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ABSTRACT

A section of a regional crustal deep seismic sounding, .,,.',.,,:

between latitude 49030t N and 52oN and longitude 93ow to

longitude 98ow, was examined in d.etail by a 52 mile continu-

ous combined refraction and wid.e-angle refLection survey' '',...
'::'..r: i

This survey confirms the existence of Lhe rntermediate and 
.;t,:.-,

Mohorovicic discontinuities as was d'etermined by the : '

regional study. It also reveals a major crustal fracture

zone in the Intermediate discontinuity with maximum movement

of 3.5 km.

Thepresentstudywasthefirstattemptonthis

continent to apply continuous profiling techniques in deep

crustal seismic invest.igations. It proves that the ordinary

survey methods can lead to an oversimplified interpret'ation

of the earthr s crust. 
.,,,,,,

Theobserveddat'avüaSprocessedwiththe1atest

digital f iltering techniques. Description is given of the ::' :

developed computer Programs and the analog to digital

conversion sYstem-

An eleven mile experimental nearly-vertical reflec- 
.J,,

tion survey exhibit.s arrivals from the Intermediate

discontinuity. It was found that this meth:"od is applicable

on the Precambrian shield, but the results indicate that
ii
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for successful studies of this nature further modifications

are required on field survey procedures'
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CHAPTER I

INTRODUCTIOI'{

Explosion studies of the crust of the earth were

started in Manitoba and Northwestern ontario at the

beginning of the L960ts. Results of these investigations

have been pubtished in several papers; Hall and Brisbin

(1961), Hall (1964) , Ha1l and Brisbin (1965). These repre-

sent studies in central western Manitoba. Hobson (1967a) ,

Hobson et al- (Lg67l , Hunter and Mereu (1967\ , Barr (L967) |

Ruffman and Keen (Lg67) | Mereu and Hunter (1969) ' Ha]l

(1969), Hajnal (1969) deal with information from the

Hudson Bay area. Hall and Hajnal (1969) d'escribe surveys

in Northwestern ontario and southeastern Manitoba. with

the exception of the last paper, all the papers describe

reconnaissance refraction profile surveys with recording

locations some considerable distance apart. Ha1I and

Hajnal (1969) report a regional deep seismic sounding of

the earth's crust in consid,erably more detail over an area

between latitude 49030' N and 5Io3O' N and from longitude

930W to l0ngitude 964w. This was the firSt report on a

continuing program of crustal surveys in this area. The

present thesis includes maps of the portion of this larger

survey to the west of the area reported on by Hall and
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Hajnal to latitude 52oN and longitude 9BoW. This area covers

the southeast region of Manitoba, including the southern

section of Lake winnipeg. The surface,9eo1o9y in this

region indicates several major faults, extension of the

English River gneissic beltr âs well as large granite

plutons.

The field surveys were carried out in three

separate steps. First, the regional studies were continued

and contour maps of depths to Intermediate and the

Mohorovicic discontinuities prepared. The results of this

investigation show a major crustal structure j-n the

surveyed region. This is an extension of structures evident

on the maps of HaIl and Hajnal (1969). Second, a conLinu-

ous refraction profile was run over this feature to obtain

further detail on it. This profile, together with the

third step, namelyr âr eleven mile vertical reflection

profile that was run partly across the gneissic belt and

partly in the bordering granitic zone south of the belt,

are the principal subjects of investigation of the present

thesis.

The crustal surveys apptied both the refraction as

weJl as the variable angle (or wide-angle) reflection

methods. The verticaL reflectj-on survey used the Same

instrumentation but because of frequency considefations,

the type of geophones were changed. Energy was initiated

by under-water explosions, which varied in weight from a
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few pounds in the case of the reflection survey to a

thousand pounds for the longest shot-recorder distances in

the refraction work.

The field data underwent extensive laboratory

processing before interpretation. First, analog playback

techniques were applied and then interpretation using

these results WaS carried out using the standard refraction

as well as the modified time term or station-pair method,

described by Hall and Hajnal (1969).

one main objective of this study was to develop a

digital processing technique for crustal seismic data. A

new analog to digital convertor was incorporated in the

already existing instrument,ation. A method was developed.

for the continuous digitization of a large volume of analog

seismic data. Programs were written to check the new

digital data as well as to convert them to a form com-

patible to the university's I.B.M. 360/65 computer.

programs were created to design band-pass filters to given

specifications. Digital velocity filtering and multiple

correlation and integral processing were also carried out

where the data required J-t.

As a result of the digital processing, the seismic

sections are presented with the best possible detail. The

digitally processed data shows significant improvement

over the direct analog data mainly due to the elimination

of l-ow frequency noise. The investigation indicates the
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extreme versatility of the digital processing technique'

The many possibiliLies of variations in the display of data

become apparent when the description of the developed

plotting programs are examined in detail'

The velocity determination followed the techniques

of Hatl and Hajnal (1969). A new iteration process was

developed to find unique velocity values for the incorpora-

tion of the wide-angle reflection data. The values of

velocity obtained from the application of different methods '

reveal a layered crust with uniform velocities between

interfaces.
The interpretation of the continuous refraction

survey data reveal a major fracture zor\e in t'he upper part

of the crust. criteria for the recognition of deep crustal

fracturezonesweredescribedandtested.Significant

correlations rlrere observed between the crustal feature and

the available surface geological information. A ciescription

is given for the application of combined' refraction and

wide-angle reflection data in the process of interpretation'

Thenearly-verticalreflectionprofilediscloses

near-surface geological features ' It shows possible

arrivals from the intermediate discontinuity. The results

indicate that with some modifications this technique is

applicableont'hePrecambrianShield..Itcanprovide
details of close-surface and deep-crustal structures, which

would be difficult or impossible to detect with other methods'
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The crustal interfaces exhibit just as detailed and

sudden Structural changes aS are observable in near-surface

investigations. The present study proves that complete

understanding of the deep structural conditions in the crust

requires detailed seismic investigations. It is also

evident that large separation between recording sites will

lead to results which in many cases will over-simplify the

crustal geological Picture.



CHAPTER II

FIELD PROCEDURES

Therearethreedistinctsetsofobserveddata.

These sets of d.ata come from regional refraction surveys,

continuousprofilingrefractionSurVeySandnear-vertical

reflectionsurveys.Thefieldsurveytechniquesaresome-
what modified from one survey to another and these

differencesand"possiblefurthermodificationsrequire

description and thus are presented here'

Regional Refraction SurveYs

Therecord'ingwascarriedoutwithtruckmounted

Texas ïnstrument vLF-2 equipment. The technical descrip-

tion of the complete syst'em is given in the section on

instrumentation.RecordingwithLheequÍpmentispossible

evenatveryremoteornearlyinaccessableareasifair-

craft or track mounted transporting equipment is availabre'

Thepresentstudy\'vaslimitedtothoserecordingsites

whichwereaccessiblebyathree-quartertontruck.The

record.ing crevr personnel comprised one observer and two

fietdassistants.Theprod.uctionisusual}yoneobserva-

tion per oay. Two observations per day are possible

provided th.e recording sites are less than sixty miles

apart.
6

.:.



liì:.ìì'l i.a:i'

7

The present system is equipped with two half-mile

long seismic cables. These cables haVe twelve take-outs

four hundred and forty feet apart. The seismometers

connected to the take-outs lüere Geo-Space HS-10-1 types '

Four horizontal and eight vertical seismometers \^7ere used'

These are velocity-sensitive, high-output detectors. when

possible, the seismometers h/ere buried, approximately one

to two feet in the ground. The "number one'o take-out was

located at the end of the array closest to the shotpoínt'

The horizontal detectors were located in pairs at array

locations two, three, and array locations ten and efeven.

An attempt was made to locate one horizontal detector of

each pair in the direct.ion of the energy propogation and

the other at a right an91e to it. Because the point of

interest for depth determination was in the range of 10 km'

or deeper, the recording site was mainly located at

distances of 40 km. or more from the shotpoint.

The approximate position of the recording sites were

determined on topographic maps prior to the survey. An

attempt was made to find a mile section of the road which

was relatively straight and IeveI, with a direction having

a minimum deviation from the direction of energy propoga-

tions. If the planned location did not fit into the above

specifications when it was visited, the site was relocated

if a better place was found in approximately a 4-5 mile

radius. The new location was marked on the topographic
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map.Figurelshowstherecordingsitesusedinthepresent
survey.

Regionalsurveyswerestarted'inthisareaaround

1963.onlyonesegmentofthelongtermprojectisapart

of this study. The results of the investigations between

1963 and Lg67 \^Iere published by Hall and Hajnal (1969) '

The data which extends the investigations to latit'ud'e 52oN

and longitude 98ow are presented here. This entire project

is supported by the National Research council and field

investigations are already extended beyond the above limits'

LimitingtheSurveytotravetableroadsmakesit
j-mpossible in many instances that the detector array is in

line with the shortest straight line direction towards the

shotpoint. Devj-ation from this ideal situation can vary

from zero to ninety degrees. ]'f. the deviat'ion is more than

five degrees, the observed arrival times from one detector

site to the other, do not show any useful or even observabl-e

time differences. This in some cases complicates the

recognition of the types of arrivals' During previous

phasesintheUniversityofManitoba'scrustalstudies

severalobservations\^/eremad.ebymovingthearrayoffthe
roadintherequireddirection.ThisinmostcasesmeanÈ
cutting narrovl lines in the bush and laying the cables

there. The observed background noise in these cases was

sohighthatLhispracticewasabandoned.Theseexperi-

mentswerecarri'edoutatthetimeswhenmagnetictape
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Location map of the regional and detailed
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recording was not available. It could be useful to try the

Sameexperimentrecordingthedataonmagnetictapeand

apptyingdigitalfilteringtechniquestotheobserveddata.

ïn these cases multi-detectors per channel might eliminate

some of the noise. A better control 0f the noise would be

possible if the seismic amplifiers are equipped not just

with high cut filters as in the present case ' but also

with filters for the lower side of the frequency spectrum'

Continuous Refraction Profile

The instrumentation of this survey was exactly the

same as in the previous case. The crew personnel was also

unaltered. This technique requires a continuous seismic

survey along a given distance. The observations were taken

along the Provincial Highway Number 304 starting from the

townofBissett.Therecordingpointsareindicatedon
Figurel.Thefirstfourtysitesarealongtheroadfrom

Bissett to south of sandy River. The second set of twelve

sites start at the intersection of o'Hanley River and t'he

highway and continues south along the road. Every recording

covers 1 mile. After each observation both cables were

rolledupandwhenthenewsetupwaslaidouttheprevious
number lwelve detector l0cation became the number one

detector position for the new site. under favorable

weather.conditions the three men coul-c cover five miles a

day. This production could be improved quite extensively
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with a larger crevÍ and a second set of cables arrd detectors '

Vertical Reflection Profile

Thisshortstudywasonlyexperimentalinnature.

Ti:.is method has gained on1-y occasional- a.pplication in'

crustal seismic studies; therefore' a st¿indardized surveying

technique does not exist. Recently Kanasewich arrd cun"ming

(1965), Clowes et aI (1968) reported good' results with near-

r,,ertical reflection arrivals from cleep crustal layers usi-ng

the same VLF-2 recordinE systenr as used in the present

study. Both clowes and Dix (1965) indícate that the arrival

frequencies were soI*newhäL higher than in cases of equivalent

ref ractions. Dj-x (1965 , p ' 1069 ) ir' theoret'ical calcul-ations

shows that the principal frequency can vary frcm 12 Lc' 25

cps. cl-owes et al (1968) contri.bute the good quality of the

field data they obtained to the specially d'esigned ar:rays

of sources and. detectors. Their arrival frequencies were

doniinarrtlY between 10-15 cps' '

Usingthesereferences,theonecps.detectorswere

repl.acedwíthEVS-4,7'5cps'detectors'Thestudyofnear
surfacerefr'actionrecordsinÈhisôreashowedthatthe
groundrollhasafrequencyrangeof2.S5to3.Tcps.with

averagie velocity of propogation of 3'I kn' /sec" The

design of a detector a.rray which would eliminate this noise

would require a complex cabling arrangement which v¡e do rrot

have.

Because of its unusual nature no standard system
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could be used. The making of the cable and the extra cre!ì/

it would require to move it created such a financial burden

on the budget of the experiment that the use of the special

detector array could not be used. Thus the vLF-2 recording

system with the standard cables and one 7 L/2 cps. detector

per take out were implemented for the project' It was

found that by buryilg the detectors the noise level was

markedly decreased. The location of the nearly vertical

reflection survey, including the recording sites and shot-

point are indicated on Figure 2.

Shot^point

The success of the deep seismic sounding depends in

a major proportion on the effectiveness of the applied

energy source. If the energy source is too small or the

energy is not efficiently propogated in the direction of

interest, only small and unreliable arrivals will be

observed. Large distances between shotpoint and recording

sites in crustal refraction surveys require usually large

energy sources. The most accepted energy source at the

present time is the detonation of explosives. The physical

conditions und.er which the shot is fired. have a large

influence on the amount of energy and the character of t'he

seismic waves. A good shotpoint location must be large

enough for a load of over a thousand pounds of explosives'

It must provide sufficient tamping to ensure that the gases

d.o not blow out in a time comparable with the longest
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period of interest in the refracÈed arrival'

rnpreviousstudies(HallandHajnal'1969'p'82)

experiments were carried out using abandoned mine shafts

and ventilation raises for shotpoint locations. Although

deep and waterfilled mine shafts are good shotpoints there

are only a Very few in existence in the surveyed region;

therefore the use of this type of shotpoint had to be dis-

carded.

BecausethePrecambriansectionofthesurveyed

area is extensively covered wíth lakes, detailed proced'ures

\Mere developed to use underwater explosions as the source

of seismic energy. cole (1948), O'tsrien (1959 , 1967) ,

Vúeston(1960),steinhartandMeyer(196I),Barnhard(1967)
givegeneraldescriptionsofexperimentalshootinginwater.
The conditions existing in the present case required some

special consid"eraÈions. Most of the charge sizes applied'

here were in the range between 400-1500 pounds, but only

60-70 feet of water depth was available in the lakes where

the location of shotpoint became necessary'

Vlhenaêhargeofexplosivesisdetonatedunderwater

the immediate result is a very 1ar9e ampliÈude pressure

pulse roughly in the form of an exponential spike' The

durationofthespikeincreasesasthecuberootofthe

weight of the charge (Cole f948) ' At regular intervals

thereafter a series of pulses of much smaller amplitude is

radiated. These are associated with. the pulsating bubble
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of hot gases and. consequently are referred to as bubble

pulses. These pulses carry only a small f raction of t'he

energy in comparison to the primary pulse, but in certain

cases can lead to later arrivals, which can cause problems

in interpretation.
Cole(1948,p.40r)concludesthatthefirstbubble

pulse will be radiated. at a time T, after the primary shock

\iúave where

T, = +.a *l/3 (d + T)-5/6 sec.

W = charge size in Pounds

d = depth in feet

There is no reference concerning the bubble pulse

when several smaller charges, separated. 150 feet \^7ere

detonated at the same time. It was considered here tha-t

they behave as separate units. During the refraction

profile survey fifty-two shots !ìiere fired from t'he same

shotpoint. The charges varied from three one-hundred pound

units to five one-hundred pount units. The water depth was

70 feet. The bubble pulse time for one-hundred pounds of

explosives for the above water depth is 0.43 sec.. No

consistant arrival delayed with such a time factor from the

first break was observed on the fifty-two records.

O'Brien (1960, p. 32) states that according to the

scaling law for the shock waves the seismic amplitude is

A=XVln
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h/here x = constant scale factor and n = 2/3 for marine work,

but can change slightly from one explosive to another.

Accord.ing to this last equation the maximum seismic

amplitude will only be obtained by splitting the charge

into a number of smaller units. using severaf smaller

charges at the same time makes it possible that less water

depth will still provide enough tamping for the total

charge package.

The usual unit charges \^7ere two 50 pound cans of

ammonia nitrate (Nitrone SM-Super X) blasting agent' These

charges had their ov¿n cap and booster. They lfere lowered

to the bottom of Èhe lake from a small boat. The units

were located 150 feet apart. For safety precautions every

package was subnerged in the water by rope and' all the

package locations were marked with a buoy. The same proce-

dure was foLlowed during the entire field survey.

Fortheverticalreflectionprogramtheshotpoint

had to be located in the wanipagow River approximately one

mile from the Hole River Indian Reserve. Here t'he water

depth was only 15 feet. The applied explosive charges were

two and a half pounds, twenty-five pounds and fifty pounds'

The computed bubble pulse times are 0.277 sec., 0.5099 sec.,

Q.6424 sec. respectiVely. Because of the shal]ow water

conditions even in the case of small charges ' very poor

tamping was created. Radial plume was formed right after

the first shock wave and the expanding gases broke the
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water surface-

Nocomparisoncould.bemadebetweenÈheefficiency

of undervrater explosion energy source and shots fired in

drilted holes. OrBrien (1967, p. 163) shows a table which

indicates that the underwater explosions are far more

efficient at producing low-frequency energy than the under-

ground explosions. He also indicates that the water

bottom conditions could effect the transmission of the

incident energy, which can make the underwater explosion

less efficient than the standard underground charges'
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CHAPTER III

INSTRUMENTATION

Recording SYstem

The complete seismic instrumentation of the univer-

sity of Manitoba Department of Earth Sciences is shown in

outline form in Figure 3. The basic unit is the Texas

Instruments Incorporated vLF 2 refxaction system. This

includes the power supply and the RS-12 recording oscillo-

graphs.

Thisunit.hasaflatfrequencyresponsebetweent

to40cyclespersecond.Gainadjustmentsaremadein6

d.ecibte steps between 0 and 66 decibles. The high cut

frequency switch adjusts the cut-off frequency of the high

cut filter at I' J.2, L6, 24,32, and 48 cycles per second'

The recording units have twenty-five galvanometers, twelve

for high level gain and twelve for low level gain. There

is a four to one (twelve decible) amplitude ratio between

the two sets of galvanometer outputs. The twenty-fifth

galvonometer is used for time information data. A basic

time signal was received through a Specification Products

ModeMff\/T receiver. The original unit had operating

frequencies of 2.5, 5, 10, 20, and 25 megacycles. This was

later modified, d 2.5 megacycle crystal was replaced with

a 3.3 megacycle one. This made it possibLe to receive the

18
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Canadian standard time signal. The audio output of this

receiver can be set at 440, 600, and 1000 cycles per second.

The system was significantly modified in 1966 when

an Ampex Model CP-100 fourteen channel tape recorder and a

Southwestern Industrial Electronics Model MU-21 modulator-

demodulator unit was added. The tape transport takes one

inch magnetic tape. One reel contains 3600 feeÈ of tape.

Tape speed can be varied in the following manner I 7/8,

3 3/4,7 L/2,15,30, and 60 inches per second. For the

seismic operation it was set at 3 3/4 inches per second.

At this speed the signal to noise ratio is 42 decibles

between 0-L25 cycles per second. The total harmonic dis-

tortion is not more than 2%.

The model MU-21 is a fourteen channel, transistor-

ized, frequency-modulated, record reproducing electronic

unit. It contains seven transistorized clual channel

modulators and seven transistorized dual channel demodulator

units. Maximum input voltage l-evel is 10.375 vo1ts. The

maximum output voltage leve1 is at !2.2 volts. The center

frequency is set aÈ 3375 cycles per second. The total

carrier swing is between 1750-6250 cycles per second. Its

frequency response is within 3 decibles between 1 to 300

cycles per second.

The original unit was set to record at =30 decibles

through channel-s I to 6 and at 0 decibles through channel

7 to L2. Channels 13 and 14 were used for timing signals.
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Vìiith the present system channels t to 6 were modified to

record at 0 decibles. With this it becomes possible to

record on magnetic tape the outputs of L2 high-l-evel Texas

Instruments arplifiers. The acquisition of a Mode1 3000

oscillographic time-code generator made it possible to

eliminate recording delays vrhich hiere caused by poor

reception of the wvüv signals. This unit is a product of

the chrono-Log Corporation. This time-code generator

produces an B-4-2-L binary coded digital representation of

time. once every minute a complete time code pattern is

generaÈed. The power requinement is 115 volts, 60 cycles

per second. The unit uses the 60 cycle per second fre-

quency as the time base. The modification this unit

required are the following; the wvüv signal was moved to

channel 13 on the magnetic tape and to galvanometer number

24 on the camera and the cronolog sj-gnal goes to the twenty-

fifth. In order to have recordable binary pulses the 100

cycle per second standard signal was connected from the

camers to the MU-21 modulator through the power supply

plug. The contact closures on the time generator are nov/

used to open or suppress this continuous pulse during

recording. with this method the binary pulses, which are

3 seconds, I second, 0.4 second in duration can be analysed

as close as 0.01 seconds.

AS it was pointed. out previously, the accuracy of

the time code generator depends upon the 60 cycle per
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second frequency. The unit requires 300 watts of power at

peak period and 15 watts in average performance. Because

the seismic system is operated. in remote areas the main

power supply available is a L2 volt batLery. An invertor

was therefore required to supply 60 cycles per second A'C'

voltage with the above polrer requirement' It became

infeasible to obtain a single unit which has the necessary

specification. Modifications were made in which a Heathkit

model MP-10 invertor supplies the driving power and a model-

PP-6oinvertorsuppliesthestandardfrequency.This

second unit has accuracy of t5 ppm. with this arrangement

the time code generator is accurate to t6. B milli-seconds

in an hour. one good automotive L2 volt battery can supply

enough power for an eighteen hour operation'

All- twelve of the detectors used for the observa-

tions were Hall-Sears, Model H.S.-10-1 with natural

frequency of one c;p.s.. These seismometers have 4000 ohms

stand,ard impedance. Eight of the detectors were vertical

seismometers and four were horizontal seismometers.

Analog to Digital Conversion

The Data Acquisition system described here is a

product of Radiation Incorporated. The major components of

the system are indicate.d on Figure 4. The operations and

specifications of the significant components are described

in the following;
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The Model 5416 nuttiplexer contains 16 input gaÈes

with associated address buffers. The packaging concept

employed in the design of the system makes it possible to

conrbine any numJcer of units without modification of the

basic package. With this combj-nation, the number of

digi-tized channels can be expandeci in sets of síxteen.

Every package must operate a minimum of two ckrannels.

Input signal is from 5 micrcvolts to 10 volts full scale.

The input signal is fed through two sets of 16 phone plugs.

The two ínput jacks, 5IA and 518 provid.e two functions:

(f) analog input connectors (2) switching between

dif ferent.ial anci single ended signals, placing the out¡:'ut

signals on the proper louses. 514 is the 3 wire ëifferent.ial

input jack whose bushing is 0.2 inches which will not

accept the standard 0.25 plug used for the single-end'ed

signal.

The Model 5710 MulÈiplexer Programmer provid'es ttre

necessary gating information to open and close the gates of

companion multiplexer units durj-ng data acquisitj-on. Th.e

unit is able to control 64 channels that is 4 multiplexer

units in one cycle. A front panel control provides the

possibility to monitor any one of the 64 channels. This

gives a chance to check any one of the channels for irrput

signal. The Frogrammer contains a six stage bi¡¿512 counter

v¡hich counts the number of channeLs examined. Th.e counter

may be patched ù,o recycle to zero at any predetermined
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count, so that it is adaptable to any nunrber of n"ultiplexer

charrnels (2 through 64). Patchirrg is acconrplished by the

use of actual patch-mociules in the Progranmer. Patch-

modules, designated in octal cocJe (O through B) are provided

with the system. The calculaLion for the required moduies

is shown on an example for a 12 channels operation

i2 ', = octâr 14
--=J--rÁå

Thus to run the system with L2 channels an octal 1 module

a-nd an octal 4 module are required at plug A5B and A7B on

the progïammer board. This procedure is described in more

detailintheirrstructionmanualoftheMultiplexer
Programmer.

Thre actuaL conversion of an analog ciata sample to

d,igital form is carried out by the Mocrel 5516 analog to

digita}converter.Theinputvoltagerangeofthisunitis

5.120 volts futl scale. The nornial digital output of the

conrzert'êr is a'n eleven bit (¡:lus sign-bit) binary format

in either serial or parallel form. The conversion cf the

arralog input voltages into binary nunrber is accomplished by

a feedback method knov¡n as the half-split sampling technique'

with this method a current is generated v¿hich is propor-

tionaltotheinput.voltageandwhichiscompared

sequentially with a series of internally generated currents

whichhaveabinaryrelationshiptoeachother.The
display unit on the front of the panel consists of thirteen
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h"ghts which indicate the sign (+ or -) and the presence or

absence of bits of t'he binary word'

The unit between the analog to cligital converter

ani the tape recorder provides the control for the entire

system. The system produces IB!1 compatible seven t'rack

m.agrretic tapes at a packing i.ensity of 800 bits per inch or

556 bits per inch. Figure 5 exhibits the seven track

magnetic taPe format.

Thesetof2404orL6s4charactersrepresenta

digital record. The analog record may require ff'any digital

records. For the proper id-entif ication of the d'igital

records tlre control unit has the following logic developed'

Each ciigital recorcl is identified with two nunil¡ers' The

first one is generated by the header identifier. This is

a digiÈran thumbr,sheel switch, set up in binary coded octal

characters. This number stays constant unless the operat'or

makes changes on the thumbwheei. This character therefore

is used. for the identification of the analog record'

T¡e second. number is generated- by an B stage (27 )

binary counter. The binary counter counts the nunber of

oigitat records written on tape and the preserrt record

number is inserted into the header information' The counter

does not reset to zero when recorOing is stopped' If it

isrequiredt.hatthiscounterstartsatzeroatthe

beginning of the digital record the scan Identification

Reset switch must be pushed before the recording is started'



, BOT GAP . DATA RECORD:
ll¡-r*o*. 3.5 ¡rchã'fr- z4o4 cHAR. /800 BPr
| | 1684 cFIAR. /s56 p.Pr

LONG. PARIÎY M.A,RK

FC¡*\1AT

TR.A'CK

++++++++
++++++++
++++++++
++++++++
++++++++
++++++++
++++++++

c
B

8

z
l'

DAT.ê,'IAIORD

PP
+I 25
Zl0 24
z9 23
28 zz
27 2l
26 2o

lD & Scan 24OO/168C Data Characters
Information

+++++ + ++++++
+++++ + ++++++
+++++ + ++++++
+++++ + ++++++
+++++ + ++++++
+++++ + ++++++
+++++ + ++++++

(Nominal)

lrR GAP 
I

| 0. 75 in.l

END OF FILE ÙTARK1
LoNG. PARITY lvf.ARKl IsroP I Itltl

FIGURE 5.

TAPE DIRECTION
(oxrDE SIDE)

+++
+++

7 track magnetic taPe format

+++
+++
+++
+++

+
+
+
+
+
+
+

I,AST
DATA
RTCORD

00
00
00
1l
11
11l1

it;

';.

:..

|:

,1.)

Ír
l-.

Figure

L.-3

Trpc Forrnrt

t\)\¡ l:



.:i.l:'.;a:l:a:-:

2B

trrearnpextapetranspcrtusesanlBMcompatiblecne

half-inch magnetic tape. The tape speed is 22.5 irrches per

second ciuring the digitization period'

Shotpoint EquiPment

The shotpoint instrumentation is designeci for the

accurate observation of the time of detonation of the

energy source. The schernatic irrstrumentation is shown in

Figure 6.

ApaPerrecord.ingatLheshotinstanLandabsolute

time were made by the century Model 444Ft 31-3 recorder.

This is a four channel dry photographj-c tyL-'e instrument'

ït has four electri.cally controlled externally selectable

speeds, l, 5, 10, or 50 inches per second' The unit uses

Model 210 galvancmeters available with 10 different natural

frequencies and Èhe 30 cps frequency was used' The galvano-

meters sensiti\rity is also variable between 0'015 to 140

MA per inch. The sensitivity decreases with the irrcrease

of the natural frequency. In the present operation, channel

one records the wwv standard signal and channel four

indicates the moment of explosion'

Thed.etonationoftheexplosivematerialswas

achieved by a Fiall Sears Model HS-200 blaster units' This

irrstrument is a.ble to provide from 0 to 150 volts D'C' for

the firing line- It is equipped with a line testing

component as well as a remote firing system'

Thetimingsignalreceiverisequivalenttothe
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instrument described for the recording site facilities.

communication between the shotpoint and recording

site was achieved using two Humble Model- P-15 radio-

telephones. Both these units have four crystal tuned

channels and both are able to transmit 20 watts energy.

Vüith proper off center antennae they provide excellent

communication to a distance as far as 300 niiles.
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CHAPTEF. IV

GENERAL COM}4ENTS

As the previous d.escriptions indicate the original

low frequency crustal refraction unit underwent several

modifi-cations to inprove its perforrnance and reliability.

In iÈs present form it has provided excellent records, even

under severe field conditions.

Suggested New Instrumentation:

(i) At Recording Site

The combination of the Ampex tape recorder and the

vLF-2 system however has som.e drawbacks which should be

examined when considering new instrumentation. The tape

recorder a-nd modulator ha.ve only twelve seismic channels

while the vLF-2 system has twenty four. In the present

system the twelve high level- outputs of the VLF-2 amplifiers

are connected to the magnetic tape system. This arrange-

ment creates some problems in the case of extrerÊely .strong

signals. Extremely high anrplitude signals are distorted

by the amplifiers and are recorded in a clipped form by the

magnet.ic tape. The tape system itself has a very large

dynamic range and could probably record the original signal

without any distortion. It is possible to modify this

probl-em by taking six high level output and six low level
31
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outputs from the amplifiers and record these signals on the

magnetic tape. However, this step reduces ttre number of

useful channels as much as f if t'y percent in extreme cases '

A better modification appears to be a slfitch of six

channels of the high level output to automatic voltage

control.

(ii) At ShotPoint

Amplitude studies of crustal seismic data requires

the knowledge of the pulse shape created by the explosion'

The connection of a low sensitive seismorneter to one of the

channels of the shotpoint recorder could give sofite ind'ica-

tions about the original wavelet.



CHAPTER V

DIGITIZATION

Theblockd.iagramoftlredigitizingprocessisshown

on Figure 7. To obtain the proper analog signal for digiti-

zation the following modifications \^'ere carried out' All

demodulators have one hígh level and one low level output'

Thehighleveloutputsarenotused.fortheseismic

recordingandplaybackoperations;therefore,thesewere
available output sources for the digital process. Pins one

to twenty four on the geophysical output plug are wired' for

the standard seismic operation. By connecting the high

leveloutputsofthedemodulatonstopins2Sto36,ofthe

Sameplugseismicplaybackanddigitization,canbecarried

out.byhavingonematingconnectoroftheaboveplugwired

for output signal from pins L-24 and the other for signal

25 to 36. This second output is connected to the L2 input

channel of the 54L6 Multiplexer through L2 telephone plugs'

It was indicated in the description of the instru-

mentation that the analog to digital converter system

requires t 2 volts for fuIl scale digitization. If the

analogsignalleve'lishigherthant.hea'bovelimitthe
digitaldatawitlbehighlydistorted.Itispossibleto

change the output level of the demodulators and with t'he

33
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proper setting the previous problem can be eliminated.

Several strong seismic records were played back and the

output voltage levels \^/ere observed on calibrated oscil-lc-

scope. It was found that by setting the carrier voltage

level to 0.7 volts ninety eight per cent of the present

seismic d.ata could be digitized without any distortion.,.

The analog to digital converter syst'em is "qtriplå¿ 
À

with an external start/stop switch. Vfhen the system is in

the external operation stage it gequires a 0 volt level

pulse, applied by another system, to start the digiLízing

process. This st,arting pulse was taken from the drive

switch of the CP-100 tape recorder. Vühen the drive switch

starts the tape recorder, a KRP-50, 24V DC relay closes

the converter unit external start circuitry this at the

same time starts the converter. The above relay is

located in the tape recorder, right of the recorder's

switch housing. A two pronE plug from the converter must

be connected to the relay to make the remote system opera-

tional. The operational theory of the analog to digital

conversion is described in detail by the Radiatj-on

Incorporated Manual titled "Data Acquisition systemsr'.

The analog to digital converÈer system has a sampling

rate of 7000 Hz. This is divided between the number of

channels digitized at the same time. In the present case

L2 channels were used; therefore the number of samples

per channels per second is equal to 7990:583 s/c/s.
L2
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This represents =l_ : o.oo17r sec. digital sampling interval
583

of the seismic Èraces.

The final product of the digitization process is
loaded on a 7 track magnetic tape. The magnetic tape format
is shown on Figure 5. As this d.iagram indicates, every
digital block consists of 2404 digital characters, z4o4

representing the actual data, the remaining four charact,ers
are created by setting a number at the Header rdentifier.
The second two characters are the result of the counting of
the number of digital block put on the tape. This number

changes from 0 to 2s5. rf the scan of the counting clock
was not reset at the beginning of the digitization then the
above number will start where the cLock stopped in the case

of previous operation.

Although the above data is compatibre with the rBM

360 computer system, it is cumbersome to handle it in this
form. Tc make the programming less difficult, the 12 blrL

binary numbers on the seven track magnetic tapes r^/ere con-
verted to L6 bit binary numbers on nine track tape. This
second format is a basic unit for the 360 system.

The conversion of the digitized data was carried out
on the rBM 360 computer using a program calred BÏNBïN. The

detailed documentation of this program as weJJ as the
actual program written in coBoI, ranguager ârê enclosed in
the Append.ix.

After the conversion of the digital data to the g
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track tape the length of the output, the location of the

first break time with respect to the digital blocks, as well

as the absolute time of the beginning of digitization with

respect to the shot instant, all have to be determined

before processing of the data can be started'

As the documentation of the BINBIN program shows '

it is possible to print out the entire d.aÈa using this

program. unfortunately this procedure \^/as found unsatis-

factory for the solution of the above problems. This is

a service program provided by the universityrs computer

center. Any modification would make it too specialized;

therefore, it would become useless for the other users of

the analog to digital conversion systems'

A simple program, BLOCK 50, \^Ias consequently written

to provide all the necessary information for the previous

problems. This is a FORTRÄN IV program. Itrs description

and the program itself are listed in the Appendix.

Knowing the total number of blocks in one digital

record, the determination of the length of the seismic

record is the fol'lowing:

NN x 0.17I = length in seconds of the d'igital

seismic record.

where NN = total number of blocks

The location of the first breaks requires the

examination of the printed digital bLocks. The analog to

digital conVersion was usually started six to seven seconds
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before the first arrival time; therefore the printing of the

first fifty blocks of every digitat record was found satis-

factory to locate the first breaks. The recognition of the

first arrivals is a simple matter. They are represented by

a sudden increase of the digital number, almost a hundred

times above the background noise.

the following examPle.

This is illustrated in

577 42

56 52 -L4
2L 24 -36
48 45 -43
40 42 -39
35 30 -21
20 20 -L4
B i6 -5

-161 15 -6
-1935 10 22
-L735 650 43
-L7 47 2001 3

-1738 1998 -L70
-L7 42 1985 :1989
-i783 263 -1855
1496 -115 -L842
139 B -110 -1843
L542 -145 -1837
1545 -153 -868
1375 -155 1305
L364 -156 L546
Ls44 -738 L4s6

-19 -63
-77 -91
-42 -67
57 -20
46 23
51 -10
67 -35
76 -19
-2 -2L

-l-4 -33
-7 -51
15 -31
B 41

-r4 47
-720 2

-1731 -65
-1760 -i32
-L7 4L -1054
-r736 -1086
-r740 -1085
-1718 -1086

46
40
89
BB
)o

0

-10
-13

23
9

-26
-16
-59
-67
-80
-2I

25
-406

-189 3

-1750
-1733

:^
IJNow the absolute time of start of digitization

T = A - t(B x .171) + (aB x 0.00171) l

[ = first arrival time, determined on analog record

B = number of the block where the first arrival is

located. This is 42 in t'he present example'

aB = number of samples in the above block before the

first break. This is 7 in the present case'
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If A = 8.50 sec. then the digitization of record 577 was

srarredarS.5O lØ2x.171) +(7 x0.00171) ) = 1.306

seconds.

This simple procedure shows many rewards at the

tin".e of processing of the digital data. If the time of

the start of the digitization is known for every record,

the programmer can develop his programs using the real

times, which are usualty determined when the data is

exanuined in analog form.

To eliminate unnecessary repetition of calculations

and observations a Digital Tape File book was started.

This book contains the following information'

1. Digital number of seismic record'

2. original number of seismic record'

3. Number of 7 track tape on which the analog digital

conversion was made.

4. Nurnber of blocks in the digital record'

5. Footage counter reading on cP-100 tape recorder when

digitization of the record was started'

6. Number of the block where the first breaks are located'

7. Absolute time of start of digitization'



CIIAPTER VI

GEOLOGY

The area of investigation extends to latitude 500501

at the south and latitude 52o in the north, as well as

longitude 95o east and 98o west. The surface or near sur-

face rocks for large percentage of this area are Precambrian

in age. In the western portion of this area, the near

surface rocks are Paleozoic in age. The det^ailed surface

geological studies are spotty and ma.inly restricted to the

south-eastern corner of the area'

Precambrian Shield

The Precambrian shield east of Lake winnipeg is

re¡-atively f1at. ItB : elevation is less than 1000 feet

above sea-level and its maximum relief seldom exceeds 100

feet.Thedepressionsinthesurfaceareoccupiedby

nunrerous lakes and swamps. More recent geological st'udies

in the area are: Davies (1950), Davies (1951) , Davies

(1953) , Davies et at (1962) , Ermanovics (1968). The glaci-al

d.rift, which is thin in this area, consists mainly of clayey

boulder-t,itt occupying the hollows between rock ridges'

This part of the shield is a Portion of the superior

geological province. The superior province is charactetízed

by east-trending voLcanic sedimentary-belts in which
40
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volcanic rocks are aS abundant or more abundant than sedi-

mentary rocks. The rocks Show low to moderate metamorphism'

Thelithologyoftheshieldareaisverycomp}exin

detait. one short description is given by Davies et aI

(1962, p. 16).

The volcanic rocks consist of light to dark colored
andesites and basalts (commonly ertipsoidal), volcanic
breccia (andesitic, dacitic, and rhyolit,ic), and tuffs.
rntervanded with these in places may be coarse grained
massive hornblende-plagioclase rocks that have often
been regarded as coarse centers of flows but more
probabl! are si1l-like intrusions related in origin to
the volcanic rocks. The sedimentary rocks are mainly
impure quartzites ano greywackes, although conglomerate,
slate, and arkosic roci.s ãre also conìmon. Stock-like
masses and small batholitic bodies of massive granitic
rocks (actually most are tonalites) invade the volcanic
sedimentary seii"= and in most areas are elongated
parallel tð tfre trend of these rocks. Outside the
îolcanic-sedimentary belts and forming the bedrock over
most of the Precambrj-an shield , are complexes of -granite
and granite gne j-sses (here, also, many or most of the
rocks are not true granites but closer to granodiorites
and tonalites). Seáimentary and volcanic rocks
associated with these granitic rocks may be extensívely
granitized.

on the general structural trends of the shield the

aboveauthorsgivethefollowingdescription:
sÈructurally the Precambrian is exceedingly complex.
In many u.r"ä= the sedimentary and volcanic rocks have
been isoclinally folded and. extensively faulted. Dips
are normally stãep. Major unconformities are recogniz-
ãur" in piãä"s, uüt in many areas, even though.the
sedimentary rocks may be sãparated from the underlying
volcanic rôcks by an unconfôrmityf no angular discord-
ance between the two series is evident'

A large proportion of the seismic survey was carried

out in the Rice Lake-Beresford Lake Ðistrict. The rocks of

this area are formed by the Rice, Lake group of volcanic,
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sedimentãTy, and derived metamorphic rocks which lie in a

continuous belt from Lake Winnipeg to the Manitoba-Ontario

boundary, and potassic intrusions and granitic gneisses

which border the Rice Lake group on the south and north.

The Rice Lake group shows folding at the Beresford

Lake and Rice Lake Area. The limbs of these folds are

steeply dipping, although Davies (1951) does not find

evidence of anticlinal or synclinal structure along the

Manigotogan River in the Manigotogan area.

A number of east trending longitudinal faults can

be recognized in the Rice Lake volcanic and sedimentary

rocks.

North of the Rice Lake district no detailed geologi-

cal information is available. Barly geological maps from

this area, Johns.ton (1938) ' indicate mainly granitic rocks,

with belts of volcanic and sedimentary rocks.

Sedimentary Rocks

The sedimentary sequence in the area of interest

start at the eastern shore of Lake !üinnipeg. The thickness

gradually increases towards the west, but does not reach

significant proportions in the surveyed area.

The Precambrian surf,ace is covered with an

Ordovician sandstone. This is followed by a series of

dolomite formations. The upper most of these dolomite

formations at the boundary of the survey is the Interlake

Group. This is Silurian in age.
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The total thickness of the consolidated sedimentary

rocks reach only 0.28 km. at the vfestern margin of the

surveyed area. Davies et aI (1962, Figure 36) estimates

that the glacial drift varies between 0 to 15 meters in

this part of the Province.



CHAPTER VTI

DIGITAL PROCESSING

Themajordifficultyíntheinterpretationof

seismic data is the occurence of noise' The noise is

everythingintheobservedsignalthatisnotrelatedto

the subsurface structure. The recorded data contain the

desired signals and the noise, which is in most cases

superimposedonthesignals.Theproblemistoidentify

thesignalinthepresenceofthenoise.Theprocessing

of the data must maximize the signal to noise ratio'

overtheyearsmuchhasbeend'onetoimprovethe

signaltonoiseratioinseismicoperations.oneofthe

most important steps in the d.ata improvement was the intro-

duction of magnetic recording. with this advance it became

possibletoreproducet'herecordedseismicsignalsanda

muchgreaterflexibilityinprocessing\^Tasachieved'

Different type of frequency filtering' mixing of traces '

aswellasmult.iplevisualdisplaysallenteredinthe
processing of the data'

In recent years other fundamental progress was

achieved by the introduction of digital processing of the

seismicsignal.Thecontinuousanalogseismictraceis

converted into a sequence of numbers' Each number

44
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represents the reading of amptitude of the trace at a

specific Èime instant. Accompanying these changes in

recording procedure \4¡as the application of the general

con',munication theory to the field of digital seismic data

processing. The theory was devetoped orr a sta.tistical

basis. It is considered that the received digital seismic

Lrace is one sanple from a collection of possible signals

that might have occurred.

In the viev¡ of tkie presenì; sLudy digital processing

is considered to be the application of certain mathematical

operations to seismic data. These operations or filtering

processes are more effective in enhancing signal to noise

ratío than the conventional seisnric analog f i.lÈers. Figure

g is a simple block d.iagram of the cifferent analog and

digital filters. A linear can be described with its

amplitude and phase characteristics. The conventional

analog filter is constructed of inductances and capacitances.

The ordina-ry d.igital frequency-filter is represented by a

set of weighing coefficients. Bcth of Èhese filters are

designed on the principl.es th.at they pass a selected band

of frequencies and reject all others. As the diagram

indicates, the application of the digital filtering

techniques resuLted in the development of the cptimun

filters. Frequency filters are designed on an afbitrary

basis without reference to the signal or the noise, and

wi-thout reference to the effectiveness c¡f the fil'ter. The
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optimum fitter is designed on the basis of a specific

character of signal and noise. For example, the Vüiener

filter is designed. on the basis of the actual input signal

and the desired output to have an optimum fit, and this fit

is defined by the least square error criterion.

Only some of the available filtering techniques

were applied in the present case and only these will be

dealt with in more detail.

Band-pass Filter

The band-pass filter is built on the principle that

there is some spectral separation between the signal and

the unwanted noise. The frequency response of the filter

will indicate the band of frequency which is passed by the

system. In the case of the digital filter design this means

the application to the sampled data of a set of linear

operators. several papers gíve a summary of the digital

filters design, ormsby (196I), Papoulis (I962) , Robinson

(1967a), Wood (1968). The development of suitable linear

operations in terms of linear weights and the time-sampled

version of the filter weighting function, is based on the

fitting of the associated filter frequency response

function to a proposed shape.

The communication theory starts out with the

computation of a low-pass filter and this is ¡nodified for

the band-pass filter case.
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Figure 9 shows the frequency response of an ideal

low pass filter. The weighting coefficients ".a" of the

filter are the Fourier coefficients of this frequency

function, that is

-rh
1 i sin ZrhL=fr, sin2¡ fi I = rrf

-h

where t ranges over all integers from - to + . The detailed

theoretical aspects of this derivation is described by

Papoulis (1962, ChaPter 6).

The theory of the ideal low-pass filter can be used

for the design and a set of low-pass filters can be used for

the application of band-pass filtering. One simple scheme

is expressed bY the equation

S^ = S- S--ntln2

where S and S- are the outputs from two low-pass filters- -nl n2

with different cutoff frequencies. The mathematical-

derivation of the two low-pass filters is identical. The

use of band-pass filters in this manner can result. in about

twice the maximum error of the component low-pass filters

due to the addition of errors.

The design which was used is obtained by frequency

shifting as follows: Given a low-pass filter with response

7?'
â- = I A(f ) exp (2ri ft) df = I cos (2tt ft) dfEJlh
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A(f), d.efine Ab(f). - A (f - fo) + A (f + fo) where fo is

the centre frequency of the designed band-pass. If inphase

band-pass filter is considered, then the negative and

positive frequency spectra functions are the same. This

means that Ab(f) = A* (-f) for real weights. The graphic

preseintation of thís filter is indicated on Figure 10.

Thecoefficientsfortherighthandsideare

%
I o (r r^) exp (2ni ft) df-r ,

:co

f
= | a(fr) exp l2rL (fl * fo)Èl dft

J!

= at exp (2r fot)

where fl= f fo

The equation for the left side is = at exp (-2ni fot). The

ideal band-pass filter is the sum of these last two

equations; therefore the weighting coefficients of an ideal

band-pass filter are

bt = tt [exp (2t foit.) + exp (-2¡r foit) ]

2 aa cos Ztr fot = 2s:!rr#h.! cos 2tt fot

This of course requires that t takes values from -* to P'

This last equation also indicates that the ideal band-pass

filter has coefficients which are equal to the product of

a carrier cos 2 f.oL and the coefficients aa of the equivalent
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low-pass filter. A more, general derivation of this formula

is presented by Papoulis (1962, p. 123).

The frequency band of the filters and the d.ata is

limited because of the digitization process. The highest

frequency limit is determined according to the following

criteria. In order for the sampling Process not to lose

information about the original trace, it is required that

the sampling frequency is at least twiee the hiEhest

frequency contained in the signal. If t" = sampling

interval,thenfrr=L/2t=iscalledtheNyquistfrequency

of Èhe sampling. If a higher frequency than fn is present

in the original signal then it appears as a lower frequency

after the digitization process. For computational con-

venience t" is chosen as the unit of time. In this case

the Nyquist frequency becomes L/2 cycle per time unit.

Thislimitoffrequenciesdoesnotaffectt'he

application of the theories applied here and in the following

sections. The mathematical proof is given by the sampling

theorem which is described. in great detail by Goldman (1955,

p. 67).

In practice the band-pass filter is limited to a

finite number of coefficients. The length of the weighting

function is controlled by the angularity of the response

curve at the cut-off frequency, the attenuation rate, and

the amount of rejection. The longer operator may remove

more of tFre noise but it may refnove some of the higher
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frequencysignalalso.Theshorteroper'atornaygivea
good performance but it lowers the Nyquist frequency of the

fil-ter which can be a problem if the signal has high

frequencY noise in it.

Thespacingoftheweightingcoefficientsshould

beat.leasttwicethehighestsignalfrequency.The

truncation of ba between t = t n leads to errors at the

cut-off frequencies or at the points of discontinuity'

Lanczos (1956) describes the so called Fejerrs method

which introduces a set of new weighting factors. Fejerrs

arithmetic-means method completely eliminates the Gibbs

oscillations. This means that the ideal filter design

datamustbecorrectedwiththesecoefficients.
The Fejer weighting factors are ka = I - | 9l fot

"n
-n<t<n.Thenthefilterweightingcoefficient'sare

.r = btkt = | =in If co= 2r fot

For computer applications this formula is

the following trignometric relationships '

(r lfll
fr

revised using

sin x

From this the

cos y = L/2 [sin (*-Y) t sin (x+Y) ]

final formula for the band-pass filter is

bt = + lsin 2t(h+fo)t - sin 2n(h-fo)t1 (r -l;i t

for -nctcn. This is a modified formula of Robinson (1966) '

Itispossibletocomparethed'esignedfiltertothe
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ideal case by computit_tg the Fourier transforrn of the impulse

response of the filter. considering a symmetric filter

the computation is carried out by the fotlowing formula
n

B(t) = bo *, Ð b. cos (2nft)
t=o

using formula ba and Ba a computer program \úas written for

the design of the band-pass filter. The description and

complete listing of this program is found in the Appendix'

Figurellexhibitsthefrequencyresponseofthree

5-25 cps. 5rnfl=-pass filters. The plotted data is listed in

Table 1. These were computed. using the previously d'escribed

computer program. Alt were corrected with Fejerrs

weighting factors but the number of filter coefficients

were changed from 50 to 200. The i-ncrease of the number

of coefficients from 50 to 1OO improves the over all

frequency response 82. But the change of the number of

operators from I00 to 2OO resulted in only a 3 to 4? better

frequencyresponsecurve.AttheSametimethe200linear

operators increase the computer processing times approxi-

mately three fold with respect to the operation carried

outapp}yingonly50coefficients.Asacompromisethel00

linear operator function was used for the filtering of the

observed data. The applied, data is listed in Table 2'

Convolution

vüTren the set of filter operators are determined,
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TABLE I

CoMPUTED FREQUENCY RESPONSE OF 5'25 CPS'
BÄf{D-PASS FILTER

50 samples
frequencY

100 samples
frequencY

200 samples
frequencY

response

.9 40

.915

.890

.855

.810

.754

.685

.60 4

. 515

.420

.323

.238

.154

.085

.02s

response response

15

16

I7

1B

19

20

2L

22

23

24

25

26

27

2B

29

.975

.956

.933

. 911

.89 4

.872

.830

.750

.623

.460

.279

. l15

-.006

-.075

-.098

.99 4

.982

.965

.9 44

.925

.899

.859

.822

.758

. 561

.226

-.050

-. 135

-. 119

-.L12
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WEIGHTING COEFFICIENTS OF THE 5-25 FEJERTS FTLTER
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Impulse ResPonse
Fejer Filter

100 coefficients

0.06801
0.06634
0.06277
0 .057 49

0.05075
0.04285
0.03414
0.02497
0.01574
0.00678

-0.00158
-0.00908
-0.01543
-0 . 0 2053

-0 .0 2429

-0.02667
-0.02773
-0 .0 2756

-0 . 0 2633

-0.a2422
-0 . 0 2L46

-0 .0 1827

-0 . 0 L489

-0.0rI54
-0 .00839

-0.00563
-0.00335
-0 .00 165

-0.00055
-0.00004
-0.00009
-0.00060
-0.00149
-0.00263
-0.00390
-0.00519
-0 .006 38

-0.00737
-0.00809
-0 .00 850

" -0 .00 857

-0.00837
-0 .0 077 3

-0 .006 88

-0.00583
-0.00465
-0.00340
-0 .0 02L7

-0.00102
-0.00002

0.00081
0.00142
0.00180
o -00196
0.00191
0.00169
0.00133
0.00089
0.00040

-0 .00009

-0.00052
-0.00088
-0 .00 114

-0 . 00 127

-0 .0 0L27

-0 . 00 1r5

-0 .0009 3

-0.00062
-0.00025

0.00015
0.00055
0.00093
Q.00126
0.0Q152
0.00169

0.00179
0 .00 rB0

0.00173
0.00159
0 .00 r40
0.00119
0.00095
0.00073
0.00051
0 .000 33

0.00019
0.00009
0.00002
0.00000
0.00001
0.00004
0.00008
0.00012
0.00016
0.00019
0.00020
0.00019
0.00016
0.00011
0 .00006



58

theactualdigitalfilteringcanbecarriedouteitherin

thetimedomainorinthefrequencydomain.Theoperation

ir,thefrequencydomainrequiresthed'eterminationofthe
.amplitudeandphasespectraofboththefilterandthe

data.Themultiplicationoftheamplitudesandsummation

of the phases achieves the filtering process' The appli-

.cationoftheFouriertransformtothefilteredsignal

convertsitbacktotimedomainSgain.Thistypeof

filteringbecomeseconomicalonlyifthedataandthe

filter operators are very 1on9'

The filtering in the time domain is carried out

throughtheprocessofconvolution.Theoryofconvolution

is d.escribed in details by Lee (1966) , Gold.man (1955) ,

lRobinson(r967a).Ingeneraltheconvolutionofone
functionwiththeothermeansthefoldingofonefunction,

t.henthemultiplicationofthefoldedandunchanged

functionsandfinallytheproductisintegratedovera
: complete period. In mathematical form this is expressed as

f .) "jno'rfr(r-t)dt = L rr(n) rr(n
n=-oo

Thesecondsubscriptalwaysreferstothefunctionwhichis
placed and folded back' It is important to know that

atz (t) = Q2L (t)

therefore it does not matter which function is folded to carry

F'<
prz(.)=+ i rr(t)

-2ÍÞ,
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out the convolution'

with signals of finite time tength (AO' Al' A2'

A*) and Bo, Bl , 82, . "Brr) the above formula is reduced to

to =Ð Ai B:.-i

where the summation is over att i such that olism and osk-i5n'

The output function iF(c) has ntm-l terms' This

neans that the output signal is always longer than the input

signal. The computer application of the above described

theory is presented by the GoNVOLV program in the Appendix'

Correlation

Thedevelopmentoftheoptimumfilterswerebuilt

on the theory of correlation' If one time dependent

functioniscorrelatedwithitself'theautocorrelation

theoryisapplied,iftwod'ifferentfunctionsarecorrelate4

t'hisinvolvesthecrosscorrelationtheory.Thegeneral
theoryofcorrelationisdescribedinconsidera.bledetail

by Lee (1966) ' Goldman (f955) ' A short summary is

.v\tz (r) =È I rr(t)
tT.k

r,(t+t) dt = Ë ¡F,tn) n,(n)lej^'¡'r
n=-cn

where f 1(t), f2(t) are the two functions. Ft(n) , nr(n) are

the amplitude spectr? "t the two functions. Frtn) is the

complex conjugate of Fr(n) ' 't is a continuous time of

displacement in the range (--' co) independent of t' This
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equation can be found in Lee (1966' p' 10)'

The equation indicates three operations:

1. The second function is displaced by r'

2. The displaced function is multiplied by the

other function-

3. The product is averaged by integration over a

complete Period-

ïf. t is replaced, by -t it can be proven that

\tz (-t) = \zI (t)

which m.eans that the outputs are mirror inrages of each other'

The other fundamental properties of the cross-

correlation functíon are

(a)Ifoneharmonicisabsentineitheroneofthe

correlatedfunctionsthisharmonicwiltbeabsentinthe

crosscorrelation function'

(b)Thecorsscorrelationfunctionretainsthephase

ciifferences of the harmonics which are present in both

periodic functions.

(c) The correlation of two functions ' one of which

has been folded back, is in fact convolution of two functions'

one of whÍch takes the folded form prior to convolution, is

actuallY a correlation'

If f1(t) = f2(t) then

T'4 
co

+ [ rr(t) rr(ttt) dt = Z ttr(n) ]2 "j..n't
--î% r'l=-oo
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ifr=0
rh å .,2t I r.,2tt) dt =I | -t

:TL4 n=-co

'r:,:.,:-..,',t ,i',

which states that the mean square value of the function ::"

fr(t)isequaltothesum'overtheentirerangeofharrnonics
of the square of the absolute value of its amplitride spectrum 

..:.... :..,:.,

This in electronics represents the output power; therefore "':':'::':",..: .:t .: .-a...:..: :

the results of this equation are called the power spectrum 
l':'-:'.1::',,:t,'.,,.:,t-tt.

offunctionfl(t).TheSquarerootofthepowerspectrum
gives the a.mPlitude function'

Theequationoftheautocorre]atíonfunctionindi-

cates that it is rerated to the square of the complex

spectrum. This means that although the autocorrelation

functionconùainsallharmonicsoftheoriginalfunction,

itdiscardsallthephaseangles'Therefore'functíons

withtheSameharmonicamplítudesbutd.ifferentphaseangles

have the same autocorrelation function' 
t,;'t,,'.,,:,,;,:'.,'.,

Fundamentally , correlation theory tries to answer 
",t,,';.';,:;;';';,'

the following questions' 
::-:'1:r-:"::

1- Is there any correlation between two seismic

traces .. : :1:

2. what iS the degree of correlation? 'r"'"''.

3- WhaL is the maximum time shift T required' for

onetraceSothatthecorrelationbetweenthetwowillbe

maximum?
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Inotherwords,correlationtheorytriest.oesta'blishthe
similarityoftwoseismictr'aces,ortotheextenttowhich
onetracemaybeconsideredtobealinearfunctionofthe
other.

Beforetwoseismictracescanbecorrelatedsome

important conditions which are present in seismic recording

must be investigated. The factors which have a disturbing

effect on the determination of the correlation coefficients

arethemod.ulationleveloftheamplifiers,poorinter-

channer bafance, D.C. shift, rength of the sampring interval.

To make ttre correlation more meaningful these conditions

must be eliminated by the normalization of the studied data'

Themodulationlevelordifferenceingainlevelas

well as the effect, of inter-channel balance is eliminated

by the division of the data with the standard deviation of

the individual traces. The D.c. shift is eliminated b1z the

subtraction of the average value from the individual samples

ofthetrace.Thedifferenceinlengthofthesampling

interval is normalized by the d.ivision of the number of the

total samples. Thus the equation for a correlation

coefficientwhenafinitenumberofsamplesareusedis

11 =

Ð x

number of samPles Per trace

standard deviation cf frace x
where
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s = standard deviation of trace Y
v

xj = digitat samPles of a trace
l-

Yi = digital samples of the second trace

; = average value of trace *i ' .:
._. -:.ì.:.t:_:t. :.1

Y = average value of trace Y'

The correlation function from this is

n

w rr' t I (xi *) (Yi*. - ilyxvrr) = n %Ç ?^,^i 
^' \r

where ! = 0, 1, 21 3,...k. For stable estimates k should

not be more than k = #
A general purpose program AUTCRO comprises all the

presentedtheoriesofcorrelation.Thedescriptionofthe

program and its tisting can be found in the Appendix'

Optimum Filters

Afterinitialfilteringtherecordscanbefurt.her

improved in many instances by the application of one or

moreofanumberoflinearanð'/ornonlinearprocesses.
The nature of the signal and of the noise wilt determine

whichofthemanyoptimumfíIteringprocessesist.hemost
successfulintheimprovementofthesignaltonoiseratio.

ïn the present study two of these processes were applied

mainlyinconnectionwiththeverticalref,lectiondata.
(i) VelocitY Filters

Velocityfilteringrequiresmu].tichannelsystems

whose response to travelling waves is d'ependent on the
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apparent velocity of the waves. A variety of these filters

has been c.iscussed in the literature: Fail and Grau (1963),

Embree et al (1963), Ryall (1964) , Foster et al (L964) '
Galbraith and wiggins (1968), Laster and Linville (I968) '

The present fittering method is built on the assump-

tion that the coherent signal can be correlated from trace

to trace. The best correlation is found either by the

previously d.escribed correlation techniques or the time

shift for correlation of the specific arrivals from trace

to trace can be computed if the velocity of propogation is

known. The time delay ar = $ wrtere aX is the distance

betweengeophonesandVisthephasevelocity.Iftrace

number one is d.eIayed. by 
^T 

and summed to trace number two

the signal which has phase velocity v will be enhanced.

The incoherent noise and coherent noise with different phase

velocity will be out of phase; therefore the summation will

decrease their amplitude. In practice more than two traces

are required to obtain significant improvement in the

signal to noise ratio. If the frequency content of t'he

signal is approximately known, the applicatj-on of band-pass

filter before velocity filtering on the data can give some

initial imProvement.

ConsideralineararrayofNevenlyspacedseismo-

meters. The array makes an angle af, q with the direction

toward the energy source. The spacing is ax, the apparent

velocityisV.Ifthetimeofthearrivaltothefirst



65

geophoneisTothearr'ivaltimetotheithdetectoris

f = T/ì + (i-1) d cos i . Then the summation of the traces
U

can be expressed bY

n
s\s (r.l = ) f.(t+aT.)yv\v, 
/_¿ 

_I. A.

i=I

wherefirepresentstheband-passfilteredtraces.
d=AX

Àri = (i l)d cos +

where lSiSn.

(fi) MultiPle Correlation

Thevelocityfilt.eringcanbefurtherexpandedif

an even number of traces are available for analysis and' if

the data have mean values of zeto and contain no long

period trends.

Muttiplecorrelationherelfleansthefollowing

processes. First the traces are shifted and multiptied

together and the resulting time series is smoothed by

irrtegration. MatheniaticallY

n

r (r) = | | f* (r + ATr)
\Z' J L J. å

i=1

represents the multiplication and the integration is

expressed bY
m

F--(t) = t r,,(t+ jÀt)
V. L/ V

j=o
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At = digitization interval

m = the length of the integration

Theintegrationprocessshouldsharplycancelthe

noise and enhance the signal if m is taken large enough.

when the signal portion of the trace is multiplied together,

assuming the traces hiere properly lined up, the results

are all positive numbers. Therefore at this part of the

trace thé integrations will give a large positive number

also. As the noise is out of phase the summation of

positive and negative numbers will lead. to a very small

number.

ïf there are a large number of traces for analysis

the summation and. inÈegration techniques can be combined.

First the traces are summed up to two resultant traces.

Then these two traces are multiplied' together and smoothed

by integration.

" . 
:jl,:-l j,:tr:,-jÍrr.:1

i ::.::-:

slv (r) s2v (t)

m
ç1

)_, ssv(r + j^t)
j=1

sv (r)

Fv (r)

The velocity filtering h/as applied by computer

program STACK. The name Of the multiple correlation program 
,, ,

is HZINTEG. Both these programs atre listed and described in

the Appendix.

Ageneralpurposeplottingprogramcal].edPI-..oTMoDis

also attached to the Appendix. The program reads the
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seismic data from magnetic tape and prepares it' for any

given format of Ptotting'
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CHAPTER VIII

VELOCI TY DETERIIINATION

Themethodofcieterminationofthevelocityofpro-

pogation of the elastic seismic waves is a major factor in

theinterpretationofcrustalseismicd'ata.Theinterpreter

isfacedwithtwochoices.onertheobserved'datais

fittedtostraightlinesegments,thereforet'heseismolo-
gists accept's that the crust is divided into discre+-e

constant r¡elocity layers. T\r'ro, the seismologist does not

accept the layered earth model' and considering other

physicat parameters, pressure, temperaLure' chemical

colrposition,thedataisfitteðtoahigherordervelocity
functioncurve.Jeffreys(L926)andJamesandst.einhart
(1966)emphasizedtheproblembypointingoutthatnearly

allphasesontraveltímeplotsareassatisfactorlyfitted

bystraightlinesegmentsasbycurves.Althoughthepresent

stud.yreliesonalayeredmodelanattemptwasmadetomodify

the traditionar first order velocity determínation technique'

Velocitiesweredetermineciusingthereversedprofile,

stationpair'conve,{rteówaveanglereflectionandvertical

reflection data' Because not all the methods use the sane

data, and not all the data were taken at the same areâ' it

r^ras considered that if there is leateral 0r vertical change

6B
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invelocitythenatureofthed.ataandtheapplicationof

thedifferentvelocitydeterminationtechniqueswi]-lir¡dí-

catethisandthefinalcrustalmodelinthesurveyedareâ
will be mod.ified accordingly' Velocity detern'irrations by

the reversed-profile' station-pair and converted-wave

rnethod'shavebeenalreadypublis}ied,HallandHajnal(1969);
therefore only a short sumlrary of them wilt be given here'

The use of wide angle reflection data was not a¡:plied

before. Thus, it will be ciescribed in detail'

Reversed Profile

This part of the suÏvey was run along the Red Lake

road. in Northwestern Cntario' The surveyed segment of the

roadextend.sbetweeniongitudeg30loIandtongitudeg3055'

as well as between latitude 50010' on the south and

tatit'ud'e 51o on the north' The northern shot point was

iocatedat'Iatitude5lo4l.30,andlongitudeg4o4t.63'.The

southernshotpoint}ocationislatitude49o40.50'and

longitude g3o27'50" The apparent velocity for the

southern shots was 6.gt km/sec. for the irrternecliate dis-

continuity and 7'96 km'/sec' for the upper nrantle' The

valuesfortheshotsfromthenorthare6.s5km/sec.for

the lower crustal layer and 7'99 km/sec' for the upper

mantle. The d'ata indicate a slight dip to the norÈh on

both interfaces and the true vel0cities of 6 ' 83 ktalsec' and

7.g7 km,/sec' respec¿1vel! for the lower crustal layer and

the uPPer mantle'

i:1:;:r!.ll:;;;:1;:1¡:j:j
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Station Fair

Thistechniqueisamociifiedversionoftheoriginal

time-termmethod.TheoriginalmethodwasdescriL'edby

ScheideggerandWillmore(1957),Willmoreand'Ba-ncroft
(1960). The present technique was d'evelopei' as part of

the crustal refraction project and it was presentea in

detaitbyHallandHajnal(1969).ThetimeLermmethod

requiresthattheshotpointsandthestationsarelaidout

withoutanyparticula.rpattern.Thestationpairmethod

mod-ifies this and it is required that the survey is d'one

accordingtoapredesigneönetworkofrecordingsitesand

shoppoints.ThisisindicateciinFigure2oflíallanc,[
Hajnal (1969). For a unique solution one shot to recorder

distance must equal twice the critical distance' Because

the velocity determination requires subtraction of distances '

forgoodaccuracy.'someofthestationsshouldbeasub-

stantialdistanceapart.TablellofHallandHajnal(1969)

showsthecomputedstationpairs.Thevelocityfromthis

datainthesecondcrustallayeris6.9Tto.o5krn,/sec.and

7.gL ! 0.07 km/sec. for the upper mantle' For ve3-ocity

determination this method has the tremendous aclvantage that

the network segments provide velocity for a certain section

ofthesurveyedareaanciconsequentlylateralve}ocity
gradients should be observable'

Converted hlaves

Theuseofcorrvertedwavesforvelocitydetermination
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\^/as described by HaIl (1964' 1966) . The velocities obtained'

fromthistechniqueare6.85lo.05km/sec.fortheinter-'

mediate}ayerandT.BB!0.05kmlsec.fortheuppermantle.

Wide Angle Reflection

Theuseofwideanglereflectiondataforthed'eter-

mination if interval velocity has been described in the

literature by Dix (1955) , Clay and Rorra (1965). The most

general theory is given by Durbaum (f954) ' The present

applicatiorrrequiressomemodification;thereforesomeof

the equations are described in detail'

(i) one-LaYer Case

Thereductionofdatainthesinglelayercaseéoes

not cause major complications ' The equation for the

travel time is
.- 2 . A\rrj

12 = ^';þ. *. ? 
sin o'

Å "1

where

T is the arrival time

H'istheperpendiculardistancefromtheinterfaceI

to the shotPoint

x is the d.istance k¡etween shotpoint and record'ing

sites

Vris the velocity of propogation of longitudinal

waves in the laYer

trrt is the sloPe of the interface'
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The derivaÈion of this formula can be found in Jakosky

(1957, p. 672) or any other geophysical exploration text

bcck.Thefirsttermontherighthandsideisthevertical

reflection and is usually noted' as *Ot' Ïf the slope of

the interface is Less than ten degrees the last term of the

righthandsid.eisnegligible.Thenthesimplestequation

of travel time for a single Ia-yer case is

)?.x2ro=ro-.-u=
I

'))
The equation is a straight line ín x¿ and T" ' where the

velocityisdeterminedbytheinverseoftheslope.The
best estimate of velocity is obtained by linear least square

fitoftheobservecidatatothisstraightline.Theaccuracy

of results is influenced of course by the deviation of the

interfacefrorn.theplane,thelocalirregula-ritiesandthe

effectofneglectingtheslopeofthereflectinghorizon.
Int'hecomputationalproceduretheciataisleast-

sguare fitted to

^2-rF.1 *ol I DlX-

Then the velccitY is

v1 =E-
DI

Using To. the value of H, is d'etermineci'
UI

':.,-:: ,-:

::t..'
| .'i. '.-



73

(ii) Two-layer Case

Reflection theory provides somewhat mcre complicated

equations for the two-layer case. The parametric equations

of the two horizontal layers for the time distance curve of

these reflections is given by Slotnick (1959, p. L25) as

the following:

? Hr PVl H'PV-,
v¿llLLJ- - 

{r-e2vr2) (r-p2v 22')1

,r,2 = o nt 
- 

n,
= 

--7-- - -) tvI(l-P-vr-)4 v2 (l-P'v2')1

where

X = distance

T - arrival time

V, = velocity of propogation in the first layer
J-

\/ = velocity of propogation in the seconci layer'2

HI = vertical distance from the first interface to

the shotpcint

H2 = vertical distance from the second reflecting
horizon to the first

P - the ray parameter

The value of P is equal t,o the slope of the time

distance curve at the pcint of emergence.

dr
P=--dx

P lies between 0<Ps+2
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The equation is not a hyperbota as in the orre-layer

case, but it represents a curve of higher order. Durbaum

(1954) proved that the travel time T. for the reflection

from the jth interface can be expanded in a fourth order

polynomial. As a result of this the reflection times T as

a function of horj-zontal separation X are fitted by least

squares to a fourth order polynomial:

2 ) 1 ,,2,,,u4,I" = T.,l + ' î X- + K X-
va^

The odd terms are introduced in the case

V = the inverse of the sloPe of
an

of sloping laYers
.)

the T- line at
v/.Athe origin

f. = a constant

The interval velocity Vn is obtained using Dix's

(1955) formula.

uun''To - v.-(rr-t)2 To(rr-t)
v2_n Tor, - To (n-1)

Le Pichon et al (1968) found experimentally that this

method often leads to erroneous velocity values especially

where no data is available close to the shotpoint. They
')^

overcame the problem by fitting the tt/X" data to a first

order line and then applying an iterative procedure which

took into account the small systematic efror introduced by

the curvature of the data. This last techni-que Ì^las applied

here with some modifications. The notations are used as
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indicated in Figure L2'

Procedure: From the one-layer case Wrr VIt HI are

computed. A value for V ur, â[ approximate velocity for the

second Iayer, is assumed. If this is done an vü", approxi-

mation for the slcpe of the second interface can be

calculated.

If data is available from x = 0 to larger distances

then the arrival times, according to Durbaum (1954) are

fitted to

12 = To2+ DIx + D2x.2 + D3x3 + on*n

The differential of this polynomial then provides the angle

of emergencet

sín ü, = v" dTz
'r- tF

If this angle is known snell's law provides the rest of the

angles for the complete raY' Knowing these angles ' the

data can be reduced to a single layer case and from these

the interval velocity can be computed'

Because of the lack of data c10se to shot distances '

this procedure cannot be followed here' As a first

approximation the data is fitted to a linear least-square

line. This provioes intercept t'ime To2' From this

Then,

To* = To2 Q HI/V L)
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FIGURE L2. Two-layer reflection ray' {
Or
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f:.::;:::.1':':.1

1Hz=i(To*v.z)

From Snellts law

sin P, Vt
ffiE=U

Estimate P, r then calculate

Ù2=P2 +'1

,v,
,þt = sin-r (# (sin Pr) ) + tl

'2

o2=P2 ,I

_v-
o1 = sin-r (ü sin ( z + or)) ,l

lr7hen these four angles have been determined the following

computations can be made: The derivation of these formulae

were according to clay and Rona (1965). The symbols refer

to Figure L2.

H.aI
rt-r 

-

AIIq4 tan *l

Haz t Xal (tan ur2 - .tan .urt)

a2 I,**tan(,.)^t'an 0¿ ¿

xpr - 
*.r

=

ffi-il-'J-
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Haz - (X-I * *rZ) (tu" 'f * 
'

1
! | !^hT LcLlr w -tanü^ J,¿

If the estimate of P, is acceptable t'h'en

2
S*=L x^i+xpi
i=1

where x is the distarrce between the shotpoint and the

recording site. If the sum of the partial distances does

not agree wit'h X, PZ is adjusted and Èhe distances are

recomputed. The process follows until the best fit ray is

found. Then the times of the partial rays paths are

computed.

]- Hal + xr tan ot
=--AAr Vt ' cos o1

, H-, * (-"r - -", . -pr) a"* tl
TBB, = 

d 
( tt cos rirl

Knowing these

,r' = T2 TAA, TBB,

where

Í2' = the travel time in the second layer

TZ = tjre arrival time

correction = coN2 = T¡î22 ZTtz sin ul, TA,B,

where

2tp¿
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Then the data is least square best fit to the equation

H.,
m,Jty,2 " Y uz

- 
xa2 + xP2

nf=-'At B' v 
^z

**t = (XZ') CON2

ñ2_tM
r7uz

TheslopeofthislinegivesthecorrectedVevelocity.
The corrected sloPe is

T7u2
tan crl, = tan 6 a2 \,

Atthispointtheprocessreturnstothesec:ondequation

and recomputes Hn. Then the entire computation is repeated'

TheiterationprocessiscontinueduntilconvergenceofY,

velocitY is achieved'

Theactualcomputationsforboththeonelayeror

two layer case \^7ere carried out on digital computer' One

programisavailablewhichcomputesonlylinear-least-square

fit of data, the other can be used to fit the data to a'n

nth order polynomial' The first program called SRTLFIT

consists of two subroutines ' The first fits the data to a

straighLline.Thesecondsquaresthêdataandthenfits

ittoastraightline.ThesecondprogramsTATswastaken



,.,-.¡.1Þ - :._.

BO

from the Program Library of the Institute for computer

Studies. This program, numbered 19, is part of the Institute's

Statistical package. The program is an extended form of the

IBM Scientific Subroutine package program called Polynomial

Regression. The necessary listing and description of Lhese

programs are presented in the Appendix.

Using the SRTLFIT program the PP or the observed

reflection data from the continuous refraction profile

gave V = 6.03 t 0.05 km,/sec. with ninety percentage of

confidence limit of t 0.0648.

The reflection data from the second interface was

first least square best fit,ted to a straight line using the

previous program. From this the intercept time was obtained.

This value, as well aS the distance and arrival times , \À7ere

used in the program LEASTMO to find the interval velocity.

This program is the Fortran fv form of the equatíons

described in the previous section. Using the complete set

of data the velocity v, in the second layer was found to

be 6.9L t 0.04 km/sec.

Straight Line Segments

As it was previously described, the field operations

were carried out in three separate projects. The crustal

refraction survey (HalI and Hajnal, L964) had shot receiver

directions thnough 3600. The continuous refraction profile

along Provincial Highway no. 304 had twenty recording
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Spread.SinapproximatelyanEast-Westdirectionandithad

3IrecordingsinclosetoaNorth-southdirection.The

vertical refraction survey had 11 mites continuous coverage'

partly along Provincial Highway no' 304 and partly along

the road which leads from this highway to Hole River Incian

Reserve. seismj-c arrivals \Àzere recognized on all the

records.Thearrivaltimesa.ndtraveldistances\^Iere
determinedandthesedatawereplottedontravel-time
graphs. As an indication of linear velocity relationships

many of the points felt into a sequence of lines ' The

inverseslopesoftheselinescanprovidevelocitiesfor

thedifferentsectionsofthecrust.Thedataofsomeof

these line segments were fed ínto computer progrant sRTLFrr'

(i) Crustal SurveY

The line segments here represent Pg, P*, Pfi, s9' s*'

sn arrivals. These verocities were reported in HalI and

Hajna1 (f969). The velocities from

Pe 
l:,""1.;',: l;l'-,1,"î;,"i:,':Ï:'::":::"' 

hTave

P¡k V^ = 6.85 t 0'04 km/sec' The refracted wave
¿

velocity in the intermediate layer

PnV.=7.g2t0.06km/sec.Thevelocityof
J

compressional wave in the upper mantle'

Sg VI= = 3'46 I 0'05 km/sec' The velocity of

shear waves in the upper crustal Layer'

S*V2"=4'0010'O5km'/sec'shearwavevelocity
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in the intermediate laYer'

Sn V3" = 4'60 t O'08 km'/sec' Shear wave velocíty

in the mantle'

(ii) Continuous Refraction Profile

This provided arrival Pg' From pg Vl = 5'98 t 0'06

km/sec.Theslopej.s0.16Tlt0.oO55wherethelastfigure

represents the 90 percentage confidence timit'

(iii) Vertical Reflection

The first breaks in this eleven mile survey

proviaed 132 geophone stat'ions ' These arrivals are from

the upper-most portion of the crust' The results were

velocity Vt = 5'82 t O'016 km'/sec' and slope O'1719 t 0'0048'

Thelasttermrepresentsthegopercentageconfidencelimit.

General DescriPtion

The crustal survey represents multidirectional

recording. It is considrered that this radiat distribution

ofrecordingsitesprovidesasignificantreductionofthe
influenceofthecrustalstructuresinthevelocitydeter-

mination.

No reversed shots hTere recorded in the case of the

continuous profile and the nearly-vertical reflection

surveys.Thevelocj.tyvaluesobtainedfromthesedatathus

cannotbecorrected.forst.ructuraldeviations.Duet.othis
possibleerroronlythefirst.arrivaltimeswereutilized
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as straight line segments for velocity detemrination from

these surveys. Even these data would be considered

reliable only if reversed profiles were observed'

Table 3 summarizes the velocity data obtained from

the several techniques.

lthough the tabled values show fluctuations, ho

significant changes could be observed which might be

related. to lateral or vertj-cal velocity gradient. The data

enforces the assumption that in the area of interest the

velocities are relatively constant in certain segments of

the crust; therefore, the layered model interpretation is

acceptable. There are further evidences for the validity

of this assumption. Simmons and Nur (1968) report results

of in situ velocity and other physical parameter measure-

ments in deep boreholes which penetrated Precambrian

granitic rocks. Their results contradict Èhe outcome of

laboratory studies on samples from the Same test hol-es.

They have found that the longitudinal velocity in granit'e

is quiLe high, 5.6 6.00 km/sec. near the surface. They

did not observe an increase of velocity down to a depth of

I.5 km. which is contrary to predicÈions based on laboratory

data. The compressional wave velocities in the samples,

under pressure of a few bafs, were found to be between 4 Lo

5 km/sec. The velocity values also increased. with an

increase of pressure. It was found that the amount of

saturation and minute fractures or cracks in rock samples
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TAB],8 ITI

VELOCITY DATA

'-?:. a

B4

Type Data and
VelocitY

Determination

Crustal
VelocitY

Intermediate
Layer VetocitY

Upper Mantle
VeIocitYUpper

Layer
( sec) (km,/sec (kmlsec)

South

Reversed
profile*

North

vz = 6'81

Yz = 6'85

v3 = 7'96

v3 = 7'99

Station Pair* V^ = 6.8710-05
¿

V¡ = 7'9tto'07

Converted Waves* 6'B5to'05 vg = 7'B8Èo'05
L

Vüide Angle
Reflection

V,I
Yz = 6'9tto'04

Straight Line
Segments

Crustal SurveY*V, = 6'05t0'05 V2 =

V1"= 3'4610'05 V2==

Continuous Vl = 5'98t0'06
Refraction
SurveY

Vertical Vl = 5'B2t0'02
Reflection

6.8510.04 V, + 7-92!0.06

4 ' OOt0 ' 05 v3== 4'6010 ' 08

* From Hall-Hajnal, (1969).
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have acute effects on the velocity of propogation' samples

taken from the studied boreholes showed velocity changes of

5.30 km,/sec. dry and 5.95 km/sec' fully saturated' The

changes in these physical parameters between the samples

and. the in situ rocks could cause the observed difference

in the vetocities when measured in situ and in the

laboratorY.

Steinhart et al (1962) investigate the relationships

between the velocity gradient and the rock type, as well

as the effects of temperature and pressure on the velocity'

The temperature, pressure and constant velocity diagram of

granitictyperocksreveal-thefollowing:Ifavelocity
gradientofo'05km/sec.exists,oo.graniticrockscan

exist deeper than 3 km. If the velocity gradient is 0'01

km/sec. or less and the temperature does not exceed 300 oc'

itispossibletohavegraniticrocksatadepthof20km.

Ifthetemperatureincreasesandnoincreaseofmafic

composition of the rock is considered, a velocity reversal

must occur. The in situ measurements of sinrnons and Nur

(1968) do not show changes which would enforce the existence

ofphysicalconditionsunderwhichvelocitygradientcould
exist. Neither the present investigations nor any other

crustal studies on the Precarnbrian shietd indicate Velocity

reversalintheupperportionofthecrust.Thereforeit

is quite conceivable that a granitic type rock with uniform

velocityexistsd.owntoadepthof23km.inthestudied
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area.

Steinhartetalalsodescribedatemperature'

pressure and constant velocity diagram of rock of gabroic

composition.Thisd.iagramindicatesthatatadepthof
20 km. or more the velocity is quite constant with

increasing pressure and temperature less than 300 oC' If

the temperature increases over this figure a sudden drop

ofvelocitywilloccur.Thethermalmeasurementsonthe
Precambrian Shield indicate anomalously low crustal

temperature condiLions ' Thus a velocity gradient in the

Iower portion of the crust is very unlikely'

As was discussed by HaIl and Hajnal (1969, p' 97)

the upper mantle velocity of 7 '92 km/sec' looks very

anomalous in this area if llerrin G966) or ¡i¿n¿sstrich

(1966)apparentPnvelocityd.istributionmaPsarestudied.

Bothmapsind'icateanincreaseofPnvelocitytowardthe
middle of the contínent. contour lines exÈended in Manitoba

wouldrequirePnvelocitiesofs.llkm/sec.orhigher.The

Project Early Rise survey, Iyer et al (f969) however

further enforces the lower Pn velocity value in this region'

ThisSurveywaspartoftheVelaUniformprojectandit

includ.ed the participation of twelve U'S' and Canadian

researchinstitutes.TheManitobaandYukonlinescross
the present area of interest' In both lines the Pn

velocitywasfoundVerystableindistancesnotmorethan

looo km. and the value of it was given by Mereu and Hunter
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(1968)as8.o5km/sec.overthisdist.ancethePnvelocity
jumped to 8.43 km/sec' The possibility of lower Pn

velocityinthecentralpartofthecontinentwasfurther

enforcedbyStewart(1968).Thissurveywasconducted.by

the U. S. Geological Survey in Missouri' The 300 km' long

reversed profile showed' the upper mantJe velocity as B'0

km/sec. This is again a much lower value than it is

indicated bY Herrin's maP'



CHAPTER IX

PREPARATION OF DATA

Genera]-DescriptionofRefraction-Reflectionlnt'erpretation
The present interpret'ation of the refraction and

reflection data is based on the traditionalty applied

seismological practices ' This means the acceptance of the

following assumptions: The geological layers of the crust

are considered as homogeneous isotropic media which are

separated with sharp transition zones ' The detonation of

theexplosionisrepresentedforinterpretationpurposes

withapointsource,fromthisSourceelasticdisturbances

radiate spherically outward' At large distances from the

source a portion of the wave front can be approximated with

aplane.Thenormaltothe\^iavefrontatanypointisthe

\^rave ray. Fundamentally it is accept'ed here that the

propogation of seismic waves follow tlre principles of

geometrical optics' The theoretical aspects of this

assumption as i+' is applied to seismic waves r wêre des-

cribed first by Jeffreys Gg26) and somewhat modified by

Muskat (I933).

Using the principle of. geonetricat optics it can be

proventhatthepropogatedseismicenergyisseparatedin

refracted and reflected waves when the raY i¡nPùrlges on the

interface BB
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which represents the contact of two materials with signifi-

cantly different elastic properties '

The head wave ABC on Figure 13 is presented' as

the ray which changes its direction of propagation when it

crossesaboundary.ThereflectedwaveADatthesametime
is the ray which returns when it encounters an interface'

Usingthesegeneraltheoriesaswellassnell|slaw

and FermaL'S principle from geometrical optics the geo-

physical exploration textbooks Nettleton (1940), Heiland

(1963), Jakosky (1950), Dobrin (1960) illustrate the develop-

mentofasetofworkingformulaewhichareuseciinthe

interpretationoftheobservedrefractionandreflection

data.Becauseofthewellknownnatureofthisformulaeno

derivation of them are attempted here' The ones which are

used in the present calculatj-ons are listed and for

explanational pìrrposes they are referred to Figure 13 '

Two-Layer Case Refraction Dobrin (1960, p. 72)

The travel time of the d'irect wave

rF=ä
Pg vt

x_thedistancebetweentheshotpointandthe
recording location'

The travel time of the critically refracfed ray

(ri

r = är * 2 Hl

ABC is

TTt
(2)
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Vl VZ rePresent the velocity of propogation of the

longitud'inal waves in layer one and two

resPectivelY '

H. is the depth of the first interface
I

X is the critical d'istance ' This is the point
c

where the refracted wave becomes the first

arrival on the observed record'

The travel time of the reflected ray AD is

(2/a)

C on the diagram represents the critical point'

This is the point of total- reflection'

To, To, are known as intercePt times'

The graph of T vs' X is the so called time distance

Equations I and 2 indicate that the slopes of thepIot.

Iines P and P* are ts and + resPectiverY'
g ul "2

The previous description can be extencled

or more layer cases ' It is assumed here that' the

is increasing with the depth' that is

vt . Y2. v3 . V4 etc.

Three-LaYer Case Refraction Dobrin (1960, P. 74)

to three

velocitY

Yf = ä +
J

2flt + 2.Ãz
v¡ Vt

(3)
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HZ = thickness of th'e second laYer

Reflection Stotnick (1959 ' P' 184)

Hnr,,
r = 2 r# .-, - %-.o= o22,

or in param.etric form

Hr Hz

f =r(@¿7, + r{,,77

(4)

(5)

p = the ray pafameter

sin ot,
P=-- ul

sin G^^È=-f
The use of the ray path methods has its shortcomings'

Its merits and limitations are discussed in Grant and west

(1965). It is beyond. the scope of this study to deal with

them in any length. It should be mentioned however that

ttre interpretation of the data was made with the av7areness

of the limits of the applied technique' Tt was the

uniformity and tinearity of the observed data which

warranted the applied technique and not the interpreter who

forced the technique on the data'

Distance Determination

Theexaminationofthepreviouslydescribedfive
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equationsrevealthatthecomputationofthedepthofany

oftheinterfacesrequirestheknowl'edgeofthetraveltime

andvelocityofpropogationaswellaStheshotpoint.
. recording distance. The travel time is determined f rom 

:,::.i'.,:':

theobservedrecords.Thevelocitiesobtainedfromthe

timedistancegraph,butonlyifthedistanceisknown.

consequentty the distance d.etermination is a crucial part

of the interPretation "' 
l

Ifthet$/ositesarewithinafewmilesthebest,'''''.': :., ,

distancedeterminationisthedirectsurvey.Withthe

exception of the vertical reflection work all the present

distancesareintherangeofahundredkilometersor

furttrer. obviously in these cases a simple survey is

impossible.onea]ternativeisthescalingofthedistance

fromatopographicmap.Ifgoodmapcoverageisavailable

thistechniqueprovidesdistanceswiththeestimated

accuracy of t .1 km' The larger the map scale the better 
,. .,.

the accuracY achieved' ':'

There are areas however where no continuous map l.'

coverage is in existence or only maps with different scares 
r ì

canbeusedorthedistancesaresovastthattoomany
Illìapshavetobematchedtogethertoobtaintherequir'ed.......

distance. In these cases if the shotpoint and the recording :1'

sitecanbelocatedoÏ].mapsthescalingofthelatitudeand.

longitudeofthetwolocationscanprovidetheans\^7er.From
these data with the applicatj-on of spherical geometry, the



distance can be comPuted' In the present case equations

provided by Bullen (1963, p. 154) were used for the creation

of a computer program whj-ch can be used for computation'

ThedescriptionofthisprogramnamedDlsTANcanbefound

in the Appendix. This method provides distances with an

accuracyoft.tkm.iftheerrorinthetat,it.udeand

longitude determination is not more than t 6 seconds' The

present'programusesequat'ionswhicharemostaccurateif

the arc distance i-s between Oo and 20o '

If map coverage is not obtainable in the surveyed

areaorÈhemapisanolderpublicationandtheroadwhere

the observations were made is not located on it, the d'eter-

mination of latitude and longitude must be carried out by

astronomical measurement. Gurley's 1968 ephemeris publishes

themethodrformulaeandthenecessarytablesforthe

determinationofthelat.itudeandlongitudefromthe

measurementatagivenpointofthearimuth,altitudeof

the sun, Polaris, or a given star' The accuracy of the

resultsdependontheprecisemeasurementoftheabovetwo
anglesandthetime,âtthemomentwhenthemeasurementof
the two angles were made. several measurements were carríed

usingthePo].arisduringtheSulnmersof:-:96Tand1968.
unvortunately the availaþIe instrument had an accuracy of

only 20,,. This caused fluctuation in the longitude deter-

minationbetweent.2minutes.Itwasconcludedtherefore

that without a better theodolite the astronomical measurements

i:ììr,.-!f:i
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can be used only as a rough check of the map data' If it

is unavoidable that t'his method is t'he main source of

informationandnobetterinstrumentisavaiJable.A

largenumberofrepeated.measurementsattheSamesiteand

theaverageoftheobtaineddatamayprovidemoreaccurate

result.s.

Theexaminationofequationsoneandtwoindicate

thatbycombinationofthetwothedistancertx|'canbe

eliminated..Thisrequiresthatthetraveltimeforthe
direct \^rave and its velocity at the point of observation

must be known. This technique also requires that no signi--

ficantclosesurfacevelocityanomaliesexistint'hearea

oriftheydotheirínfluenceonthearrivaltimeofthe

d.irect wave was eliminated'

Seismic Data Enhancement

Thedeterminationofthetraveltimeoftheseismic

hiaves is taken from the record dísplays of the observed

data.Thecriterirrofagoodrecordisthehighsignalto
noise ratio. Even if the recording was made under favorable

conditionsextensivepreparationsinthelaboratoryare
requiredbeforealltherecognizablearrivalsonarecord
are in suctr a shape that their arrival time can be picked'

vlhen the data are in analog form at least four separate

playbackswithdifferentgain,andsometi.meswiLhd.ifferent

filters settings, have to be prepared' One short record'
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usually \,rith maximum gain, is concentrating on the f irst

arrival.Thesecondrecordisthesectionwhichusually

consist of the head hTaves and the reflection arrival' Ïn

this case the reflection data generally have high amplitudes;

therefore Èhe original gain setting or somewhat smaller

gain is required for playback' The part of the original

recordbetweenthereflectionsandthefirsttransverse
\^Tavecontainstheconvertedwavearrivals.Thesearrivals

are quite weak in comparison t'o the first part of the

record. ALmost maximum gain and' minimum frequency

filtering is in order to obtain a good picture of them'

The shear wave arrivals on the end of the record in all

casesduringthepresentprogramhadlowfrequencyandhigh

amplitude characteristics ' The display of this section

almost always require low gain and minimum frequency fíltering'

If the data are in digital form the different

sections of ttre record must be prepared in the same manner

aspreviouslydescribed.Amoredetai]-eddescriptionwill
be given later.

Usingthepreparedrecordsegmentstheskiltedinter-

preterwillrecognizetheregulardisturbanceorarrivals.

When all the arrivals are marked' their travel tíme is

determined and plotted. on the time distance graph'

Themostcrucialpart,oftheinterpretationisthe

correlation of the arrivals. This determines which points

aretiedtogetheronthetimedistancegraphandthenwhat
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velocity determinations are made'

The correlation of arrivals depend on several

criteria:
(a) The relative position on the time scale'

(b) The d'istance where the record was t'aken'

(c) Characteristics of arrival

(i) FrequencY content

(ii) Relat'ive amPlitude

(iii) PeriodicitY

(iv) Phase relationshiP

(d) Best correlation found by application of numerical

correlation techniques'

VrThen several sets of points are joined together a

group of line segments appear on the time distance graph'

The posit'ion of these line segments and the velocity

obtainedfromtheirslopewillgivedefiniteindicationsas

to what type of energy propogation these points represent'

Thisconditionisillustratedontheexampletimedistance
plot at the beginning of t'his section'



CHAPTER X

INTERPRETATION

Regional Refraction SurveY

TheresultsofthisSurveyarepresentedonFigure

L4 and Figure 15. The first represents the structure

contourmapoftheintermediatediscontinuity.Thesecond

is the structural picture of the top of the mantle or the

socalledMohorovicicdiscontinuity.Thecompilationof

these maps are based on fifty-four data points ' Theses

representsixshotpointsandforty-eightrecordingsites.

Aportionoftheobserveddataaswellasthefinalresults

ofthedepthcalculationsarelistedinTableslVandV.
Becausepartsofthesemaps,sectionsbetweenlongitud'e930

and longitude 95o, were already published by Hall and

Hajnalr.:969)theonlydatapresentedhereisdatawhich

wasnotlistedintheabovepublication.Theinterpretation

technique was also described before and therefore no

presentationofitisgivenhere.Thesedataandmapsare

included only aS a background fox the work of this thesis,

andaretobepublish.edshortlyasaseparatestudy(Hall

and Hajnal, 1970) '

The intermediate discontinuity sholrs prominent

structuralfeatures.It.indicatesaneast-westtnending
98
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27 .r7
22.22
32.L8
24.65
23.83
26.6r
29.85
19.91
23.39
32. 81
29.03
33.58
37 " 5r
24 .0L
27.95
34.09
23.76
28.53
22.75

46.06

56.23

36.27
44.47
51.99
3l-.45
38.15

TABLE IV

REGIONAL REFRÄCTION DATA

46. B5

38.68
45. -Lö

,0. tt
37.95

33.2L
26.28
39.15

29 .45
32.43
36.79
24.67
28 .67

31. 57
24.r2

27.64
27 .28
30.63

22.L0
26.65

ts'o
H

42-.70

-:::::

23.16
36.25
26.07
26.03

32.28
21.08
25.5r

27.70

34.r1

23-.63
26.65

18.66
22 ..85

26 .86
20.65
32.88
23.8r
22.9r
26.08
29.85
18.01
22.40
33.15
29.03
34.13
38.63
22.98
27 .50
35.20
22 .80
27.82
2r. 47
36 .87

2Q.75

22.42
25.85

rl .23
2L.65

29.03
37. 86

22.3L
27 .50

22.L4
27 .80
20.95

28.5 163.75
29 .2 12s.50
30 .5 203. 0 I
31.2 I45 . 40
32.5 137.00
33.5 1s7. 85
34.2 185 . 00
35.5 105.56
36.6 I32.73
37.2 209.00
38.6 176. BB

39 .6 213.06
40.6 249 .39
4L.6 136.16
42.6 16 B. 38
43.6 22L.49
44.6 L34.64
45.6 r72.23
46.6 L27 .20
47 .6 243.47
48.7 284.76



Station
No.

28.5
29.2
30 .5
3L.2
32.5
33.5
34.2
35.5
36.6
37 .2
38.6
39.6
40.6
4r.6
42.6
43.6
44.6
45.6
46.6
47 .6
48.7

27.95
26.96
33.36

24.30
27.23

20.2L
23.63

PSPSP

TAtsLE TVA

REGIONAI, REFRACTION DATA

SSPSS

35.88

28.38
30.63

24.67
27 .82

A2 rìa

SPPPS

34. 85
37.45
41. 16
30 .77

SSPPS

35.80

40 ,40

32.70
35.L2

29.00

PSPSS

25.92

34.9I

40.25
33.55
31.45
34. 18

27 .22
30.90

Sn SSSS

47.80
39 .4r
56.70

4L.75
46.53

34.57
40.55

40.33
44.80

33.80
39.35

PPPSS

3r. 55

28.10

24.27
27.56

tso
N)
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itude

00
63
l0
50

Lon

94q 0B
94"40
95004
960 12

TABLE V

DEPTH AND OFFSETS OF

REFRACTION SURVEY

0t
0l
0l
0t
0'
,0'
0t
i0'
r0 |

,0'
;21
15 t

;0 1

L5'
¿0'
[0,
351
)0'
40!
)8 |

06 |

Latitude

94057.30
95052.5C
960 00.0c
96001.0c
950 26 .0c
96007.1(
960 15.3(
950 47 .2(
960 14.0(
960 16. 4(
960 L3 .6:
96c,59.7:
97o 44.5t
96038. r1

97004.2
97o 47 .4
96050.8
97020.0
960 5L. 4
980 34.9
95038.0

49052.401
5lq41.301
5ro55.301
530 32 . 40'

500 r3.60 t

49a59.20'
50004.00 |

50020. r0'
50034.101
50037.201
500 49 . r0'
51002.50 |

51000.00 r

51006.10r
50032.06'
50026.30'
50o26.251
510 r0.00'
51004.05 |

50053.341
5ro25.85 r

51o25.201
5104r.75t
5Lo 42 .7 61
51o01.80 |

Offset
km.

Moho

39.30 62.L0
39.00 58.65
37.00 54.80
38.30 56.90

Ho(t

Depth
km.

TIME-TERMS,
REGIONAL

,t

45.0s
49.70
4L.25
43.90
46.90
46.00
42.45
53.10
47.00
45. B0
47 .30
48.60
48.20
53.00
52.90
46.70
53.20
54.60
55.00

Term
Sec.

3.25
3. 41
3.27
3.38

3.07
3 .09
3.07
3.00
3.07
3.20
3.20
3. 14
3. 18
3. 19
3.35
3. 3r
2.72
3.48
3.33
3.29
3.48
3.L7
3.41

32.50
34.20
31. 30
31.70
33.17
33.65
32.4L
36.38
33. 85
33.50
34.30
35.10
31.60
37.50
36.60
31. 70
37 .60
36.20
37.50

Offset
km.

fntermedia-te

23.60
33.30
33.90
35.00

Depth
km.

12.90
18.20

Time
Term
Sec.

90
60
90
00

18.50

39.

19 .10

34
44
39
37
43
47
31

L.02
L.44
L. 46
1.51

r.72
L. 49
L.9 4
t.6B
r.62
1. B4
2.04
L.37
r.7 6
1.84
r.97
1. B3
1.07
1. B4
1.63
r.63
I. B3
l. 36
1.56
r. 34
1. 39

55
00
20
70
60
00
06
60
90
00
80
BO

45
40

80
90
50
30
50
50
BO

60
30
50
00
30
60
50

,70
,70
,20
.20
.70
.90
.60 3 .42 37 . 10 55.60

1.
8.
4.
l.
0.
3.
5,
.7,
2,
i3
i5
t3
-3
r3
t0
¿0

¿3
L7
L9
t6
L7

21
I8
24
21
2C
2:
2!
I:
2t
2:
2!
2',.

l-:
2.
2l
2
2
I
I
t
I

2
5
6
7

Station
No.

Silver Lake
McCusker L
Malaher L
Gunisao L

40
43
45
42
24
43
37
37
42
3l
36
30
32

I

28.5
29.2
30 .5
3L.2
32.5
33.5
34.2
5f . f,
36.6
37.2
38.6
39.6
40 .6
4L.6
42.6
43.6
44.6
45.6
46.6
47 .6
48.7

.00

.90

.20
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downward from longitude 93o to longitude 95e. From this

line it takes a turn in an approximatery North 600 west

direction. The deepest part of the trend is reached

roughlyinthecentreofthemappedarea.Topographically
the extreme low zone of the structure is bordered by

Wanipagow River on the North and by Winnipeg Rj-ver on the

south.Therelationshipbetweenthegreerrstonebeltinthe

areaandthestructuralfeaturewasalreadyemphasizedby

HalI and Hajnal (1969) '

The map also ind'icates an extensive uplift in the

south-east corner of the stud'ied area' The regularity of

thecontoursseemtoindicateananticlinalstructurebut
moreinformationisrequiredtothesouthbeforeacomplete

understandingofthisfeaturecanbed.educted.Thesurface
geology does not ind'j-cate a similar structure'

Another significant local feature can be observed

in the north-west portion of the map. Although iL was

builtononlysixobservationstheySeemtoreveatthatthe

north-westerlyboundaryofthedownwardstrucÈurevTaSa

reratively steep gradient. The gently dipping platform from

the north is interupted by a downward gradient of approxi-

mately5kilometersinalessthanl0kilpmeterzone.The
south-easternendofthistrendisinanareawhichispart
of the project pioneer combined geological and geophysicar

investigation.Becauseofthecomprehensivescientific

interestsintheareatheseismicinvestigations\^iere
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extendedtoadetailedsurveywhichv/asaimedatstudying
thismajortrendrandisthesubjectofthepresentthesis'
Theresultsofthisstudywittbedescribedinthefollowing

sections.
ThemapoftheMohorovícicdiscontinuityalsoshows

structura}variationsont.hecrust-mantleint'erface.An

east-west trending uplift is the most dominant feature

betweenlongitudeg3oandg5g.Southofthisadownv¡ard

trendcanbeobservedindicatingthethickeningofthecrust
inthisdirection.Westfromlongitudeg5otheuplift

broadens and it seems to take a slight turn toward the

south.west.Inthenorth-westitdevelopsLoaplatform

which has a gentle oip toward the north'

Theimplicationsofthestructuresonthetwointer.

facestotheisostaticequilibriumintheareawasmentioned

byÉIallandHajnal(1969)andadetailedstudyofitwas

carriedoutbyF]aII(1969).Thelackofdetailedknowledge

of the regional surface geology makes it impossible to give

afullamountoftherelationshipofthedescribed

structures to the 9eo1o9y of the surveyed area'

Continuous Refraction Profile

The relationship between the regional crustal

analysisandthisdetailedstudywasdescriþedinthe
previous section. The significance of this investigation

ismanyfold.Ifitisabletoprovethatthereisamajor
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deep fracture zone in the earthrs crust ttren this may have

effects on the close surface geology which can lead to

important economic possibilities' At the sarne time this

experiment could indicate the technique which is best

suited. to find fracture zones '

The scientific aspects of it are also very impor-

Èant. This is the first continuous detailed crustal seismic

experiment on this continent' The presently applied'

explosion studies in North America all follow the jump

correlationtechniques.Therecordingsitesarealways

several miles apart' This method relies on the early

assumptions that the deep interfaces of the crust are

relatively smooth, therefore no closely spaced survey is

necessary.Recentcrustalseismícstud'ieso'Brien(1968)'

Berryand.West(1966)'smithetal(1969),Stewart(1968),

Warren (1969) ' Cumming and Kanasewich (1966) ' Kanasewich et

at(1968)'Pakiseretaf(1969)allindicat,ethatthereare
significant and sudden structural dísturbances in the

crustallayers,notonlyhereínManitobabutalsoirrother
places on the continent' The European' especially the

Russian literature, also show many sudd'en changing deep

crustal structures, Beliayevsky et aI (1968), Subbotin et

al(1968),DragasevicandAdric(1968),giveexamplesof
them. There is stirr some hesitancy by sone to accept the

recognizabilityofdiscontinuitieswiLhinthecrust.A

detailed.Surveywithcontinuouscorrelationofarrivalsin

t ::.:::-::i I
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aSpanofconsideraþledistanceshou}dindicateaVery

definite answer to this question. This experiment attempts

topointoutthatitispossibletocombinerefractionand

reflection data from the same survey for interpretation

purposes.Thistechniqueprovidesalmostdoublecoverage

over the extent of either one of the methods separately'

Theexaminationoftheregionalmapoftheinter-

mediate discontinuity reveals that the approximaÈe area of

themajorgradientisbetweenlongitudeg5030'to96030|

andfromlatitude5lo00|to5Io40'.Thebestestimated

directionoftheprofileisN3ooE.Consideringthe
proper offset distance the survey should start thirÈy

kilometers from the trend. The unaccesability of this area

forcedtheSurveytoprovincialhighwayno.304.Theshot.-

pointforÈheent'iresurveyvTaslocatedatMalaherLake.

Thechargesizesvariedbetween300-500poundsofSMSuper

XAmmoniaNitrate.Thet^otalnumberoffifty-twoobserva.

tionsprovidedapproximately50km.coverageovertheinter-

mediate discontinuítY'
Asthefirstattemptthedatawaspreparedwiththe

analogplaybacksystemandasectionwasmadefromthebest
qualityrecords.Thefirstarrivalswerequitesharpand

theycouldbecorrelatedthrought.heentireProfile.

several oth.er later arrivals were also Iecagnizable but it

becameapparent,thatbet.tercorrelationcou}dbeachieved

if some of the low frequency noise was eliminated' where

f:.ì-j.:i:.:
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itwaspossiblearrivaltimeswerepicked.andusingthese

data time distance curve was plotted' These data provided

enoughinformationthatitwaspossibletoidentifya

refracted and a reflected wave from the intermediate d'is-

continuityandadominanthighamplitudeeventwhichwas

recognized as a reflection from the Moho' The depth

calculationswereintheSamerangeasitwaspred.ictedby

the regional survey.

AtÈhelaterpartof1968theUniversit'y|scomputer

IBM 360/65 reached the point where it could handle larger

volume of data and with the acquisition of the analog to

d'igitalconversionsystemfurtherprocessingoftheseis¡nic

databecameavailable.Thedetailsoftheacquiredinstru-

mentationaswellasthetheoryofthedevelopedprograms

\Àrere described in the previous chapters ' Although the

developed. programs can proVide several types of filtering

theexperimentalrunsindicatedthata5-25cps.band-pass

filterwouldeliminateallthenoisewhichhindersthe

continuouscorrelationofarrivalsontheprofiledat'a.The

finalresu}tsaresummarizedinTableVl.TheX.Tplotof

these arrival d,aÈa is exhibited on Figure 16 '

FigureLTpresentsthefinafsectionafterthe

processthepreviouslymentionedband-passfilter.The

view of the first part of the profile reveals eight very

distinctarrivalsontherecords.Itbecomesclearafter

record A-11 that the sixt^h or the PPPP arrival has the



Station
Nu¡nber

A-1 109.72
A-2 110.04
A-3 110. 35
A-4 LL0.72
A-5 l1r. lL
A-6 111.66
A-7 LL2.26
A-8 112.90
A-9 113.44
A-10 113.49
A-tr 1r3. s3
A-12 113;78
A-13 r14.65
A-14 lls.28
À-15 115.90
¡.-16 116.02
A-17 tl6. r0
A-18 116.53
À-1-9 LL7.62
A-20 1r8.87
A-2r 119.90
A-22 12r. 14
A-23 L22.73
A-24 123.18
A-25 124.80

DiBtance
km.

18. 12 18.75
18.21 18.76
18.25 I8. 82
18.31 18.94
18.44 19.00
18. sr 19.08
18. s8 19.17
I8.67 L9.29
L8.74 19.3s
L8.77 19.40
18. 80 19.4r
18.87 19.43
18.91 19.s6
19.04 t9.63
19.13 ]-9.74
19. 14 19.75
19. l5 19.75
L9.22 L9 .?9
19. 39 19.96
19.54 20.L9
19.73 20.30
19.95 20.53
20.20 20.77
20.38 20.99
20. s3 2L.25

TÀBLE VI

CONTINUOUS REFRACÎION SURVET DATÀ

Inte

17.60 19. 14
17. 10 19. 16
17. 30 19.20
18.20 L9.29
18.20 19.33
18.20 19.43
18. 30 19.93
18.60 19.60
18.40 L9 .7 4
18. 89 L9 .7 4
18.93 19.75
L8.72 19.76
18.68 19.91
18.60 20.0s
18.80 20.10
18.71 20. 16
18.50 20,L7
18.20 20,23
18.50 20.38
18.95 20.55
18.60 20.70
19.20 20.90
19.40 2r. 15
20.50 2L,23
21. 00 21. s 3

Sec.

Disconti

18.51 2L.L7
L8.22 2L.22
18.14 21.3r
18.44 2L.36
r8.24 2I.46
18.37 2L.57
18.43 2r.68
18.13 2L.78
r8.66 21.87
18.s9 21.91
r8.62 2L.94
r8.34 21.97
18.47 22.L2
18.87 22.25
18.40 22.38
18.81 22.39
18.78 22.39
18.7I 22.45
I8.49 22.65
18.21 22.89
18.08 23.08
18.12 23.34
18.10 23.68
18. 19 23.75
18.54 23.95

Sec.

31. 61
31.78
3r.83
31. 95
32.04
32.24
32.37
32.59
32.7 4

32.76
32.84
32.84
33.08
33.22

'.-n'

33.92
34.28
34.5s
34.88
3s.41
35.48
35.97

Irloho

sec. knr. Sec. k¡r. Sec.

20. r0
20. l8
20. 19
20.29
20. 3s
20. 38
20.46
20 .47
20.49
20.51
20 .62
20.70
20.80
20,82
20.84
20,93
2t. 07
21. 19
21. 3l
2L.44
2L.66
2r.72
2r.95

33.82
34.02
34.18
34.28
34.37
34. 38
34.51
34.78
35.15
3s. 36
35.75
36. 17
36 .45
36.92

20.55
20.61
20.57
20.7L
20.70
20.88
21.00
20.85
20.92
21.06
2r. 09
21. l6
2L.2-7
21.31-
2L.27
21. 36
2L.52
2L.63
2L.70
2I.86
22.2L
22.34
22.62

1l:

34 . 84 20.95
34.90 21.04
34.25 21.09
34.65 2t.14
34.89 2L.2L
34.94 2L.32
34.71 2r.38
35.00 2r.40
34.96 2r.40
34.50 2L.4L
34.59 2L.52
33.80 21. 60
33.91 2L.70
33.89 2L.72
34.45 2L.73
34.82 2L.78
34. 10 2r.91
34. 30 22.07
34.20 22.2L
34.00 22.40
34.09 22.6L
34.90 22.64
35.92 22.89

i,,,

tsr,o:ro ;,



StatÍon Distance Pg
Nu¡r,ber km. Sec.

A-26 126.31
A-27 L27.48
A-28 L28.24
A-29 L26.49
A-30 128. 84
A-31 L29.20
A-32 I29.80
À-33 130.90
À-34 132.61
A-35 133.40
À-36 133. s8
À-37 134. 19
A-38 135.40
A-39 137.09
A-40 138. 85
å-48 L49.62
À-49 150.06
A-50 150.16
À--51 150.95
A-52 I51. t0
A-53 151.61
A-54 L52.46
À-55 ls3.06
A-56 r54. 16
A-57 154.60
A-58 155.64
A-59 156.63

20.75 2L,42
20.92 2L.63
21.06 2L.72
21.09 2L.72
21. 14 2L.77
2L.29 22.0L
21.38 22.06
2L.54 22.22
2r.92 22.47
22.06 22.58
22.15 22.62
22.2L 22.70
22.36 22.89
22.70 23. L5
22.93 23.47
24.7r 2s.07
24.86 25. 10
24.92 2s.L6
24.95 25.L9
25.00 25.24
25.20 25.28
25.3L 25.42
25.4L 25.49
25.53 25.65
25.62 25,75
2s.81 25.89
25.95 26.05

Sec. km.

21.00 2L.79
2L.20 2L.96
2I.20 22.08
21.50 22.L2
2L.20 22 , L9
22.60 22.23
22.70 22.3L
22 .70 22.5r
22.76 22.80
22.70 22.91
22.80 23.01
22.70 23.05
22.50 23. I8
22.80 23.50
22.80 23.70
24.00 25.4s
23.90 25.53
23.90 2s.60
23.50 25.70
23.80 25.73
23.60 2s.77
23.66 25.95
23.50 26.05
23.50 26.23
2 3.90 26.28
23.70 26.42
23.80 26.58

TABLE \¡I (continued)

Sec. km.

18.87 24.32
18. 70
18.70
18.70
18. 86
18.67
18.50
18. 78
r8.98
18.05
18.68
18.97
L8.26
18.84
18.83
18. 17
L8.29
18.97
18.63
18. 71
18. 18
18. 73
18.78
r8. 82
18.56
18.20
18.21

Sec. Sec.

36.40
36.77
36.95
37.01
37. r0
37.08
37.23
37. s4
37.96
38.00
38. l0
38.42
38.73
39. r0
39. 40
42.46
42.67
42.74
42.80
42.92
43.13
43.42
43.49
43.58
43.81
44.04
44,57

Sec.

37.30 22.23
37.67 22.42

- 22.48
37.91 22.55
38.02 22.60

22.65
22.7s
22.87
23.L2
23.2L
23.24
23.35

Pn Depth
Sec. knr.

Moho
PPPP Depth p6
Sec. km. Sec.

22.82
22.99
23.00
23.06
23.L4
23.20
23.25
23. 40
23.48
23.68
23.70
23.98
24.08
24.36
24.64
26.03
26.05
26.08
26.09
26.L9
26.3L
26.45
26.49
26.55
26.65
26.83
27.09

35.27 23.08
3s.86 23.34
3s. l6
35.65
35. 66
34.50
35. s8
35. 32
3s. 50
35. 54
35.78
33. 89
33.31
33. s0
33. 64
35.23
3s. 70
3s. 91
34.32
35.28
34. 91
33.92
33. 70
33. 98
33. 94
33.70
33.99
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L22

Iargest amplitude through the entire section' The extreme

weakness of some of the arrivals example A-II to A-14 is

not the resurt of the d.isappearance of the particular event

buttheresultinachangeoftheratiooftheweakarrival

amplitude to the dominant PPPP' The plotting program was

written to examine the largest amplitude on every trace and

setthisvaluetothescaleofahalfinch.Asaresultif

thePPPPisverylargetheweakereventswithsmallamp}i'

tude are suppressed' by the program before plotting'

FigurelBattempts.toillustratethiseffect.Hererecord

numbers 2L tro 29 are replotted' but only the parts before

PPPP. If this is compared to, the original section in

Figure 17 the improvement in the amplitude and' the

recognízability of the same arrivals become very clear'

The d'evelopment of an automatic amplitude control program

would eliminate this problem' Because of the extremely

variable nature of the amplitude of the arrívals in a

crustal record the development of this program is rather

complex.It'wasimpossibletoincorporateitinthepresent
study.Inareaswherethecorrelationbecameaproblemon

thisprofile,therecordswerereplotted.withattentionto
obtainmaximumamplitudesonarrivalswithmajorinterest.

Thefir'starrivalsorthefirstbreaksindicated

asPgareinterpretedasthedirectwave.onmostrecords

thearrivalstartswit'hanuPswingofthegalvonometer.

Thisisfollow,ed.withtwolowamplitudepeaksandthelast
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part. of the pulse is relatively strong' From record A-48

to A-59 the minor peaks disappeared; however the plot of

thearrivaltimesonthetime-distancegraphFigureL4does

not indicate recognizabte ordinary shingling effect'

The next arrivalr marked X, is not well separated

fromthepreviousoneitcanbecorrelated.onlytorecord'
number A-25. The recognition of this event and its inter-

pretationwillbediscussedinthesectiond.ealingwiththe

nearly-vertical reflecÈion data'

ThethirdeventP*wasrecognizedastherefraction

eventfromtheintermediated.iscontinuity.Fromrecordone

to eighteen the arrivals falI on a straight line but from

thistheyaresomewhatdelayed..Theamplítudeofthearrival

is high up t'o record eleven' The frequency is between B-10

cps. From record eleven to fifteen the amplitude is

decreasing.onrecordnineteentheamplitudeincreasesagain

and. the event is very strong up to record twenty-six' In

thisintervalthefundamentalfrequencyishigher,aroundL2

cps. From record twenty-six the amplitude decreases again

andadistinctchangetowardthelowerfrequenciesoccur.
The fourth arrival was interpreted as a wide angle

reflection,PP,fromtheintermediatediscontinuit.y.The

ampritudeofthiseventisgenerallylargerthantheP*'but

itsfrequencydoesnotseemtoindicatetoomuchvariation.
The fifth event' Pn' represents the refracted ray

fromtheMohorovicicdiscontinuity.Theamplitud'eofthis
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arrivalisratherstronguptorecc'rdforty.Frcmrecord
48 it is not recognized because of interference v¡ith

serveral other arrivals'

The arrival marked PPPP or the sixth evenL on the

first part of the section is the most dominant arrival orr

the enÈire section' The correlation of this becomes

somewhat complex¡ orrly after record number fifty-three' It

has the most energy alr'ong all the events and its frequency

stays arounci IO cps' The character of these events indi-

cate that they are reflected longituclinat waves frcm the

Moho.

The forrowing set of arriva-rs, marked pu, are also

quite strong' No correlation of these to the regional data

was observ'ed' The arrivals can be correlates as far as

record number 3t' From this record the int'erference of the

Mohoreflectionwiththiseventmakesfurthercorr-.elation

impossible.Theplottingofthearrivaltimesirrd'icates

velocity close t'o B km' per second' It is late event' It

indicateshighvelocityanditisobservedrelativelyclose
totheshctpoint.Consideringthecrustalsectionderived
from t'he interpretation of the previous data' this set of

arrivalscanbeidentifiedonly.asareflectioneventcoming
from an interface within the mantle itself' Gurþuz (L969)
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interpreting the Project Early Rise data in this area

inclicatesaninterfaceinthemantlewhichcouldprovide
arrivals in the presently observed range'

Thelastsetofarrivals,ind.icatedPPM,showgood

correlation and' high amplitude up to record number 28' The

time-distance plot of these arrivals give a line segment

whichisveryclosetoparallelwithPP.Ifcalculations

are carried out using the depth and velocities from the

previousd.atathesearrivalsfit'inwiththerequiredtravel

time for a set of first order multiples from the inter-

mediate d.iscontinuity. The suddenry diminishing ampritudes

seem to enforce these' The area of observations ate close

totwicet}recriticalpointdistancefortheintermediate

discontinuity.Theamplitud.eofthecriticallyreflected

wave has the most energy; therefoxe' its first order

multiple may have recognizable amplitude'

Theresultsofthed.epthcalculationsareplotted

onFigurel.g.Thedepthpointsareindicatedatthecom-
puted offset distances ' The zero point is located at the

shotpoint.Fromfifty-fivetoseventy-fivekilometersof
theintermediateinterfacethedepthvalues\ÀTerecomputed'

from the wide angle' PP' reflection data' From here to

ninety-sevenkilometerstheP*refractiondataprovidedthe

depth.Thereisagapfromninety.sevenkilometerstoone

hundred five kilometers' This is a result cf the discon-

tinuityofthefields,ì]'rveybetweenstat'ionnumberA-40



vr= 6 05 KM./SEC.

vt=3.46 Klvl/sEc

\2=6.85 KM/SEC
v2= 4.00 KM/SEC
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v3=4.60 r<v/sec
C CRUSTAL CROSS-SECTION

F]GURE 19. Crustal cross section
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and A-48.

InthecaseoftheMohorovicicdiscontinuitythe

part between 47 and 60 kilometers is obtained from reflec-

tion data- From 60 km' to 95 km' the depth values were

gained from the Pn arrivals' This cross section approxi-

mately fits the line indicated as AA' on the regional

structure map'

The evaluation of the PU arrivals resulted in the

deepest interf ace ' The computation of these data \^lere

carried out with the aid of computer program THEORE' This

program computes theoretical reflection arríval times if

theintervalvelocities,thethicknessofthelayersatthe

shotpoint, and the slope of the interfaces are estimated'

Detailed description of the program is attached in the

Appendix. rn the present process the depth of the inter-

mediateandMohodiscontinuities\^Tereprovidedasitis

indicated on the cross-section' The applied' velocities

were arso the same as this diagram exhibits, only the depth

a.nd the possible slope of the searched interface \^lere

varied.Usingtheseconditionsthebestfitwasobtained.
with an average thickness of 6'50 km' slope lo' This

indicatesthatthetotalaveragedepthtothisinterface
in the mantle' is 43 'L7 km'

The most striking feature of this crustal cross-

section is observable on the intermediate discontinuity'

At 84 km. from the shotpoint' it reveals a sudden change

- ..i | -.ì. jj"......--,.:.- j,.l-'!-l '
ì:-l.Jì ¡: !":.:.il:-i.
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which is interpreted here as a deep fracture z'r\e'

Accordingtothepresent'eddatathenorthernsectionvlasup
thrown approximately three and a half km' relative to

southernportionofthecrust.Thiscrustalmovementseems
to be associated with a slight uplift at the Moho' If

these detailed results are associated with the regional

picturethecombinedcrustaldatarevealalongrelatively

narro\¡l depression in the crust which is connected Èo a

relativelyflatplatformwithconsiderablefracturezones.
Thequestionarisesofthecriteriaoftherecogni-

tion of these fracture zones ' Mode1 experiments by Loster

et al (196?), results of deep seismic sounding as

DragasevicandAndric(1968)indicateSomecond,itionswhich

may be applied in search of these features ' The most'

imPortant asPects are:

1. unusual attenuation of waves

2- variation in wave Pattern

3.breaksintravel-timecurves,d'elayofsome

segments

4. appearance of diffracted waves

5. appearance of non-regular waves with negative

aPParent velocit'Y

Viewingtheseconditionsthefollowingobservationscanbe

made in the present case: Loster et aI point out the

amplitude is attenuated after the structure' A sudd'en

decreaseinamplitudecanbeobservedon'reco'rô'26,27,28
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and 29. The examination of the seismic secLion þetween

record 2l and 33 will show that there is a sudden change

in frequency content of the signa1 after record no' 27 '

The arrivals after this record show lower frequency content'

Thelocalgeologicalsurveydoesnotindicateanomolyin

thisarea,whichwouldexptainthischangeinthenatureof

the signal. The time-distance graph shows a definite

break after 123 km ' The appearance of diffracted waves is

notobviousont.heseismicsection.Arrivals,markedD,on

theindividualrecordsfitinexactlywiththecomputed

traveltimeforrayswhichtraveltotherecordingsiteif

theupliftat84km.ontheintermediatelayerisconsidered

as a point source. on records 23 to 26 especially between

the Moho reflection and the multiple' there are several

short arrivals with reversed time gradient. Because of the

largedistancefromthefracturez'orLeandthere}atively

smallmovement,theseismicsectiondoesnotshowasobvious

characteristicsasitcanbeobservedonsectionsshowing
faultsinshallowdepth.Thepossibleeffectorextentof

thesurfaceofthisfracturezonecanbeobservedonthe

Tectonic Map of Canada, Stockwell (1968) ' This map

indicatesanabruptstopofthe'generalnolthwestpattern

ofsurface.geologicaltrendsattheSameareaasthelocation

of the crustal gradient Of the structutral map of the inter-

mediatediscontinuity.RecentlyD.T.Andetrson(personal
communication) studying airpLroto lineaments in the Btoodvein



.;,:..ì..:.t ì: t....1-:t,
:::{t:!:tlt-':.:"i 3:":l

River area found' a large

direction which he calls

This surface feature is

and it follows the same

I3I

trend extendj-ng in northwest

the Bloodvein River lineament'

in the area of the crustal gradient

direction.

Vertical Ref lection Profile

Theapplicationofnear-Verticalreflectionmethod.

in the course of the present study \Mas planned to serve

several Purposes.

l.Theobservationofreflectionarrivalsfromthe
htermediateandMohorovicicd.iscontinuities

wouldfurtherenforcethelayered'natureofthe

crust in this area'

2- ft is an aim of this study to investigate the

possibleapplicabilityofthedifferentseismic

methodsinminingexplorationonthePrecambrian

Shield..Moredirectlyatechniqueisrequired'
whichcouldgivedetailedinformationfromthe

findings of regional crustal studies '

3. It is an attempt to determine the necessary

modificat,ions which would make the reflection

method a successful survey tool in crustal and

detailed studies on the Precambrian ShleId'

SeveralVerysuccessfulctrustalref,lectionexperi-

mentsarelist.edalreadyintheliterature,Junger(1951),

JapanResearchGroupforExplosionSeismology(1955)'

lrlidess and Taytor (1959), Tuchev et aI (1960) ' Be]'oussov

i:ì:;::
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et aI (Lg62) t Dix (1965) ' German Research Group for Explosion

Seismology(1964)|KanasewichandCumming(1965),Clowes

etal(1968).However,notoneofthesewascarriedoutin

PrecambrianShieldareas,thereforethepresentinvestiga-

tionsfacedsomeproblemsnotencounteredpreviously.
Thedetailsofthefieldoperationsweredescribed

int}reprevioussections.Thepreparationofdatafollowed

similar procedures as in the case of the continuous

refraction profile survey' The first section was made

usinganalogplaybackdataandthendigitalprocessingwas

applied. Because of the very high frequency noise on the

analogsectiont.hed.at.awasfilteredwitha5-25cps.band.
pass filter. Tabte VÏI contains the numberical results'

Figure 2Ð shows the final seismic section of the

survey.Atthoughelevenrecordingsweremade,onlyníne

records \À7ere processed' The two closest records to the

shotpointhadtobediscardedbecauseoftheamplifier

distortion. Only the first breaks were useful on these two

records.Recordsnumbered5TTto5B0wererecordedwithan

energy source of 25 pounds Sivi Super X' For recorcls 58t to

5B4t^heamountofexplosiveswereraisedt'o50pcunds.
The rast three shots used roo pounds of exprosives.

The first examinat'ion of the section reveals

excellentfirstbreakarrivalsaswellastwodistinct

later arrivals' The arrival times of these events were

ptotted on time-distance graph' Figure 2L' The first
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Station & Distance
km.

First
Brakes

Sec.

Arrival
#I
Sec.

Arrival
#2
Sec.

Arrival
#3
Sec.

Sg Rv
Sec. Sec.

Geophone #

577 I
2
3
4
5
6
7
8
9

10
1t
L2

.181

.26r

.37 4

.494

.6r5

.756

.869
r.005
1"134
L.259
1.388
1.509

.10

.11

.L4

.16

.18

.20

.22

.24

.27

.30

.33

.33

578 1.509
L.642
L.770
L.899
2.024
2.L40
2.269
2.39 4

2.53L
2.63L
2.7 44
2.86L

.34

.35

.36

.39

.4L

.42

.44

.45

.47

.49

.50

.51

I
2
3
4
5
6
7
I
9

t0
ll
L2

579 .50
.51
.52
.53
.56
.58
.6t
.63
.66
.68
.70
.73

.80

.8r

.83

.84

.87

.89

.91

.93

.95

.98
1.00
1.01

I
2
3
4
5
6
7
I
9

t0
tl
L2

2.86L
2.933
3.018
3.L22
3.259
3.388
3.500
3.637
3.770
3.903
4.035
4.168

. 9I L.25

.92 L.23

.9 B L.28
1.0I 1.30
1.06 1.36
1.10 r.40
1.13 1.43
r.16 1.50
L.20 r.53

L.57
L .27 L.62
1. 3I L.69
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TABLE VII (continued)

Station & Distance
km.

First
Brakes

qô^

Arrival
Jrl'tf ¿

Sec.

Arrival
#2
Sec.

Arrival
#3
Sec.

Sg
Sec.

Rv
Sec.

one #

580 .73
.78
.81
.83
.86
.87
.90
.91
.93
.95
.98

t.0r

t.0I
1.04
1.05
1.09
1.09
I.L2
1. 15
r. 16
1. 18
L.20
L.23
L.25

I
2
3
4
5
6
7
I
9

10
1t
L2

4.168
4.305
4.426
4.554
4.675
4.792
4.917
5.041
5.r82
5.292
5.432
5.584

1.34 L.69
L.37 1. 70
1.41 1.73
1. 43 I.77
1.48 1.81
1.53 r. 86
1.54 r.93
1.59 r.94
1.63 2.0r
1.65 2.03
1. 70 2.L0
1.73 2.15

581 1.03
1.05
1.06
1.08
r. t0
L.12
l. 13
r. t6
t. 17
t. 19
L.2L
L.23

L.29
L.29
1.31
L.32
1. 33
1. 35
L.37
1. 40
L.4L
1.43
L.45
1.48

I
2
J
4
5
6
7
B

9
10
11
L2

5.733
5.8r0
5. 870
5.987
6.087
6. 188
6.289
6.389
6.5L4
6.6L4
6.739
6.876

1.78 2.L9
r. 80 2.23
L.82 2.27
r. B5 2.31

2.37
r.92 2.33
L.9 4 2 .39

2.40
2.0r 2.44
2.03 2.49
2.L2 2.53
2.r3 2.56

582 L.23
L.25
t.27
L.29
r. 31
1. 35
t. 37
t. 39
L.42
t. 45
L.46
l. 48

I.4B
r.48
r.50
I. 54
I.55
r. 59
1.61
L.62
r.64
L.66
r. 70
L.72

I
2
3
4
5
6
7
B

Y

l0
l1
L2

6.952
7 .025
7 .l7B
7 .306
7 .4L9
7.556
7 .697
7.82L
7.946
8.07r
8.200
8.336

2.14 2.61
2.L5 2.62
2.20 2.65
2.24 2.69
2.28 2.7 4

2.32 2.78
2.30 2.84
2.38 2.87
2.43 2.90
2.47 2.96
2.53 3.00
2.56 3.04
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TABLE VII (continued)

,it=a Arrival Arrival Arrival

Sec.
#J Sg
Sec. Sec

q

c. Sec.
RV

^ 'istance BraKesStatron ò. ¡r'
Jl 1'tfr #2 +?

7fJ

s-*---- -O - 
O-. SeC. S C. !iec- esv' "---

583 8.336
8.473
8.626
8.750
8.876
9.029
9.L77
9.318
9 .467
9.608
9.733
9.857

I
2
3
4
5
6
7
I
9

l0
1I
L2

L.52 l-73
1.55 L-7 4

1.57 L-76
1. sB 1.78
1.60 r-80
L.62 L.82
L.64 r- 86
L.66 1. 89
r.7o 1.9r
r.7O t-93
L.1L l-96
L.7 4 L-97

2.57 3. 04
2.59 3.09
2.65 3. I
2.67 3. 19
2.73 3.23
2.76 3.28
2.79 3. 33
2.83 3.38
2.85 3.44
2.92 3.47
2.98 3.51
3.02 3.57

2.04
2.08
2.08
2.L0
2.II

584 t.7 4
L.77
L.79
1. BI
l. 83
t. B5
l. B9
t. 89
1.9 3
L.9 4
L.94
l.9B

L.96
2.0L
2.00
2.02
2.05
2.06
2.07
2.L0
2.13
2.L4
2.16
2.r8

2.L3
2.L5
2.T7
2.L9
2.2t
¿. ¿J
2.25
2.28
2.3L
2.32
2 .36
2.36

1
2
J

4
5
6
7
B

9
t0
t1
L2

9.857
9.982

I0.094
10.21r
10.336
10.461
10 .56 r
10.714
r0.839
L0.964
II. IO I
LL.2L7

3.02 3. 59
3.04 3.62
3.09 3.64
3. r0 3.69
3. 15 3.7 4

3.22 3.7 6
3.24 3.79
3.26 3. B4
3.29 3. 89
3.34 3.95
3.38 3.97
3.41 4.01

585
1.98
2.0L
2.03
2.04
2.Q5
2.08
2.09
2.LT
2.L3
2.L5
2.L6
2. lB

2. 18
2.2Q
2.23
2.25
2.27
2.27
2.28
2.30
2.30
2.33
2.34
2 .35

2.36
2 .38
2.39
2.42
2.43
2.44
2.45
2.47
2.48
2.5L
2.5L
2.52

I
2
J
4
5
6
7
B

9
t0
tt
L2

Ll..2L7
rr. 330
11. 4 30
1r.53r
LL.632
Lr.720
It.82l
11. 89 3
11.994
12.106
L2 .223
L2.324

3.42 4.Q4
3.46 4.07
3.47 4.10
3.52 4. 15
3.52 4.L7
3. 56 4.20
3.58 4.22
3.60 4.26
3.6s 4.28
3.65 4.33
3.70 4.35
3.73 4-392.79
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TABLE VII (continued)

Station & Distance
First
Brakes

Sec.

Arrival
+111 r
'Sec.

Arrival
#2
Sec.

Arrival
#3
Sec.

C¡:vY
Sec.

F.V

Sec.
egophone # kr:

586 2.r9
2.22
2.24
2.26
2.28
2.29
2.29
2.32
2.33
2.35
2.37
2.39

2.39
2.43
2.45
2.47
2.47
2.49
2.50
2.5L
2.54
2.56
2.59
2.69

2.54
2.57
2.60
2.6L
2.64
2.65
2.65
2.66
2.68
2.70
2.7L
2.7 4

2.79
2.82
2.82
2.83
2.86
2.89
2.9C
2.92
2.93
2.94
2.95
2.98

I
¿
3
4
5
6
7
I
9

IO
11
L2

L2.420
12.590
L2.690
12.800
L2 .9 40
13.000
r3.020
13. 110
13.250
13.350
I3.450
13.620

3 .7 4 4.45
3.80 4.49

4 .49
3. 86 4.55
3.91 4.59
3.92 4.62
3.93 4.68
3.94 4.69
4.00 4.70
4.03 4.7L
4.05 4.75
4. lt 4. 81

5e7 2.4L
2.43
2.45
2.46
2.47
2.49
¿. )¿
¿. )¿
2.54
2.56
2.58
2.59

2.6L
2.62
2.64
2.66
2.20
2.70
2.7 r
2.7 3
2.7 4
2.75
2.75
2.76

2.7 4
2.78
2.79
2.79
2.8L
2.82
2.84
2.85
2.88
2.90
2.9L
2.92

2.9e
3.02
3.04
3.04
3.06
3.08
3. tr
3.L2
3. 15
3. 17
3. 19
3.20

I
2
3
4

5
6
7
B

I
IC
11
L2

13 .620
13.840
r3.940
r3.950
14.020
14.100
14.250
L4.320
14.500
14.600
r4.700
L4.7 4A

4.11 4.86
4 .L7 4 .87
4.t9 4.89
4.23 4.93
4.23 4.9 4

4.2s 4.98

4.45 5.02
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arrivals were recognized as the travelling direct wave in

the uppermost layer of the crust. The slope of the line

segments of the two large amplitude l-ater arrivals represent

the shear wave and the surface waves respectively. Both

the shear \,Vaves and the surface waves show higher frequency

content on this section. This is the result of the

filtering and the characteristics of the seismic detectors.

Sirnilar shots recorded with I cps. detectors in the same

area revealed surface waves with frequency components less

than 5 cps. A closer study of the last three records show

a possibility of arrivals between the first arrival and

the shear wave as well as Some Weak events around I seconds.

The theoretical reflection times computed from the crustal

section, âS a result of the refraction studiesr are 7.783

seconds at number one detector position on record number

579 and 8.14I seconds at the twelfth detector position on

record number 587. The closeness of the weak events to the

theoretical reflection time from the intermediate discon-

tinuity warranted some further processing cf the data.

Figure 22 is a six to one stack of the same set of

data._ The data was normalized and a 0.002 sec. move out

correction was applied from trace to trace. The arrows

are drawn at the points where the computed arrivaf times

should fall using the crustal section of Figure 19. There

are no recognizable events on records 579 to 581 in the

expected range. Records 582 to 584 show an increase in
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FïGURE 22. Velocity filtered vertical reflection section'
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frequency content and some of the traces indicate possible

weak arrivals. The last three records are much more

encouraging, but the closeness of the surface waves makes

the questionable. The change in characteristics of the

records with the increase of the amount of explosives is

quite apparent. A repetition of the same experiment with

better shotpoint conditions is required to make further

correlation of these arrivals to the intermediate discon-

tinuity
Figure 23 exhibits the multiple iorrelation process

on the nearly vertical reflection data. The {:heory and

details of the application of this method was described in

the section on Digital Processing. The nine traces here

present a six to one stack and a continuous integration

with integration arrival of 0.20 seconds. Although there

are good indications of arrivals after I seconds on records
''

585 to 587, this method does not provide better results than

it can be observed from the six to one stackeci traces.

This section however indicates clearly the problems

of the applied technique. Because of the sma1l number of

traces¿ ro complete elimination was achieved of the noise

and the unwanted signals. As the straight lines indicate,

even though they are out of phase, the first breaks, the

shear wave and the ground roll are stiI.l identifiable after

the process. The elimination of trace number two from the

recordr âs well as other very poor traces would increase
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the effect of noise suppression. Spieker (f961) points out

that only carefully selected traces should be applied to

make the technique more Powerful.

Figure 24 displays the first part of the seismic

section. The data presented here is from zero to the

approximate arrival time of the shear wave on the individual

trace. There are three sets of recognizable arrivals on

this section after the first breaks. The first set of

arrivals can be correlated from record 579 to 587. The

second can be distinguished from detector number 8 on

record 583 to the end of the secti-on. The third set starts

at Èrace number 12 of recoril 585 and it can be t'raced to

Èhe end of record 587. AlÈhough the travel t'ime data is

plotted on the Èime distance graph, because of the only one

direction shooting, and only one single profile, no definite

inÈerpretation concerning the velocity and the nature of

these daÈa can be made.

one explanation, which is following here, is based

only on the available limited amount of information. It

should be emphasized here that the experiment was aimed

for an investigation of arrivals from greater depth, there-

fore the detector spacing camera speed were Set accordingly'

Thus these factors cause further complications in Èhe inter-

pretation of the present set of later arrivals. The

straight line least square best fit of the first break

times provide velocity of 5.82 km/sec. This best fit
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straight line intercepts the time axis at 0.055 sec. This

indicates a weathering layer. Because the first detector

is 0.180 km. from the shotpoint the estimate of this

weathered layer was attempted by drawing a strai-ght line on

the time distance graph between the origin and the first
point of the observed first break time. This crude approxi-

mation gives a veLocity of I.B2 km/sec. which is very close

to the velocity of propogation of seismic waves in glacial

t.ill or wet sand. Using the above mentioned intercept

time depth calculations of the weathered layer was carried

out using formula (Dobrin 1960, p. 73)

vt vo

where

Ti = intercept time

\/ = I.B2 kmr/sec.'0

V', = 5.BZ km/sec.
J-

These calculations indicate a depth of 0.0527 km. Examina-

tion of surface geological data in the area Davis (1951)

indicate glacial drift cover around the shotpoint lccality

in the same order of magnitude.

The least square best fit of the arrival times -just

after the first breaks give velocity of 5.97 km/sec. con-

sidering linear fit. The intercept time is 0.3Q29 sec.

Using this velocity and the intercept time a second layer

I.z=+
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\,úith thickness of 3.47 km. and a total depth of 3.99km' can

be computed. Apptying this depth figi'ure, the estimate of

the critical point is around 16 km. Because these arrivals

were observed far before this distance this fact would

eliminate the possibility of recognizing this set of

arrivals as refraction travel times from a shallow layer.

considering reflections, the data was fitted to a

*2 E2 curve. The obtained velocity was 5.41 km/sec',

This is a smaller value than the figure reached from the

first break data. The decrease of velocity may indicate

a downward dip of a layer south from the shotpoint. If

it is assumed that the 5.82 km/sec. represents the velocity

of the uppermost weathered section of the precambrian rocks

and 6.05 km/sec. is the true velocity of upper crustal

layer, then this geological condition would provide an

irrterface of I.43 krp.. close t,o the shotpoint and a figure

of 7.37 km. at the end of the profile. These depth values

were ploÈted on the crustal cross-section Figure 19 between

118 km. anð, L27.5 km. The above assumptions can be further

ext,ended by the interpretation of the XI arrivals from the

continuous refraction Survey. These data fit to a line

segment of 5.84 km,/sec. Depth calculations from these data

!\Iere plotted between 95 km. and fL7 km. It has to be

pointed out that geographically the location of these data

is approximately 3-4 km. north-east of the nearl-y-vertical

reflection survey area.
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The extent of the glacial till coverage around the

shotpoint is not known exactly, therefore, nc estirnate of

possible multiptes can be made which could also be the

origin of the later arrival sets on the records. The zorle

of 4 km. to approximately B km. f::om the shotpoint is

interpreted by Davis (1951) as a shear zone of a fault which

represents the southern end of the greenstone belt. The

second and third set of arrivals on the vertical reflection

profile show changes in amplitude and in frequency content

and they are observed at distances which would indicate

that these arrivals can be considered as diffraction events

f rom the above f ault zolle.

The real significance of these observed later

arrivals on the seismic section is that Lhey cannot be

explained with the bubble pulse phenomena. They seem to be

related to the near surface geological anomalies. Thus

they indicate that a modified versj-on of the present

technique coulcl be a useful toc¡l to delíniate certain

geological contacÈs and structural anomalies on the

Precarnbrian Shield..

AccuracY of the Crustal Section

The source of errors in crustal refraÇtign surveys

a-re not too clearly defineo. ' Steinhart and Mieyer (1961)

devote considerable attention to this problem. They also

¡roint out that previous investiga-tions r âs f or example
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Zirbel (f954) show thre effects of or'tission of surface layers,

Ha1es and Sacks (f958) indicate the effect of omiLting the

intermediate layer, Gutenberg (1954) describes the effects

of the low velocity layers, are all directed toward only

one specific source of error. They felt that the applica-

tion cf Acton (195E) probability statenients give a bet'ter

understanding of the limits of the results. This would

ind.icate that the model which provides the smallest

uncertainty region with a. high percentage of confidence

limits is the best fit to the data. This approach was

applied. to the Lake Superior experiment by Smith et al (1966)

but due to the unexpected large crustal- structure in thre

area, the fitting of the data with the complete Acron's

conditions could not be carried out.

As the above probler,r indicates , if the structural

conditions in the crust are quite abrupt, even the profile

skiooting could lead to poor velocity determinations. The

stati.on pair nethocl at the same tinre is nultidirectional,

therefore t,he effects cf the structure on velocity det'er-

minations are minimized.

The one directional nature as well as the possible

structure on the intermediate discontinuity eliminate the

use of the continuous refractiorr data for Velocity deter-

mination in the present case, but the wide angle reflection

arrivals at the same time provide reliable velocity data

because the points of ref]-ection are located a\À¡ay from the
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sLructurellY anomalous zone'

If no variations in velocities are expected, the

other two factors which affect the depth calculations are

the accuracy of the travel times, and the accuracy of the

distance determination. The comparison of the results of

the three described techniques for distance cieterminations

has shown a fluctuation of t .I5 km.. for a- given sit'e' The

arrival times have error of I 0.03 seconds. If these values

are applied t.o the forn'.ulae which are used- for depth calcu-

lations the maximum error is t .65 km. in the determined

ciepth. considering an average ctepth of 2ct km. the above

fluctuation indicates a 3 % error'

Pakiser anci Steinhart (1964) using information

theory and channel capacity arrive at the conclusion that

in the case of the signal to noise ratio of 2:1 the first

arrivals have an error of I 0.03 sec. but for later events

they estimate time uncertainty of t c.2 sec. or more. The

last figure was mainJ-y built on the reasoning that the

identification of the arr'ival depends on krow it fits to

theparticularmodel.Thisproblernmayoccurwhenthe
stations are a certain distance apart and jump correlation

of the events is required. This is not the case for the

present continuous profile. Pakiser and steinhart cfaim

that the channel capacity drops from 32 biLs/sec. to 20

bits/sec. for later arrivals. According to their formula

this drop of channel capacity represents a decrease of
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signal to noise ratio from two to one" These calculations

represent only a single channel situation. If all twelve

channels of the Seismic system is considered, then this

system represents redundancy of the transmitted information'

There is no wetL devel-oped theory which d.escribes this

situation but GoLdman (1955) indicates that redundancy

increases the reliability of the transmitted signal. The

examinaticn of the later arrivals on the seismic'section

\À/i11 indicate identif ication uncertainties closer to t 0.04

sec. than ! .2 sec. ind.icated by Pakiser anC. Steinhart. It

is also easy to See that the signal to noise ratio j-s better

than one.

Just as good correlation can be made with the later

arrivals as with the first breaks. In the case of most

arriva.ls 0.2 sec. represents cne and a half cycles. The

examination of the seismic sections inclicate that correlaÈion

becomes impossible if it is at'Lempteo at such an interval

left and right from the presenL picks.

The presently estimateð" 2-32 error is much smaller

than the indicated structure. The described first order

astronomical survey for distance determination as well as the

application of the present generation digital recording

systems would provide data with even, l-ess than the aboVe

error. witLr the advances of tlie digiÈal" processing the

identification of arrivals does not depend on travel times

al-one, but other significant characteristics of the seismic

event.



CHAPTER XI

CONCLUSION

The present recording system and the laboratory

analog to digital conversion provides a smooth and reliable

operation. Modifications which were described in the

relevant sections would. provide some improvement. Hohiever,

the results of the present study inciicate that the crustal

seismic experiments require higher accuracy than the upper

limits of this system. The investigation of later arrivals

as well- as reliable amplitude studies dernands distortionless

recordíng of very weak si-gnals in a wide range of frequen-

cies. TLre last, generation of digital recording equipment,

widely used by the exploration industries, has these

qualities, and at the same time provides the data in a

format which is ready for further processing.

The field operational procedures providea very

significant results. It is shown that highrer accuracy of

depth deterr¡,ination may require sophisticated distance

cietermination technj-ques. This is especially important in

areas were significant structural changes occur in the

crust. It is possible to combine refraction and wide angle

reflection surveys with no change of technique and instru-

mentation. The combineo technique provides double coveragie

153
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with the cost of one operation. The combination of statj'on

pair, refraction ano reflection survey procedures are

necessary to obtain the best possible velocity and model

conditions in the studied area.

The nearly-vertical reflection survey techniques in

the Precambrian Shield require extensive experimentation.

ït is difficult to find good shotpoi-nts for this work in

the area of interest. Shallow lakes usuzrlly do not have

favorable bottom conditions ano it is difficult to control

the energy for close shots. Because of the relatively small

section of weather:ed layer, ot the lack of it, energy

sources other than explosives may provide sufficient eriergy

for thís type of work. AII the successful crustal vertical

reflection seismic experiments indicated that well designed

detector arrays are necessary for observation of reliable

data. This may require a completely new Survey proced-ure

on the Frecambrian Shield.

Digital Processing is a necessity f.or significant

crustal projects. To obtain a unique solution would

require an understanding and identification of all t'he

later arrivals. This can be achieved only with a v¡ell

developed optimum filter system which cannot be applied

without high speed large size computers. The problem of

handling the seismic data and extracting from it the vital

information in an efficient manner is just a's great as that

of interpreting and presenting results. The present study
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relieé on 116 seismic records. If all the possible arrivals

were examined there would have been 2990 data points to

consider. In add-ition tc this several playbacks and print-'

outs are made with different gains and filters. There is

no víay to eliminate Sonìe events and emphasize the others.

During the course of the interpretation the j-nterpreter

must return to the previously studied sets and compare

calculations cr revise assumpt.ions to find the best possible

model. The solution of this problem is impossible without

the computer. Although the present set of computer programs

are abte to carry out many of the necessary computations,

a further automation is required to achieve an efficient

production level. This !üould require a large set of sub-

routines which would compare partial results to the observed

but not yet ínterpreted data. This would help to eliminate

wrong assumptions at the early part of the interpretation.

The regional crustal survey provided structural

maps of the Internrediate and Mohorovicic discontinuities.

The technique applied here \^¡orks very smoothly and provides

enough details that locations of possible local- crustal

features can be d.elineated.. It i-s an excellent reconnais-

Sance technique t.o obtain a broad scale regional picture of

an area.

TTre results of the continuous refraction profile

exhibit a major fracture zone in the earthts crust. The

apparent relationship of this feature to the surface
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geology could. be very significant for explorational purposes'

This type of loca1 feature very likely exists in other parts

of the continent. This study therefore provides that a

completely new approach is required for further crustal

investigations. The previously described reconnaissance

survey must be fotlowed with detailed studies where high

density of observations are required to achieve unambiguous

interpretation. The survey technique must employ both

refraction and reflection methods. It is quite possible

that the reflection technigues, as in oil exploration, will

develop to be superior in providing details of crustal

structure. The large offset distances of the refraction

technique makes it more difficutt to locate at strategic

points. The refraction technique does not provide a good

picture of the velocity conditions alone. It may not

índicaÈe 1ow velocity zones or thinner high velocity layers,

if the survey d,istances are not right for it. The applica-

tion of the time term method alone can be very dangerous.

O'Brien (1968), Hajnal (1969) pointed' out that this

technique displaces the structural relief quite substanti-

aIly and can lead to erroneous depth figures ' even though

the velocities of the different interpretation techniques

are the same.

The continuous correlation of the eYents, and the

linearity of the observed data strongly support the simple

layered model continental crust criteria. Until visual
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evidences tike drill core smaples will be available down to

the Mohorovicic discontinuity, it will always be possible

however to create a velocity. gradient which can explain

most of the observed arrivals. But this concept is alien

to all the other observed geophysical cata. As it was

pointed out in the section on Velocity determination, the

field observations do not follow the predicted gradient

values. The observed gravity data Innes et aI (1967),

Weber and Goodacre (1969) cannot be explained by the single

layer model. When the same seismic and gravity data was

reinterpreted by HaIl (1969) and Hajna1 (1969) in the view

of a layered mode], the results of the two studies showed

excellent correlation. similar problems exist in the

comparison of magnetic and thermal survey data to the single

layer continental model Francis (1968).

The nearly vert,ical reflection experiment did not

reach the stage that a definite final conclusion can be made-

The 6:1 stacked data indicate very encouraging results. The

multiple correlation traces are not as definite. spieker

(196f) compares the two methods and feels that the stacking

improves the amplitude / rL times where n is the nunrber of

traces summed. This report also pointed out that for small

values of signal to noise ratio the stacking provides

better improvement than the other method considefed. The

instrumentation, especially the detector arrays, require

drastic improvement. New energy Sources should be tried,
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mainly in the cases of very close shot-observation distances'

The arrival from the shall0w zone of the crust indicates

thatawelldesignedreflectionmethodcanbeusedfor
exploration purposes on the Precambrian shietd. The experi- 

,,, ,,,¡.,,

ment also pointed out that a detailed understanding of the

close surface conditions are rLecessary if a crustal near-

vert.ical experiment is attempted in a given area of the 
, _,*

Precambrian Shielo. ''t ' 
,

r:,,,rt.t.',''.4.t'
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APPENDIX - A

PROGRAM DESCRTPTION AND LISTING



PROGRAM: BINBÏN

A. TDENTIFICATION

Title: Binary to binarY conversion

Programer: D. R. SPrague

Date: Septemþer 1968

Language: COBOL

B. PURPOSE

To convert a 12 bit signed binary number on 7 track

tape to a 16 bit signed binary number on 9 track tape.

C. USAGE

1. Operational Procedure: Only one programr no sub-

routines are required. Three optional features

a. conversion

b. conversion and print out of the converted tape

c. print out only of previous conversion

2. Parameters: Must be provided on computer card.

Column l: I - convert onlY

2 - convert and Print out

3 = print out only

column 2=42 Number of blocks of data to be printed

out (999 maximum).

Column 5-6: Number of multiplexor channel used (16

maximum).
I7I
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3. Space Requirement: I04 K

4. Temporary Storage Requj-red: none

5. Printout: oPtional

6. Input TaPe z 7 track seismic data

7. Output TaPe: 9 track seismic data

B. Time: 0.005 seconds per one L2 channel digital

block.

9 . Refere,nce: none



BINBIN PROGRAM DESCRIPTION

The program .'BINBIN,, will convert a 12 bit signed

binary number on 7 track tape to a 16 bit signed binary

number on 9 track tape. The 12 bit number is recorded as

an 11 bit magnitude plus a sign designated by the high order

twelfth bit while Lhe 16 bit number is recorded in 2's

complement notation. Depending upon the options chosen,

the "BINBIN" program will do one of these three Èhings: it

will convert a 7 track binary tape to a 9 track binary tape'

it will make the same conversion and then print out the

converted tape , oî it will simply print out a 9 track

binarytapethathasbeenpreviouslyconverted.The

binarydataontheTtracktapewasgeneratedbyanA-D

converter Model supplied by Radiation Incorporated of

Melbourne, FlOrida. Two tape characters are required to

make one L2 bit binary number and there are 2404 characters

or L2O2 numbers in each block of the 7 track tape. The

',BINBIN" program reads in a block of this data, reformats

the first character as the 10w order 6 bits of a 16 bit

binary rrumber and reformats the second character as the

seventh to eleventh bit in the converted number. The sign

of the 12 b'it number (tfrat is, the twelf th bit) is tested

and if the number is negative the sign bit is reset Eo zero
L73
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and the converted number multiplied by minus one to put it

in 2ts complement notation for standard recording in the

IBM 9 track format.

The printed output displays the record number and

the block number of the input data and the ciata itself'

since the data was generated by the digitizer working with

a 16 channel multiplexor I up to 16 strings of data

corresponding to each multiplexor channel can be generated'

The number of channels of th'e multiplexor which were used

in the original recording of data is indicated on a para-

meter control card which in turn causes the output format

to be columns of numbers corresponding to the numbers of the

multiptexor channels used. In displaying Lhe converted

data, it^ is possible that only a few blocks of data rather

than the entire record is desired. This is especially

desirable during debug stages to sample the nature of the

data being obtained. A variable number of blocks may be

specified to be printed out with the upper limit being 999.

The number of blocks to be displayed is defined' in the

parameter control card.-

since considerable bit manipulation is being done,

this program is highly dependent upon the IBM 360 system

structure and conVentions. It is further depend'ent upon

the format and the conventions of the device whi ch is

creating the binarY inPut taPe.



Parameter Control Card (atl fields are numeric-no. blanks)

rlr I'
-lî Not used

Number of A-D multiplexor channels
used (16 max. )

Number of blocks of data to be
printed out (999 max. )

Process option I - convert onIY
) = convert and print

out
3 - print out onlY



ASSUME the number expressed as two characters
in "magnitude plus sign" convention.

1. "READ 7-TRACK TAPE

First character goes to high order
byte of field called BINARY-2 and
tñe second character goes to the low
order byte of the field called
BTNARY-1.

Zero fill when
Data Conversion
Trans Iation-off
Odd parity

on the 7-track taPe is:

2404, char block

2.

(IBM 360 notat

Shift contents of BII'{ARY-2

lerNo*" -z\ l+
\/

3. Add contents of BINARY-2 to contents of BINARY-I to obtain the 16
'input number.

-off

on)

00101101
6 bits of

char I

101101101110 which is -878

HI-HALF

át*o*"- r

00000000
¡^¿^
-Àct Lct

r:-gini- , 2 bits by dividing BINAR'Y-2 by 4'

+ BTNARY-2/ù

BII'{ARY-2

LO-HALF

00000000

lst-HALF

00101110

bitsæ
char 2

BTNARY-I

BINARY-1

2nd-HALF

bit. "equivalenL" of the



'l':
:. il

ä

tl

- 

BTNARY..L

I2ç1rr bit has i/alue of 2048

If the digitized inpu!-data is negatit",
therefore-BINARY-I will be greater than
from BINARY-I, if required', and multiply
for writing on 9 track taPe.

5. Write outPut

2o s comPlement

firs

output t,aPe

reset to

the 12th bit
2047. Reset
BINARY-1 bY

t char

11111100

ARG

ac ,:

of BINARY-I will now be a rr1¡r and
12th bit to rrOtr by subt'ractLng 2048
-l to get 2t s comPlement notation

+2404 char block

r0010010

-/ second chara

IRG

cter
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PROGRAM: BLOCK 50

A. TDENTTFTCATION

TitJ-e: Printout and block number determination of

digital seismic records

Programmer: Z. Hajna1

Date: October 1968

Language: FORTRÃIiI IV

B. PURPOSE

To printout a given segment of the digital seismic

record for the first break time recognition. To d'eter-

mine the tot.al length of a digital seismic record.

C. USAGE

1. Operational Procedure: Main program ca1ls subroutine

ENT.Thismovestapetotherequiredrecord.Main

Program prints the necessary data' Subroutine

II,{PUT counts the total number of digital blocks in

the seismic record.

2. parameters: A1 - the number of the first required

seismic record

L = total number of records examined

MM = total number of blocks printeci

from a record
]-78
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3. Space Requirement: L20 K

4. Temporary Storage Required: none

5. Printout: (100 x l-2) matrix of integer numbers

6. Input Tape: 9 track

7. Output Tape: none

8. Time: 1.30 seconds per digital block

9. Reference: none



BLOCK 50 PROGRAM DESCRIPTION

This program consists of one main program and two

subroutines. The prograln requires three input cards. The

input parameters \^/ere indicated in the program write-up.

when all the data are given, subroutine ENT will

start to read the tape and compare the record number of

the first block with the given number 41. If they are not

equal, the tape is read until equality of the two numbers

are found. At this point the system moved the tape to the

beginning of the record which will be examined. Now the

main part of the program takes over. This will reao and

print in a (100, ].2) matrix order as many blocks as

required by the number MM. After this subroutine INPUT is

called. This will continue to read the above record and

to count the number of blocks in the record. V'lhen the sub-

routine SenSeS that the record number is changed, the program

prints out the total number of blocks read in the record'

Now the action again returns to the main programs and it

prints out the MM number of blocks in the new digital

record. This procedure is continued until L number of

records were read bY the comPuter.

Ifnoprintoutofblocksisrequi-r.edforsome

records, by making MM = 0 the process is inunediately
180
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transferred to subroutine INPUT which will read the whole

record and print out the total number çf blocks in one

record.
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PROGRAM: BAIID-PASS

A. IDENTIFICATION

Title: calculations of impulse response and frequency

response of band-Pass filter

Programmer: Z. Hajnal

Date: October 1968

Language: FORTRAN IV

B. PURPOSE

To compute weighting coefficients of a band-pass filter.

To determine the frequency response of the computed

band-pass filter.

C. USAGE

1. Operational Procedure: subroutine FEJERT computes

the smoothed coefficients. subroutine BNDPSS

computes the ideal band-pass filter coefficients.

subroutine FRERE computes the frequency resPonse.

2. Parameters: $ = total number of coefficients of one

Iobe Plus one center lobe

DT = sampting interval in seconds

FI, = Iow frequencY cut off

FH = higtt frequencY cut off,

M = total number of points of frequency

response
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3. Space Requirement: 120 K

4. Temporary Storage Required: none

5. printout: weighting coefficients and the frequency

response

6. Input Tape: none

7. Output Tape: none

B. Time: 30.25 seconds for a 200 coefficient filter

9. Reference: Robinson (f966)



BAND-PASS PROGR.A'M ÐESCRTPTÏON

The program consists Of a main paft and the foIlowing """'." '

subroutines: 1. Subroutine BNDPSS

2. Subroutine FEJERT

3. Subroutine FRERE '

The input data are provided by a computer card' The ,, . , .l .

format of these d.ata is indicated by statement ninety in '::' 
:"'.':':r'

the main program.

subroutine BNDPSS computes the filter weighting

coefficients considering the ideal filter case. The program

converts the data to a two sided filter'

subroutine FEJERT determines the linear operators

of the filter and corrects them with Fejer's formula. This

also prepares a two-sided filter'

SubroutineFREREcalculatesthefrequencyresponse..''......

of one lobe of a symmetric filter. The present program is ,,, ,'..

set up to compute the response of both the ideal and '.'-''-"'

corrected, filt'er coef f icients '

IB7
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PROGR.A.MI: CONVOLV

A. IDENTTFICATION

Titte: Convolution of two time series

Programmer: Z. Hajnal

Date: November 196B

Language: FORTRAN ÏV

B. PURPOSE

To filter seismic data with a set of weighting

coefficients

C. USAGE

l. operational Procedure: subrout.ine ENT moves the

tape to the required record on the tape. subroutine

suPUL locates the required portion of the record.

subroutine FoLD carries out the process of convolu-

tion.

2. Parameters: A1 = fírst record used for process

L = number of recotrds used in the

process

N = number of channels involved in the

process

LM = number of filter coefficients

N3 = total number of digital blocks
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processed per record

Nc = number of channels Per output

M = number of filtered outPut Point

per run of subroutine FoLD 
,.,,,:.,:-, ,,.;

ST = time delay in seconds for the - " :'

filtering Process from the

beginning of the digital seismic

record '

Ç = amplification factor l
..,' ..'

3. Space Requirement: L20 K

4. Temporary Storage Required: none

5. printout: time delay in seconds, record number,

number of blocks Per record

6. Input Tape: 9 track containing seismic data
:

7. Output Tape: 9 track filtered data

B. Time: 13.20 seconds per digital block

9. Reference: none
' '..:

i.,.,,,'..1.,,,.,
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CONVOLV PROGRAM DESCRIPTTON

This program controls the digital filtering of any

time series. It was designed for nn¡ltichannel systems'

The program requires that the filter operators are read in

from punch cards and the data is fed from a nine track

magnetic taPe.

Ast.hefirststepthemainprogramdeterminesfrom

sT the number of digitat blocks rejected from the beginning

of the seismic record.

The application of subroutine ENT moves the tape to

the first, desired record. This subroutine \^las described in

detail with program Btrock 50. The next subroutine SUPUL is

called. This reads and rejects a certain number of b'locks

from the beginning of the digital record if this is

requested bY the inPut data ST'

Theoperationofthesetwosubprogramsmovesthe

tape to the exact point where the filtering process can be

initiated. The caII of subroutine FoLD will start Èhe

convolution process. An attempt was made to improve the

efficiency of the convolution operation by reading in as

mcuh data in the core as the computer system can take with-

out interruption of the general computer operation. At the

present time five blocks of data are Processed at one time'
194
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This represents .855 sec. of seismic data per trace or

M - 500 digital samPles Per trace.

The actual folded output is M + LM samples, where

LM is the number of filter coefficients. To make the

filtering process continuous, before the next five blocks

is read in the core, the LM number of partially filtered

samples are moved in the core to a location where they are

easily accessible when the next set of data is processed.

The units of filtered data are written continuously

on a disk or tape during the filterj-ng process. For this

setp the same format was applied as it was used for the

writing of data to the nine track tape. This way only one

input and output format is required for the entire digital

processing.

Subroutine ZERO is also part of subroutine FOLD.

This subprogram, which was taken from Robinson (1967lo),

prepares the core locaÈions for the filtered output data.

In the present form program CONVOLV writes the

processed data on a nine track tape. For plotting purposes

this data may need slight modifications. If subroutine

DAVE is incorporated with the program then the data can be

adjusted for any type of plotting formats before it reached

the final output. Because the format of plotting of

seismic data is changing from one technique of interpretation

to the other it was felt that it witl be more efficient' to

locate the final output on a tape using a general format



L96

and when plotting is required this tape is read back and

the data is prepared for the necessary pl-otting format.

This last procedure can be carried out using the PLOTMOD

program. This program was written to serve any of the

ptotting needs which may occur with seismic d'ata.
. :: ì ::..1....1
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PROGRAM: AUTCRO

A. TDENTTFICATION

Title: Auto and cross-correlation of seismic data

Programmer: Z. Hajnal

Date: November 1968

Language: FORTRAN IV

B. PURPOSE

To compute a complete set of aute-correlation and cross-

correlation matrix of an n channel seismic record.

C. USAGE

1. Operational Procedure: Subroutine ENT locates the

desired seismic record. Subroutine SUPUL locates

the required arrival within a record. Subroutine

INI computes the average value of a trace. Sub- ,,.

routine STAVD computes the standard deviation per 
,,.

trace. Subroutine TNPUT normalizes the data. :

Subroutine AUTCRO computes the auto and cross-

corre.lation coef ficients. subroutine AUM.AX l0cates

the largest coefficient. Subroutine COSTR computes ,

the power spectra of the auto-correlation functions.

2. Parameters: A1 = first record used for computation

L = total number of records used in
202
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the Process

N = number of traces

M = maximum size of an array

LL = tot,al number of samples used for 
,,,,,i,,,,.,.

correlation 
.::'' :

N3 = the number of M arrays used Per

trace

ST = time in seconds from the beginning '

of the record before the Process . ,''...... :..

starts

LG = number of shifts per correlation

SS = if 5 only auto-correlation is

computed, if anY other number then

both auto and cross-correlation

is computed

3. Space Requirement: 150 K

4. Temporary Storage Required: 3 disks

5. Printout: Auto and crOss-correlation coefficients i",,
r...::..:.i.

6 . Input Tape: 9 track ,,, ,'.,
'

7. Output TaPe: none

B. Timez 36.37 seconds per (2000 x L2) matrix of data

g. Referenee: Singleton (I967J , Robinson (1967b) 
,:.:,.,:
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AUTCRO PROGRAM DESCRTPTION

,.','-,,-: , ,: .','-,:'

Because of the many uses of the correlation techni- :;''::''::1:':':''i::

ques this program was \,vritten in a very general form; there-

fore it is appticable for any requirement. rt can compute 
... .. .:.::

the multi-channel correlation matrix f or as many traces as ,,;.,,,,,,:.',,,.,,',;, ,,

the programmer wishes. At.present ít. computes the .:..:.,::...:,
t. t.i,t.,t;t;.t,.t

correlation functions for twelve traces. If more than

these are required the size of the dimension statements may

have to be changed. The seismic data is read from magnetic

tape. The output data is stored on disk and printed or

punched. on cards if it is requested.

From ST the main program computes the number of

blocks, which are not used for processing at the beginning

of the record. Knowing this data Subroutine ENT and SUPUL

are cal1ed. The use of these \^/ere described in the previous ', ,,,, . ,,
'.:.;.'..:.'.: : . . :...:

pfogfam : : ,:

Subroutine INI sums up the samples of the individual :::::'::'1::':

traces and computes the average value per trace. At the

same time for easier access the data is read on the disk.

subroutine STAND reads the data from the disk and ''' " ;'
r':ì: :_-:-:t.

computes the standard deviation petr ttrace using formula

n

s =['r t (x,x Ln ./-./ r
I

204
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where n = total number of samples used per trace

Í = average value of the trace

Subroutine INPUT reads the data from the disk again

and subtracts the average value from them. This new data

is also stored on the disk.

Subroutine AUTCRO computes the auto and cross-

correlation of twelve Seismic traces. The computation is

carried out according to the last formula of the correlation

theory. The operation is programmed in the right to left

sense. This means that always the last member of the array

is operated on first. This is required by the nature of

the refraction data. The time increments of the arrivals

from the first channel to the twelfth are in the left to

right sense. Therefore the shifting of the correlating

trace must be made to the left to find the best correlation.

The maximum dimension of arrays the present. program can

accomodate is 02 x 2000). The maximum number of correlation

coefficients that can be computed is set at one thousand.

The correlation coefficients are written on the disk. When

the computations are finished subroutine AUMAX is initialled.

subroutine AUMAX locates the largest correlation

coefficient in one correlation function. The location and

the actual value of this coefficient is printed out. If

the data represent an autocotrrelation function then sub-

routine COSTR takes over.

Subroutine COSTR computes the cosine transform or
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more specifically the unbiased estimate of the power spectrum.

This subroutine was written by Singleton (1967), but it is

also listed in Robinson (1967b). The subprogram in the

present form prints out the frequency and the power spectral

coefficients.
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PROGRAM: STACK

A. IDENTIFTCATION

Title: Velocity filtering

Programmer: Z. Hajnal

Date: November 1968

Language: FORTRÃN IV

B. PURPOSE

To sum up seismic traces to improve the signal to noise

ratio.

C. USAGE

1. Operational Procedure: Subroutine ENT movesttre

tape to the required record. Subroutine SUPUL locates

the necessary section of data within a record.

Subroutine INI computes the average value per trace. t,:;.,,;;:;,,,,
: : - : : 

. : 
: 
I : : ' 

-, 
. - ' ' . ì

Subroutine STAND computes the standard deviation 
,,.;,,;,,¡;.;.¡:
,. J, ',:. :

per trace. Subroutine INPUT and NORMEN normalize :;;:;-'i ì"

the trace. Subroutine SUMI carries out the summing

process. Subroutine DAVE prepares the data in e

t..t] .:..

format which is required for plotting. ii;;'r1;.'¡,..i

2. Parameters: Al = number of the first record processed

L = total number of records processed

N4 = number of output traces after

Process 
,,..:,,.,¡. ,'.

2r7
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}{ = total number of traces processed

C - amplification constant

M = maximum number of samples per

trace normalized per loop

Mz = maximum number of samples summed

per trace per loop

ST = time in seconds from the first
part of the record which is not

processed.

DT = amount of shift in seconds

required per trace before summation

3. Space Requirement: 170 K

4. Temporary Storage Required: 3 dibks

5. Printout: average value per trace, standard

deviation per trace, record and trace

number, maximum number per trace

6. Input Tape: 9 track unprocessed data

7. Output Tape: 9 track processed data

8. Time: 2.35 minutes per B0 block record

9. Reference: none



STACK PROGRAM DESCRTPTTON

Thisprogramwaswerittentoprovidevelocity

filteringforNnumberoftraces.Becauseofthenon.

uniform gain setting and the effects of the different'

ground to geophone coupling, the data must be normalized

before velocity filtering. This program follows the same

normalization process as was described by the section on

correlation techniques

FirstthemainprogramconvertssTandDTtosample

interval and stores this daÈa as MB, NST, IT variables'

The second step involves the location of the data for

normalization. subroutine ENT and suPUL are called' Their

description can be found in the previous programs. The

third operational process is the normalization. subroutine

INI reads the data from the tape and sums them up trace by

trace. From these the average value per trace is found'

The data at the same time is written on temporary disk

storage.

SubroutineSTANDreadsthedatafromthediskand

computes the standard deviation per trace' The formula

forthiswasgiveninthecorrelationprogram.Subroutine
INPUT subtracts the average value from trace to trace.

subroutine NoRMEN divides the d'ata with the standard

2L9
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deviation.SubroutineSUMIisthepartofthepr'ogram
packagewherethevelocityfilteringtakesplace.First

the traces are shifted and then summed up. with the present

arrangementNnumberoftracescanbesummedupintoone

to three output traces. The output data is written on the

disk.
SubroutineDAVEisaserviceroutine.Itreadsthe

output data from the temporary disk storage and finds the

maximum numbef in every trace. Knowing this number' a

scalingfactoriscomputed.Thiswilladjustthedata

according to the scaling requirement of the plotting system'

AsafinalstepSubroutineTPPLTiscalled.This

outputs the data on a nine track tape in a format, which

m.akes the data ready for plotting on the calcomp 750/563

plotting system. The detailed description of this last

subroutine wilt be found in the section related to program

PLOTMOD.
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PROGRAM: HZINTEG

A. ÏDENTÏFTCATTON

Title: Multiple correlation
Programmer: Z. Hajnal

Date: December 1968

Language: FORTRAN IV

B. PURPOSE

To integrate the result of multiple correlation for

ioentification of weaker events.

C. USAGE

1. Operational Procedure: Subrouti-ne ENT moves the

tape to the required record. Subroutine SUPUL

locates the section of interest within a record of

data. Subrout,ine INI computes the average value

per trace. Subroutine STAND computes the standard

deviation per trace. Subroutine INPUT and NOR.MEN

normalize the trace. Subroutine SUM2 carries out

the mult^iple correlation process.

2. Parameters: Al = number of the first record

processed

L = total number of records processed

N4 = number of output traces after
23r
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process

N = total number of traces processed

C = amplification constant

M = maximum number of samples per 
....,...,r,.n,,.,..

traces, normalized Per 1ooP.

Mz = maximum number of samples summed

per trace per 100p 
.. ,:, ;: , .,,:

ST = time in seconds from the first 
.':'' :''

part of the record which is not ''l','1" '".'.

processed

DT = amount of shift in seconds required

per trace before summation

SECIN = the integration interval in seconds

Ç = constant factor to control the

integration output

Cl = amplification constant

3. SpaCe Requirement: 190 K 
, 

,.,,.,,,.,.,,.¡,,

4. Temporary Storage Required: 3 disks ;:':'"::¡:i':)::

5. PrintOUt: average VaIUe per traCe, standard devia- . ..'""'.''
.:. . .: ..: 

r'.

tion per trace, record and trace number,

maximum number per trace.

6. Input Tape: 9 trace unprocessed data ::,.,:.,,,,,1,.,

'II: : r '-

7. Output Tape: 9 track Processed data

B. Tj-me z 2.5 minutes per 80 block record

9. Reference: none



HZINTEG PROGRATJI DESCRTPTTON

This is a modified versíon of the program STACK'

This can sum traces and integrate at the same time. It

moves the tape to the required data as well as normalizes

the traces before they are processed.

Subroutine SUM2 is the part of the program where

both the summation and integration takes place. The traces

are shifted according to the input requirements and then

they are summed up to two resultant traces. These data are

stored temporarilly on a disk storage. When the summation

is finished for the entire record, the summed data is read

back from the disk, multiplied together, and integrated on

a predetermined interval. vüith the present dimension

settj-ngs the integrat,ion interval can vary f rom 0 to 2.39

seconds. Because the original data is dimensioned as integer

variable an integration control factor C had to be applied

to eliminate the possibility that the output would reach a

larger value than the maximum allowed t 321000. The final

output is stored on the d.isk or tape. If plotting follows

the processing, subroutine ÐAVE, which prepares the data

for the requested plotting format, is called.
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PROGRAM: PLOTMOD

Title: Plotting of seismic data

Programmer: Z. Hajnal': :ä",::'":::-il",
B. PURPOSE

To prepare data for plotting according to a given format.

C. USAGE

1. Operational Procedure: Subroutine ENT locates the

first required record. Subroutine SUPUL removes

the unwanted data from the record. The main program

puts the required amount of useful data on a dj-sk.

subroutine DAVE applies the scare factor. subroutine

TFPLT prepares the data for plot,ting according to a

given format.

2. Parameters: Al = number of the first record

processed

L = total number of records processed

M = maximum length of the array read

at one time

DRS = st.art, of digital seismic record
244
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in seconds

STP = time in seconds \^¿here the plotting

is started on the individual

records 
:,,.,,,1,,1:1,,.;1 ,

EDTP = end of plot in seconds per record

DTT = line increments from trace to

trace :

:,'..'.,'

3. Space Requirement: LzO K : :r' :'

4. Temporary Storage Required: 1 disk ;"'1;"';";;:;

5. Printout: number of blocks and samples díscarded

before plot, record number, block number,

maximum number per trace.

6. Input Tape: 9 track seismic data

7. Output Tape: 9 track data for plot

B. Timez 2.45 seconds per digital block

9. Reference: none



PLOTMOD PROGRAM DESCRTPTION

In most cases processing of the digital seismic

records requires considerable computer time. This can

cause operatiOnal problems if a general purpose computert

which serves many types of programs, is used for the pro-

cess. Usually the input and output processes are the

slowest part of the program. An attempt was made to

improve this situation. This was done by writing the out-

put data on tape or disk at the time of the processing and

using the above program when plotÈing became possible at

minimal operational periods.

The PLOTMOD is a general purpose program which

prepares L number of seismic records for any given plotting

format. The output is stored on a magnetic tape which must

be compatable with calcomp 750/563 plotting system. All

DRS, STP, EDTP, DTT must be provided for the program as

input data on individual computer cards.

The main Program computes the following times

sT = sTP DRS, N3 = EDTP STP. These are converted to

equivalent digital interval units. The first difference

represent the length of the record which is discarded before

plotting. The second. difference is the total lengt'h of the

plotted record. DTT is used onty if a shift of traces is
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required or it ís necessary that the plotting of traces is

not terminated at the same time on the individual records'

When these data are available subroutine EIITT and SUPUL are

called. These programs llilere described previously. At the

end of the subroutine SUPUL the control is returned to the

main program. The main program reads N3 blocks of data

from the input tape and writes these on the disk. After

this operation, subroutine DAVE is called. subroutine

DAVE reads the data, trace by trace, from the disk. when

one complete trace is read the absolute value of the largest

element in the trace is determined. Using this number a

scale factor for the Y coordinate of the plotter is deter-

mined. When the scafe factor is known all the members of

the one dimensional array is multiplied with it. The

sample program shows the case where the scale factor adjusts

the largest number of the array to 2000. After the above

multiplication subrout'ine TPPLT is caLled'

subroutine TPPLT is a subprogram which calls all

the software provÍded by Calcomp to convert the data to a

language which is compatible to the plotting system. This

subroutine requires the following input parameters.

J = array of one seismic trace'

I = the firsL element of the trace to be plotted.

II = last element of the array to be plotted' It

is set at i-2,000 in the present case. This is

equal to 20.52 seconds of seismic signal.
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XSL = the scale in X direction. It is in inches per

unit. The present scale is 3 inches per second.

YSL = scale in Y direction. It is in inches per

interval. The present scale is one inch per

4000.

S = the separation in inches between traces. It is

one half of an inch at the present time.

PRNT = either PRNT or .FALSE'. If PRNT = PRNT the data

is al-so printed by the printer. If PRNT =

'FALSE' the data is only written on the magnetic

taPe.

subroutine DAVE follows the same procedure for N

number of traces. When the N th number of trace is written

on the tape the control returns to the main program. A new

record is read from the input tape and the entire process

is continued until all the L number of records are

processed. Subroutine TPPLT was provided by the Department

of Earth Sciences.
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PROGRAI4: SRLFIT

A. TDENTTFICATTON

Title: Least square best fit.

Programmer: Z. Hajnal

Date: June 1969

Language: FORTRÄN IV

B. PURPOSE

To fit points to straight line segments.

j c. USAGE

1. Operation Procedure: Main program controls input

ì data. Subroutine LEAST computes least square best

fit.

2. Parameters: NC = total number of groups in input

data

N = number of points in a data group

3. Space Requirement: L20 K

4. Temporary Storage Requj-red: none

5. Printout: velocity, slope, standard deviation,

confidence limit

6. Input Tape: none

7. Output Tape: none

B. Time z 2.40 seconds per 130 points

9. Reference: Bowker and Lieberman (1959 ' p. 266) '
'' Steinhart and Meyer ( 19 61 , p . 135 )
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SRLFIT PROGR.A,M DESCRIPTTON

The program consists of the main program and a sub-

routine. The present program setting is at NC = 10 if the

number of data points is not higher than 150 in the

individual groups.

Input data is read from computer cards. It consists

of the number of points within one group and the actual

time and distance data.

The main program reads the total number of input

information. After this the first group of data is selecteci.

Subroutine LEAST takes the selected group of data and com-

putes the linear least-square fit to the data. The mathe-

matical equaÈions \Ázere taken from Bowker and Lieberman

(1959, p. 266) and Steinhart and Meyer (1961, p. 135). The

output comprises the slope of the best fit line, the

velocity, the standard error and the confidence limit of

the slope.

When the computation is finished the control- reLurns

to the main program. If it is required the same set of time

and distance data is squared and the subroutine is called

again. The output is then the results of the best x2 T2

fir.
The previous procedures are repeated as many tj-mes

as it is indicated by the input parameter NC.
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PROGRAM: STATS

A. IDENTIFICA.TTON

Title: Polynomial regression analysis

Programmer: F. Chebib

Date: June 1966

Language: FORTRAN IV

B. PURPOSE

To compute nth order polynomial fit to a given set of

data.

C. USAGE

1. Operational Procedure: Order of program operation

is main program, su.broutine GDATA, subroutíne CORRE,

subroutine ORDER, subroutine MïNV, subroutine MULTR.

2. Parameters: 1. title of the data set

2. number of samples

3. largest power of the independent

variable (max.98)

4. a T will cause input data to be

Iisted. An F or blank will
suppress this listing.

3. Space Requirement: 150 K

4. Temporary Storage Required: none
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5. Prj-ntout: list of input data (optional) , mean and

standard deviation, a matrix of aII possible

correlations of the dependent variable and aI1 the

indepenoent powers variables, the partial and

standardized regression coefficients, the value of

intercept and the multiple correlation coefficient,

a list of the observed, expected and adjusted values

of the independent variable for each value of the

dependent variable (optional) .

6. Input Tape: none

7. Output Tape: none

B. Time: 1.55 seconds per 130 points

9. Reference: University of Manítoba Computer Centre

1969 Statist,ical Packâ9ê, p. 19 ,

fnternational Business Machines Systems

360 Scientific Subroutine Package, File

H20-0205-3, (3604-CM-03X), Version III.



STATS PROGRAM DESCRIPTTON

This program was designed to perform a complete

polynomial regression analysis on any number of sets of data

with options to select any combinations of the powers of the

independent variable for the analysis. It consists of one

main program and five subroutines ' four of which are in the

IBM Scientific Subroutine Package. The dimensions are set

up so that the program can handle a power of not larger

than 98.

No listing of this program was available.
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PROGRAM: LEASTMO

A. IDENTTFICATION

Tit1e: Velocity determination from wide angle reflections.

Programmer: z. Hajnal

Date: June L969

Language: FORTRÄN IV

B. PURPOSE.

To compute interval velocity by iteration process.

C. USAGE

1. Operational Procedure: Main program only.

2. Parameters: NUMBI = total number of points used in

the computation

ZS = depth of the first intefface

VEL = vertical velocity in the first 
..,

laYer 
,,

Wl = slope of the first interface

VAM = approximate velocity of propo-

gation in the second laYer

W2 = approximate slope of the second "
interface

3. Space Requirement: LzO K

4. Temporary Storage Required: none
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5. Printout: corrected velocity of the second layer,

corrected slope of the second interface

6. Input TaPe: none

7. Output TaPe: noRe

8. Time: 120 seconds Per 50 Points

9. Reference: none



LEASTMO PROGR.AM DESCRIPTTON

The main program is a set of applied formulae. The

mathematical description was presented at the velocity

determination in the section of wide angle reflection for

the two-layer case. A set of IF statements control the

directional changes of the estimated angle P".
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PROGRAM: DISTAN

A. TDENTIFTCATION

Title: Distance determination from latitud.e and longi-

tude.

Programmer: 7'. Hajnal (M. J. Keen)

Date: April 1966

Language: FORTRIrN II

B. PURPOSE

To determine dj-stance between shotpoint and recordj-ng

site by the latitude and longitude of these locations.

C. USAGE

1. Operational Procedure: one main program

2. Parameters: N = number of shotpoints

M = number of recordi-ng sites

3. Space Requirement: 104 K

4. Temporary Storage Required: none

5. Print,out: distance in km. between the shotpoint and

recording site, list of the input data

6. Input TaPe: rrone

7. Output TaPe: none

8. Time: 30.0 seconds per 50 locations

9. Reference: BuLlen (1963, P. 154)
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DISTAN PROGRAM DESCRTPTTON

The program \^ras originated by Dr. M. J. Keen of the :

Institute of Oceanography, Dalhousie University, Ha1ifax,

Nova Scotia. This program was modified by the writer from

moving shotpoint to moving recording sites. The computation :

formulae were taken from Bul1en (1963, p. 154). The input

data consists of the latitude and the longitude of the

surveying locations. The data is read from computer cards.
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PROGRAM: DEPTH

A. TDENTIFICATTON

Title: Two-Iayer depth calculation from seismic data.

Programmer: Z. Hajnal

Date: JanuarY 1969

Language: FORTRÄN IV

B. PURPOSE

To compute depth of the first interface from reflection

and refraction data.

C. USAGE

1. Operational Procedure: Main program controls input

data. Subroutine RFRLI computes the depth at

recording site from the refraction arrj-vaI. Sub-

routine REFLI computes depth from reflection

arrival data.

2. Parameters: NRR = tOtal number of refraction data

NRE = total number of reflectíon data

3. Space Requirement: 104 K

4. Temporary Storage Required: nQne

5. Printout: number af the recording site, depth in

km., offset distance

6. Input TaPei none
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7. Output Tape: none

B. Time: L.75 sec. per 50 data Points

9. Reference¡ none

lO. Remark: Because of the simplicity of this program

no detailed program description is given.
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PROGRAM: THEORE

A. TDENTIFICATION

Title: Theoretical arrival times for reflection rays

from multi-laYer crust.

Programmer: Z. Hajna1

Date: August 1-969

Language: FORTRÄN IV

B. PURPOSE

To compute theoretical reflection arrival t,imes from an

estimated crustal sect'j-on.

C. USAGE

1. Operational Procedure: subroutine REL1 computes

arrival times for the first interface. subroutine

REL2 deriVeS the Same data from the SecOnd interfaCe. ,,:,,:',,,'"
I ::.: ::j:-- .,1

subroutine REL3 determines the arrival times from ::. :

., l,t:,,ta ,.

. :'.-l -,: 
_.: 

.-.the third interface.

2. Parameters: HI,H2'H3 = thickness of the first,

second and third }aYer

W, rW.rW' = slope of the first, second :'"":" 
':_L Zr"3 

.---! - -d .-:.j.r:.::

and third inÈe.rface

V. ,V. rV" = longitudinal velocity in the
I' ¿' J

first, second and third
273
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layer

LL = total number of computations

required

3. Space Requirement: I20 K

4. Temporary Storage Required: none

5. Printout: depth to the interface, angle of imergence,

arrival time, distance between shotpoint

and recording site.

6. Input Tape: none

7. Output Tape: none

B. Time:

9. Reference: none



THEORE PROGRA,M DESCRIPTTON

The program formulae are equivalent to the equations

d.erived for wide an91e reflection in the section of velocity

determination. In the present program the angle of

emergence at the surface is varied from 0o to 90" '

All subroutines have the following optional features.

First the a4gle of emergence is changed approximately half a

degree from one loop to the other. vühen the distance

reached a given zone of interest, if required the an91e of

emergence will change only 5 or 10 seconds from one computa-

tion to the other. It is also possible to make a gradual

variation in the input parameters of a given subroutine'

i.:._
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rr,:1:.iit, :}t, r....

Li VLL

C

C

L

C

C

l)À I !: = 'l (iùj'l 2Lli?li'il.r

C l-J i!'iP Ul .A T I r,] it t F I i-l Fü iì. [: T I C'C L i¡. Ë F L É C I I 8i'l T i f4 E S

ËRüüdAfi r+AS ,¡iì I TTËi\ BY Z HÅJl\AL NiÛV/69
I]EPT- ÜF EAÊ,Ti1 STTE¡ìCES"
l]UTiU'I GIVÈi\ FCiì i,]I\E TI THIìI:K LAYf:R CASIS

I NPUT }.ATÅ
Hl=lil"30
i1l=L8.4?
l-i 3=c"50
iil=C"t)
:,,i2=0. t
i',J 3-Ü - fl
Vl=ó"t)5
V 2=ó . 9rJ
V3=7.Ç0
V4=S.45
l_ L= I lrl)
CALL i,-EL T

t¡1LL iìËLZ
i-L=350
C ¡\LL RFL3
CAI-L ÉXTT
i r,t i)
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{Hlyþ,,lrVlrVZrLl-}
{ il I ril2 e ì,vi ¡ i.i2 r Vl çV?tV3 r LL}

{ Hl tiJ ? rH3 t wL tVt?- rv'r3 ¡VL rV2r V3 g V4 rLL }



i_FVi:L iu i"ll;ii J i{ÈLl" l,ì{î[ = 7O0i-)7 ?-"/5:i/|>\

SUiJRÜiJTIi\iE RELI {¡IIiVIY VI¡V2rLL }'l-=0"0i74533/2" 277
¿iRITt (6rZIl

?L Filp,ù1^l {T3trÉrjfpTiJå?IltJr{JIi4EEsÍ2+¡eDiSTÅi'lcEteT5+e{.A\iGLt ÜF Ei'lFiìlì.
l! l

KK=LL-l-
I | -l

i)ii I r'-1r1'K
iì Ëirl=S i i'i ( IT i
ir=sEÌi/vl"
i-1i,ì5=SiìKT { f "-Sthi'i'Si\li\.¡,\\=St N! /HíìS
Er'lEi, I = AT Al'l ( VAN I

P1=E14F-R1+ì,.ii

^LF 
L_ pl_rtl

:.lAl=ill
PÀl= i-itil
x.¿\l= ?t\I/ { { 1"/TAi\i{ALFI_ ) }+TAN{ r,"ll } l
pp 1=iìA l- ( XA1 r,.TAf'J ( !,J1 ) l
X?!,=PPl >F TAi{{ EMI jìl)
Tiil= '1"'PL/ { V1*CrlS { ALI- I } }
Tir l= P I' Ll t v 1¿. ci,) s { Fi'li:ii I } }

Xlìl=X/tL{-XPl
Tr.l= TAI+-l'pl
VR=VL/lfz
DË=TT/J ' OLl 4533
TF(Stil"I\E.VR) GIJ'TO IO
,l;LlTEl,SpZ) l XAI r Py XF.l

2û i:Íliìì,44T {iii TUCfiITICAL P=trT'9"3re'RAYP=*rË1.6rsCRí"i.)='eËç"3i
i0,;RiTi: t6r7?_'t KrItiÌ, xRlrHAtryDÉ
?2 l-LiRi43T { I3ç I4rIt0ri:9'3 rT?-5 ¡F9'3 rT35 rF9" 3 r TËj5'tF9"5'

TI=l-T+T
i CONTII.ìUE

È. ÊTURi\
E i\i i)



,( r, t_, /_ ir,\l-É = 70ü')7 itL/7¿/a:;

Sulj¡{ütlIIñE RËL2 {ilLy H2r l¡¡lr',t2t Vl-'V2rV3ri-L}
T ={.} . rl 17 453 i / 2 "
f¡ìì I T E | 6 ??-?|
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2 ?- F j ii '4 ¡,I { I I r i S E C " L 1ì Y E i( ! y T 5 5 r I A fr G L E 1'l F È i4 [ q ú . I e T 12 s I I I 1"1 f r ¡ T ?4 t r il I S I A

Llrici: i r T 35 r Ê ùEPTil * )

(,(=l i -l

llil 2 K=IrKK
S ti''t= S i i,j ( TT l
i,¡=SFir,/Vl
r{,lS= 5niìr { I "-Sti\j*S b\l )

VAt\i= SËru/ HCS
Ë14Eill = ATA\ (VAi\ìl
SENZ = lV 2/V1 l*SINi( E14FRl+w1l
Sli= I "- ( S ENl2'kS Ei\2 )

I F( SS"LÈ"1. ) GÜ TÛ 5O
i.iiiS2,= !tlRT ( I " -5 EN2* SEi\2 I

P 2=.¿\T A fi { S tl\2 / l¡L-}S2 }

F i'4 E P' 7.=P L-\tl L

1Lt_7_ = pZ+ ¡Jl
Piil = (Vl/V21, ì< SINi{ Ai-F2- ftl. }

ilPAl_=SijriT { l,-PAL'l.irAL }

i: iIP = AT I\I\ i t} AL / HP,CL }

¡\t_Ël = p¡\p + t.rI
ì-lA 1= l--i l"

H.42=i-i?
PÀl=í-1Al
x¡il=i,jt+L/ { {r" /TAl\(,ALFl} I + TAfrl{ r^;L } )

i)r12=Hi\2 r XA I,l. ( TANI {',.j1_ )- TAi{ ( *ú2 ) }

X/XZ ì= pÃZ/ { i i"/T/i\(ÅLFZI I + TAii{il2) l
ppZ = t1¡\2 +f { XAI + XA2),l.,tO*,trt, TÀí"i{bl2}}}
XP2= ??2 /l{ L"/ TAN(El'1Ëiì,2i¡ TAN(1¡ll)l
ilpl=tj¡il-{ {XÄl + XA2 +XP2} * TAN(!'!lf ) )

XPI = PPI'i. TA\l(EMËR
T.a.l = iPAl-XAl'i'TÄN{þlI) )/(Vf * CÛS(ALFI} }

Ti\2 ={trA2- XA2 i< fAN(f,¡211/{V?. ¿. CûS(ALl-2})
TPz = {PP2 + XPZ á< TAN{\fIl",/ {CÛS{Et'4ER21)rVZl
IPI = PPL/ lCtS { Ei4ËRl } r¡V1 }

D[:=TT/0"CILl+53"
iiH2=H/iI+HÀZ
xR2,= XAI+XA2 + XPI + XP2
TR2= Ti\1 + TA2+ TPI + 1P2
Viì2 = U2/\,13
if-(sEj\iz"NF.vR2) Gü Til 5

XCP= XÀt +XÀ2
WiìiTir t'5r 2l ) XCPe P X1].2

2L -Fi-lj:ìii'1ï ( 1Fl r t C'R I P" L2= n ,F?' 3s Ni(AYP='' ¡F9"5 r Ù{.R I 'Ü=r r F9'3 }

5 i.iilITÈ | 6î25) KrTk^2tXìì2rHH2rDË
?5 Fllflf4Al ( TJ r I 4 t'{10, F€ "3 tT25 r F9 "3 tT35 t*9 " 3 s T 55 tF9.51

TT=TT+T
2 CONT I I]UE

5) tiÈTUiìi\l
Ei\D



Ll:Vt t- ir '':i-, .:ì
tl ì:- í 1l iiAT Ë = 7ÛÜÛ7 ?L/5it/iti

SiJü3.LJtI INE ilEL3 { HI p H? ¡ á3v iìI r ì¡''i2r v{3 I VIIV2" V3r V4çLL }

T=0 " 117 453 1/ 2 "
DiJ 50 L=l-y2
;in.lTí: {¡rr22}
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;!?_ FilRi"ìrii ITlrtTi-ltKl.] l-ÅYElì'¡155rrAi\ii-;LÊ üf- tilFRG"ÈrTl3"TI;4Eirl24råi,IS
t lÅl\ci- { 

e i35, ? LlrPrlJ t }
-I'T - T
If- iL.Lr"2) GÜ Til 2.3

T,=Û " UÜi.)ÜE
1,^j:J=-C, .ll5iJÙC

23 l(K=L1,-l
jlil 3 K,=LrK(
SEl"l=SiN{TT}
P=SEi''r/Vl
rilS= 5iìiìT { I "- S EN'3S EN ¡

VAi\!=SËN/HÙS
E if E11 l= AT il;\ ( VÂl-¡ )

SÉflj2= (,V?/V I ),FSIi'l{ Ëi"lËiìI+l4l )

IJÛ S2= S,JRT I I . -5 EN2Tt S E ilJZ }

P 2=4I,1 l\ ( S Li'12 / llt S 2 )

Ei4ER2=P2-hiÌ
iìEN-l= { V3 /VZ }'k { ËlviÊR7+t'"}21
ilii S J= Siìi'. T { I " -S Ei\3'l' S E N 3 }

p3 = AIAN( SËi\]3/Hi_lS3 !

i:i'lER 3=P3*'ii2
À1_ ì: 3= p I + !!r¡ 3
P AL= {U2/V} iv¡S IN i ALF3-v,iZ }

;lP,\L= S iiRT ( 1. - PÀL:F PAL )

ir /\?=,xT A'ñ { PA L /HPAL }

ALI_2=pr\p+i.J2
i¡,{C,- { V L / V 2 l Y; S I i\ { i\i-F2-i'i1 }

iìPAC=S,JR T { ]. " -P ACITP AC }

PÅ3=i\l-AN IPAC/ HPAC)
r:iLFl=PA3+r'i1
HÀl=iìl
i"{,42=il2
;lA3=H3
HH3=HAl+H.¡lZ+t-iÀ3
P,Xl=iiAl
xAl.=tt\L/ l{ l,/TÀN(ALFrl } + TÅN{',,11 ) }

P A2=lJ A2+XAl. l. { TÂN ( {l'f l-T/\hi { i^i2 } }

xA2=pA2/ ltt_" / IÀ\1{ ALF2 ) }+TAh¡{ h2}
irA3--iiAi+ { { XAl+xi\¿ } r' ( TAN ( þi2}-TÀN
x,{3= p A3/ ( | T " /TAj\i { ALFS } ) +TAf\{',r,.t3 }

N3¡ ) )

pp3=fjA3+ { ( IAf\ { w2 )-TAfd { t43 } } *l xAl+xråz+xA3} I

XP j=1>V 3/ { ( 1. /TAf\ ( EMË,ì,3 ) }- T,lNi( l¡r2 } }

ppZ=rJA2+ { { TAí\ ('¡l ¡ -T¡ii\ { þs 21 | t¡ ( XAt +X,42+X.43+XP3 i }

LP2=??2/llL"/TÀN(EMEil2l] TAN{þ,11}} ;' "';.
rrÍr i=HA i- {TÀN ( ixl } 1. { Xå I+XA2+XA3+XP3+XP2 } } :-1."'1: ;::;1;

Xpl = l-)PlàtTA\ì( tMERI )

T jll=(P,l1* XÅ1*TAf\{irLI't / ( V1r.'CCS{ ¡\LFi I i

TÀ3={Pr\l- XA?Y,'TÅl'i{ it3) ! / ( V3*CÜS( ÁLF3} }

I ir3= { p r':l+xP3Ì.TÀN { h 2 } ) / { V3*CriS { r l"lER3 } }

TP2=(PP2+ XP2{'TAN{!,¿t } } / { V2xCOS{ EMËÊ'2} }

TP l=?? L/ ( Vi*CÜS( Ë¡4EF.l ) l
xR 3= Xi\ I +X,{2+ XA 3 +X P3 +X P2+XP I
Xi¡=XA1+XA2+X1\3



t,: rL 3 JirlE = 7Oilil7

iF (L"üI*l] ßLr TC 28
.., : IF (Xil3.l_T.IlÛ.) GÜ TÛ 2ð 280

''t, .' ..t,. , I=T T
.':ì f î f-l
'JçJ ¡ r'- 't¿

2 B .l'ì.?'=T 
iì l+TÂ2+ TA3+TPi+îPZ+TPÌ

lli=-ff/Ll"û174533
vi:i3=v3 /v/+

: IF(SFi\:l"i'\E*VR?-') ('fì TiJ 10
Xtp=XÄ1+XAZ+XA3
,,jÞ.Irt (6r 2i ) XC¡r, p, !,Rì

,,i., ¿.L Ffili"iA.T ( li-l r ¡ ciìl P. L3= I u i:9u 3 r Ú RAYP=', r F9-ú r ¡ Ci{I f=a x F9.3 }

,,,,.,. L0 ¡IRIIÊ (5r31) KrTf"l 3rXR3rlll-l 3rDE¡XA
3i {:il}l14l\T (T3rI¿+rT1ûrl-9 ')¡f ZiirFq"}rT35tF9"3rT55tFq "5rT1ÛrF8"?'l

IT=TT+T
3 CI]NTI'\UF

5fl Ciìi',rT Il.lUE
t¡:TURi',i

. Ei\D

2l/'ii¡,/55
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