1=CT I +l

20 CONTI NUE

30 coNT r NUE

RETURN

END

c
a 

-------L ==----:
C SUBROUT INE NORI4LZ NOR'"141IZES THE SOURCE S IGNAL
C DATA TO 'ONE' .

^ -------L ======-
c

SUBROUT I NE NORI,ILZ (GT, LENGTH)

REAL GtlAX, GT (2ooo I ) , GTAU

I NTEGER CTI , CT2, LENGTH

GI1AX=O .0
D0 I CTI=ì'LENGTH
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c
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GTAU=GT (CT ] )
IF (ABS (GTAU) .GT.GT4AX) GI4AX=ABS (GTAU)

I CONT I NUE

}JR trE (6, l o) Gl,tAX

D0 2 CT2=l'LENGTH
GT (CT2) =GT (CT2) /GI'IAX

2 CONT I NUE

lO FOR|'IAT ('','Gi'1AX=',F15. l0)
RETURN

END

c
a --------------===============================================L -------

C SUBROUTINE GRAPH PLOTS THE FINAL SOURCE SIGNAL

SUBROUTI NE GRAPH (TAU,GTAU,N, LENGTH,SHOT)
I NTEGER I BUF, LENGTH,LENTHI, LENTH2

REAL TAU (2OOo ì ) , GTAU (2ooo I )
D0 I I NN=LENGTH,4000
GTAU (¡tN) =O . O

NN2=NN- ì

TAU (NN) =TAU (NN2) +0.001
Iì CONTINUE

LENGTH=8OOO
LENTH I =LENGTH+l
LENTH2=LENGTH+2

c CALL SIZE(12.0)
CALL PLOTS ( I BUF, SOOO)

cALL PLOT (0.0,-l 1 .0,-3)
cALL PLOT (0.0,0.5,-3)

c cALL FACToR (2.0)
CALL NEWPEN (2)
CALL FACTOR (0.75)
CALL SCALE (TAU,8.O,LENGTH, ])
CALL SCALE (GTAU,2.O,LENGTH, ì)
CALL AX I S (0.0, O.O,' T I T'lE', -4, 8.0, O.O,TAU (LENTH I),TAU (LENTH2) )

CALL AXIS (O.O,O.O, 'AI'IPLlTUDE' ,9,2.O,90.O,GTAU (LENTHI) ,

:t GTAU (LENTH2) )

CALL L I NE (TAU,GTAU, LENGTH, I ,0,4)
cALL NUt'lBER (0 . 96 ,2 .4,0 .07 , SH0T,0 . , l )
cAL L PL0T (8 .0 , 0 .0 , 999)
RETURN

END

C/ /GO.FTOIFOOI DD DSN=EEFTOIFOOì,UNIT=SYSDA,DI SP=(NEW,PASS)'
C/ / SpACE= (CyL , (2,2))
C/ /GO.Vt^roRK DD DSN=&EVWoRK, UN lT=SYSDA,D I 5p= (NEW, PASS)'
c/ / sPAcE= (cYL , (Z,Z))
C/ /G0. SYS I N DD tr

1-::::---::::-:::iXå+'hi i^ll,ìi'-::-:::-::----::::-
SH0T= 

.l.0, OPTl0Nì=1, OPTl0N2=3, OPTl0NJ= 1

LDATA= ìOOO, SI=O.OOI, # OF SHOT PATTERNS= I' START= O.O

5ytl=lOO0.O: PVEL=4700.0, VDIST=lO2.OO, VGRAD=0.OOO, HDIST= 441.96
4000.0 5700.0 100.0 .l.0 1.0 1.0 1.0 1.0
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# or SECNETIS IN SHOT PATTERN= I

# or SUorS WITHIN EACH SHOT PATTERN=I2
DE LAYS W ITH I N EACH SEGI'IENT= 50
DELAYS BETWEEN SEGÈIENTS= O

sprKES 0F sEG¡'IENT #t ì.0 2.0 3.0 4.0 4.0 5"0 4.0 4.0 l+.0 3 "o 2"O
1.0
0.0 0.0

----sHor #2 (H-86 AND r -36) ----

SH0T= 2.0, OPTl0Nl=ì, 0PTl0N2=3, 0PTl0N3= I

LDATA= ]OOO, SI=O.OOI, # OF SHOT PATTTRNS= 2, START= O.O

SVEL=3500.0, py¡¡=!/OO.O, VDIST=lO2.OO, VGRAD=0.OOO, HDIST= 219.\6
405 .38
4000.0 6ooo.0 r20.0 1.0 1.0 .l.0 1.0 1.0
# or sEcmerurs I N sHor PATTERN= 4

# OF SHoTS WITHIN EACH SHOT PATTERN=24242I+24
DELAYS wlTH lN EACH SEGI'IENT= 50 50 50 50
DELAYS BETWEEN SEGHENTS= O 65 65 65 65
SPtKES 0F SEG¡1ENT #t 1.0 1.0 ì.0 i.0 1.0 1.0 1.0 1.0 ì .0 1.0 I.0

1.0 t.0 1.0 I

sprKEs 0F SEG¡4ENT #l .l.0 1.0 1.0 1.0 1.0 1.0 1.0 I "0 1.0
SPTKES 0F SEGI4ENT #Z 1.0 1.0 1.0 ì "0 1.0 1.0 1.0 1.0 I "0 1.0 I "0

t.0 1.0 .l.0 
1

SPtKES 0F SEGI,IENT #2 1.0 ì "0 ì.0 1.0 1.0 .l.0 
I "0 I "0 I "0

sprKEs 0F SEGi4ENT #3 ì.0 1.0 1.0 ì.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
1.0 1.0 1.0 l
SPTKES 0F SEGHENT #3 .l.0 1.0 ì.0 1.0 1.0 1.0 1.0 ì.0 ì.0
SPTKES 0F SEG|4ENT #\ 1.0 ì.0 .l.0 

I "0 1.0 1.0 1.0 1.0 1.0 1.0 .l.0
t.0 t.0 ì .0 l.
sprKEs 0F sEGr,lENT #4 I "0 1.0 1.0 1.0 1.0 I "0 1.0 1.0 I "0
0.0 0.0
# or s¡cmrruts tN sHor PATTERN= I

# oT SHoTS Ì¡JITHIN EACH SHOT PATTERN= 7

DELAYS I.JITHIN EACH SEGHENT= 50
DELAYS BETWEEN SEGt'lENTS= 0
sptKEs oF sEGr'lENT #l 2.0 3.0 4.0 5.0 4.0 2"0 1.0
0.073 0.68
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