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ABSTRACT

A section of a regional crustal deep seismic sounding,
between latitude 49°30' N and 52°N and longitude 93°W to
longitude 98°W, was examined in detail by a 52 mile continu-
ous combined refraction and wide-angle reflection survey.
This survey confirms the existence of the Intermediate and
Mohorovicic discontinuities as was determined by the
regional study. It also reveals a major crustal fracture
zone in the Intermediate discontinuity with maximum movement
of 3.5 km.

The present study was the first attempt on this
continent to apply continuous profiling techniques in deep
crustal seismic investigations. It proves that the ordinary
survey methods can lead to an oversimplified interpretation
of the earth's crust.

The observed data was processed with the latest
digital filtering techniques. Description is given of the
develbped computer programs and the analog to digital
conversion system. |

An eleven mile experimental nearly-vertical reflec-
tion survey exhibits arrivals from the Intermediate
discontinuity. It was found that this method is applicable

on the Precambrian Shield, but the results indicate that
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for successful studies cf this nature further modifications

are required on field survey procedures.
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CHAPTER I

INTRODUCTION

Explosion studies of the crust of the earth were
started in Manitoba and Northwestern Ontario at the
beginning of the 1960's. Results of these investigations
have been published in several papers; Hall and Brisbin
(1961), Hall (1964), Hall and Brisbin (1965)./ These repre-
sent studies in Central Western Manitoba. Hobson (1967a),
Hobson et al (1967), Hunter and Mereu (1967), Barr (1967),
Ruffman and Keen (1967), Mereu and Hunter (1969) , Hall
(1969), Hajnal (1969) deal with information from the
Hudson Bay area. Hall and Hajnal (1969) describe 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. Hall and
Hajnal (1969) report a regional deep seismic sounding of
the earth's crust in considerably more detail over an area
between latitude 49°30' N and 51930‘ N and from longitude
93°W to longitude 96°W. 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 52°N and longitude 98°W. This area covers

the southeast region of Manitoba, including the southern
section of Lake Winnipeg. The surface geology in this
region indicates several major faults, extension of the
English River gneissic belt, as 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 in the
surveyed region. This is an extension of structures evident
on the maps of Hall and Hajnal (1969). Second, a continu-
ous refraction profile was run over this feature to obtain
further detail on it. This profile, together with the
third step, namely, an 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 applied both the refraction as
well as the variable angle (or wide-angle) reflection
methods. The vertical reflection survey used the same
instrumentation but because of frequency considerations,
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-recordexr 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 oOr 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 instrumentation. 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 it.

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 low frequency noise. The investigation indicates the




extreme versatility of the digital processing technique.
The many possibilities 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 Hall 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 zone in the upper part
of the crust. Criteria for the recognition of deep crustal
fracture zones were described and tested. Significant
correlations were observed between the crustal feature and
the available surface geological information. A description
is given for the application of combined refraction and
wide-angle reflection data in the process of interpretation.

The nearly-vertical reflection profile discloses
near-surface geological features. It shows possible
arrivals from the intermediate discontinuity. The results
indicaﬁe that with some modifications this technique is
applicable on the Precambrian Shield. It can provide
details of close-surface and deep-crustal structures, which

would be difficult or impossible to detect with other methods.




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 1T

FIELD PROCEDURES

There are three distinct sets of observed data.
These sets of data come from regional refraction surveys,
continuous profiling refraction surveys and near-vertical
reflection surveys. The field survey technigues are some-
what modified from one survey to anbther and these
differences and possible further modifications require

description and thus are presented here.

Regional Refraction Surveys

The recording was carried out with truck mounted
Texas Instrument VLF-2 equipment. The technical descrip-
tion of the complete system is given in the section'on
instrumentation. Recording with the equipment is possible
even at very remote or nearly inaccessable areas if air-
craft or track mounted transporting equipment is available.
The present study was limited to those recording sites
which were accessible by a three-quarter ton truck. The
recording crew personnel comprised one observer and two
field assistants. The production is usually one observa-
tion per day. Two observations per day are possible
provided the recording sites are less than sixty miles

apart.




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 were Geo-Space HS-10-1 types.
Four horizontal and eight vertical seismometers were used.
These are velocity-sensitive, high-output detectors. When
possible, the seismometers were buried, approximately one
to two feet in the ground. The "number one" take-out was
located at the end of the array closest to the shotpoint.
The horizontal detectors were located in pairs at array
locations two, three, and array locations ten and eleven.
An attempt was made to locate one horizontal detector of
each pair in the direction of the energy propogation and
the other at a right angle 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 level, 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




" map. Figure 1 shows the recording sites used in the present

survey.

Regional surveys were started in this area around
1963. Only one segment of the long term project is a part
of this study. The results of the investigations between
1963 and 1967 were published by Hall and Hajnal (1969).
The data which extends the investigations to latitude 52°N
and longitude 98°W are presented here. This entire project
is supported by the National Research Council and field
investigations are already extended beyond the above limits.

Limiting the survey to travelable roads makes it
impossible in many instances that the detector array is in
1ine with the shortest straight line direction towards the
shotpoint. Deviation from this ideal situation can vary
from zero to ninety degrees. If the deviation is more than
five degrees, the observed arrival times from one detector
site to the other, do not show any useful or even observable
time differences. This in some cases complicates the
récognition of the types of arrivals. During previous
phases in the University of Manitoba's crustal studies
several observations were made by moving the array off the
road in the required direction. This in most cases meant
cutting narrow lines in the bush and laying the cables
there. The observed background noise in these cases was
so high that this practice was abandoned. These experi-

- ments were carried out at the times when magnetic tape
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recording was not available. It could be useful to try the
same experiment recording the data on magnetic tape and
applying digital filtering techniques to the observed data.

In these cases multi-detectors per channel might eliminate

some of the noise. A better control of 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 reguires a continuous seismic
survey along a given distance. The observations were taken
along the Provincial Highway Number 304 starting from the
town of Bissett. The recording points are indicated on
Figure 1. The first fourty sites are along the road from
Blssett to south of Sandy River. The second set of twelve

sites start at the intersection of O'Hanley River and the

highway and continues south along the road. Every recording
covers 1 mile. After each observation both cables were
rolled up and when the new set up was laid out the previous

number twelve detector location became the numbexr one

detector position for the new site. Under favorable
weather conditions the three men could cover five miles a

day. This production could be improved dquite extensively
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with a larger crew and a second set of cables and detectors.

Vertical Reflection Prcfile

This short study was only experimental in nature.
This method has gained only occasicnal application in
crustal seismic studies; therefore, a standardized surveying
technique does not exist. Recently Kanasewich and Cumming
(1965), Clowes et al (1968) reported good results with near-
vertical reflection arrivals from deep crustal layers using
the same VLF-2 recording system as used in the present
study. Both Clowes and Dix (1965) indicate that the arrival
frequencies were somewhat higher than in cases of eqguivalent
refractions. Dix (1965, p. 1069) in theoretical calculations
shows that the principal freqguency can vary frem 12 to 25
cps. Clowes et al (1L968) contribute the good guality of the
field data they obtained to the specially designed arrays
of sources and detectors. Their arrival frequencies were
dominantly between 10-15 cps..

Using these references, the one cps. detectors were
replaced with EVS-4, 7.5 cps. detectors. The study of near
surface refraction records in this area showed that the
ground roll has a frequency range of 2.85 to 3.7 cps. with
average velocity of propogation of 3.1 km./sec.. The
design of a detector array which would eliminate this noise
would require a complex cabling arrangement which we do not
have.

Because of its unusual nature no standard system
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could be used. The making of the cable and the extra crew
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 1/2 cps. detector
per take out were implemented for the project. It was
found that by burying 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.

Shotpoint

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
présent time is the detonation of explosives. The physical
conditions under which the shot is fired have a large
influence on the amount of energy and the character of the
seismic waves. A good shotpoint location must be large
enough for a load of over a thousand pounds of explosives.
Tt must provide sufficient tamping to ensure that the gases

do not blow out in a time comparable with the longest
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period of interest in the refracted arrival.

In previous studies (Hall and Hajnal, 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.

Because the Precambrian section of the surveyed
area is extensively covered with lakes, detailed procedures
were developed to use underwater explosions as the source
of seismic energy. Cole (1948), O'Brien (1959, 1967),
Weston (1960), Steinhart and Meyer (1961) , Barnhard (1967)
give general descriptions of experimental shooting in water.
The conditions existing in the present case required some
special considerations. Most of the charge sizes applied
here were in the range between 400-1506 pounds, but only
60-70 feet of water depth was available in the lakes where
the location of shotpoint became necessary.

When a charge of explosives is detonated underwatexr
the immediate result is a very large'amplitude pressure
pulée roughly in the form of an exponential spike. The
duration of the spike increases as the cube root of the
weight of the charge (Cole 1948). 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 fraction of the
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. 401) concludes that the first bubble
pulse will be radiated at a time Ty after the primary shock

wave where

1/3 5/6

T, = 4.4 w (d + 33) sec.

W

charge size in pounds

d

Il

depth in feet

There is no reference concerning the bubble pulse
when several smaller charges, separated 150 feet were
detonated at the same time. It was considered here that
they behave as separate units. During the refraction
profile survey fifty-two shots were fired from the 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.. NoO
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=Xx W
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where X = constant scale factor and n = 2/3 for marine work,
but can change slightly from one explosive to another.
According to this last equation the maximum seismic
amplitude will only be obtained by splitting the charge
into a number of smaller units. Using several 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 were two 50 pound cans of
ammonia nitrate (Nitrone SM-Super X) blasting agent. These
charges had their own cap and booster. They were lowered
to the bottom of the lake from a small boat. The units
were located 150 feet apart. For safety precautions every
package was submerged 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.

For the vertical reflection program the shotpoint
had to be located in the Wanipagow River approximately one
mile from the Hole Rivér Indian Reserve. Here the 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.,
0.6424 sec. respectively. Because of the shallow 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.

No comparison could be made between the efficiency
of underwater explosion energy source and shots fired in
drilled holes. O'Brien (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 indiéates that the water
bottom conditions could effect the trénsmission of the
incident energy, which can make the underwater explosion

less efficient than the standard underground charges.




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 refraction system. This
includes the power supply and the RS-12 recording oscillo-
~graphs.

This unit has a flat frequency response between 1
to 40 cycles per second. Gain adjustments are made in 6
decible steps between 0 and 66 decibles. The high cut
frequency switch adjusts the cut-off frequency of the high
cut filter at 8, 12, 16, 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 ratioc 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
Model WWVT receiver. . The original unit had operating
frequencies of 2.5, 5, 10, 20, and 25 megacycles. This was
later modified, a 2.5 megacycle crystal was replaced with

a 3.3 megacycle one. This made it possible to receive the
18




" TAPE .
TRANSPORT A/D CONVERTER .
AMPEX TH-1
. 3wy,
4[ = RECEIVER
A T —
— — ) m— ef
W (. —
[ =
. . Inf.
. nput
| ONLY WHEN PLAYBACK "?@ RATTERY
— ' _POMER_
1 FIRWD PORER ouTPUT ﬁ TNFORM.
CAMERA uTPUT
T capies | 4r_(> e
@n ~ - INPUT
AMPLIFIERS RECORDER
(TAPE)
B MU 21
PonEROE=—"" R LLL{
\—t
TIME SIGNAL
oI oy
. TIME
m4 = CODE
eeuT AT LL GENERATOR,
L . 6 b
|- 18]
POMER UNIT — ;
AMPEX
H Cp.100
)] ]
U. OF MANITOBA o2t W A 1 OPERATE Mo
LF-2 vwa Cplo0  CAMERA  AWP. INVERTER |
REFRACTION SYSTEM S SWITCH BOARD 12V ShouER
CONNECTION DIAGRAM a o o0 00 0O ki@
Q_¢ : :
TO BATTERY CHARGER
TRANS-RECEIVER oMLY FOR DIGITIZATION
Figure 3.

Recording instrument lay out.

6T




20

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 feet of tape.
Tape‘speed can be varied in the following manner 1 7/8,
3 3/4, 7 1/2, 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 0-125 cycles per second. The total harmonic dis-

oe

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 dual channel
modulators and seven transistorized dual channel demodulator
units. Maximum input voltage level is 10.375 volts. The
maximum output voltage level is at +2.2 volts. The center
frequency is set at 3375 cycles per second. The total
carrier swing is between 1750-625C 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 channels 1 to 6 and at 0 decibles through channel

7 to 12. Channels 13 and 14 were used for timing signals.
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With the present system channels 1 to 6 were modified to
record at 0 decibles. With this it becomes possible to
record on magnetic tape the outputs of 12 high-level Texas
Instruments amplifiers. The acquisition of a Model 3000
oscillographic time-code generator made it possible to
eliminate recording delays which were caused by poor
reception of the WWV signals. This unit is a product of
the Chrono-Log Corporation. This time-code generator
produces an 8-4-2-1 binary coded digital representation of
time. Once every minute a complete time code pattern is
~generated. The power requirement is 115 volts, 60 cycles
per.second. The unit uses the 60 cycle per second fre-
guency as the time base. The modification this unit
required are the following; the WWV signal was moved to
channel 13 on the magnetic tape and to galvanometer number
24 on the camera and the cronolog signal goes to the twenty-
fifth. 1In 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 now
used to open or suppress this continuous pulse during
recording. With this method the binary pulses, which are
3 seconds, 1 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 12 volt battery. An invertor
was therefore required to supply 60 cycles per second A.C.
voltage with the above power 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-60 invertor supplies the standard frequency. This
second unit has accuracy of +5 ppm. With this arrangement
the time code generator is accurate to i6;8 milli-seconds
in an hour. One good automotive 12 volt battery can supply
enough power for an eighteen hour operation.

A1l 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
standard 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 indicated on Figure 4. The operations and
specifications of the significant components are described

in the following;
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Block diagram of analog to digital conversion system.
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The Model 5416 multiplexer contains 16 input gates
with associated address buffers. The packaging concept
ermployed in the design of the system makes it possible to
combine any number of units without modification of the
basic package. With this combination, the number of
digitized channels can be expanded in sets of sixteen,
Every package must operate a minimum of two channelé.

Input signal is from 5 microvolts to 10 volts full scale.
The input siénal is fed through two sets of 16 phone plugs.
The two input jacks, 51A and 51B provide two functions:

(1) analog input connectors (2) switching between
differential and single ended signals, placing the output
signals on the proper buses. 51A is the 3 wire differential
input jack whese bushing is 0.2 inches which will not

accept the standard 0.25 plug used for the single-ended
signal.

The Model 5710 Multiplexer Programmer provides the
necessary gating information to open and close the gates of
companion multiplexer units during data acquisition. The
unit is able to control 64 channels that is 4 multiplexer
units in one cycle. A front panel control provides the
possibility tc monitor any one of the 64 channels. This
~gives a chance to check any one of the channels for input
signal. The Programmer contains a six stage binary counter
which counts the number of channels examined. The counter

may be patched to recycle to zero at any predetermined
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count, so that it is adaptable to any number of multiplexer
channels (2 through 64). Patching is accomplished by the
use of actual patch-modules in the Programmer. Patch-
modules, designated in octal code (0 through 8) are provided
with the system. The calculation for the required modules
is shown on an example for a 12 channels operation

12
8 N

=1+ R 4 = octal 14

Thus to run the system with 12 channels an octal 1 module
and an octal 4 module are required at plug A5B and A7B on
the Programmer board. This procedure is described in more
detail in the instruction manual of the Multiplexer
Progrémmer.

The actual conversion of an analog data sample to
digital form is carried out by the Model 5516 analog to
digital converter. The input voltage range of this unit is
5.120 volts full scale. The normal digital output of the
converter is an eleven bit (plus sign-bit) binary format
in either serial or parallel form. The conversion cof the
analog input voltages into binary number is accomplished by
a feedback method known as the half-split sampling technique.
With this method a current is generated which is propor-
tional to the input voltage and which is compared
sequentially with a series of internally generated currents
which have a binary relationship to each other. The

display unit on the front of the panel consists of thirteen
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lights which indicate the sign (+ or -) and the presence or
absence of bits of the binary word.

The unit between the analog to digital converter
and the tape recorder provides the control for the entire
system. The system produces I1BM compatible seven track
magnetic tapes at a packing density of 800 bits per inch or
556 bits per inch. Figure 5 exhibits the seven track
magnetic tape format.

The set of 2404 or 1684 characters represent a
digital record. The analog record may require many digital
records. For the proper identification of the digital
records the control unit has the following logic developed.
Each digital record is identified with two numbers. The
first one is generated by the header identifiexr. This is
a digitran thumbwheel switch, set up in binary coded octal
characters. This number stays constant unless the operator
makes changes on the thumbwheel. This character therefore
is used for the identification of the analog record.

The second number is generated by an 8 stage (27)
binary counter. The binary counter counts the number of
digital records written on tape and the present record
number is inserted into the header information. The counter
does not reset to zero when recording is stopped. If it
is required that this counter starts at zero at the
beginning of the digital record the Ecan Identification

Reset switch must be pushed before the recording is started.
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The Ampex tape transpcrt uses an IBM compatible cne
half-inch magnetic tape. The tape speed is 22.5 inches per

second during the digitization period.

Shotpoint Equipment

The shotpoint instrumentation is designed for the
accurate observation of the time of detonation of the
energy source. The schematic instrumentation is shown in
Figure 6.

A paper recording at the shot instant and absolute
time were made by the Century Model 444E 31-3 recorder.
This is a four channel dry photographic type instrument.

It has four electrically controlled externally selectable
speeds, 1, 5, 10, or 50 inches per second. The unit uses
Model 210 galvancreters available with 10 different natural
frequencies and the 30 cps frequency was used. The galvano-
meters sensitivity is also variable between 0.015 to 140

MA per inch. The sensitivity decreases with the increase

of the natural frequency. In the present operation, channel
one records the WWV standard signal and channel four
indicates the moment of explosion.

The detonation of the explosive materials was
achieved by'a Hall Sears Model HS-200 blaster units. This
instrument is able 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.

The timing signal receiver is equivalent to the
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instrument described for the recording site facilities.
Communication between the shotpcint 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.
With proper off center antennae they provide excellent

communication to a distance as far as 300 miles.




CHAPTER IV

GENERAL COMMENTS

As the previous descriptions indicate the original
low frequency crustal refraction unit underwent several
modifications to improve its performance and reliability.
In its present form it has provided excellent records, even

under severe field conditions.

Suggested New Instrumentation:

(1) At Recording Site

The combination of the Ampex tape recorder and the
VLF-2 system however has some drawbacks which should be
examined when considering new instrumentation. The tape
recorder and modulator have 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 extremely strong
signals. Extremely high amplitude signals are distorted
by the amplifiers and are recorded in a clipped form by the
magnetic 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

problem by taking six high level output and six low level
231
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outputs from the amplifiers and record these signals on the
magnetic tape. However, this step reduces the number of
useful channels as much as fifty percent in extreme cases.

A better modification appears to be a switch 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 seismometer to one of the
channels of the shotpoint recorder could give some indica-

tions about the original wavelet.




CHAPTER V

DIGITIZATICN

The block diagram of the digitizing process is shown
on Figure 7. To obtain the proper analog signal for digiti-
zation the following ﬁodifications were carried out. &All
demodulators have one high level and one low level output.
The high level outputs are not used for the seismic
recording and playback operations; therefore, these were
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
level outputs of the demodulators to pins 25 to 36, of the
same plug seismic playback and digitization, can be carried
out by having one mating connector of the above plug wired
for output signal from pins 1-24 and the other for signal
25 to 36. This second output is connected to the 12 input
channel of the 5416 Multiplexer through 12 telephone plugs.

It was indicated in the description of the instru-
mentation that the analog to digital converter system
requires * 2 volts for full scale digitization. If the
analog signal level is higher than the above limit the
digital data will be highly distorted. It is possible to

change the output level of the demodulators and with the
. 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 were observed on calibrated oscillc-

scope. It was found that by setting the carrier voltage

level to 0.7 volts ninety eight per cent of the present
seismic data could be digitizedeithout any distortion.
The analog to digital ¢onvefter system is equipéd X
with an externél start/stop switch; When the system is in
the external operation stage it requires a 0 volt level
pulse, applied by another system, to start the digitizing
process. This starting pulse was taken from the drive
switch of the CP-100 tape recorder. When 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 prong 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 Radiation
Incorporated Manual titled "Data Acquisition Systems".

The analog to digital converter 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
12 channels were used; therefore the number of samples

per channels per second is equal to 7000 x 583 s/c/s.
12
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This represents 1 .~ 0.00171 sec. digital sampling interval

583
of the seismic traces.

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 diagram indicates, every
digital block consists of 2404 digital characters, 2404
representing the actual data, the remaining four charactersv
are created by setting a number at the Header Identifier.
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 255. If 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 compatible with the IBM
360 computer system, it is cumbersome to handle it in this
form. Tc make the programming less difficult, the 12 bit
binary numbers on the seven track magnetic tapes were con-
verted to 16 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 IBM 360 computer using a program called BINBIN. The
detailed documentation of this program as well as the
actual program written in COBOL language, are enclosed in

the Appendix.

After the conversion of the digital data to the 9
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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 data using this
program. Unfortunately this procedure was found unsatis-
factory for the solution of the above problems. This is
a service pngram provided by thé university's 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, was consequently written
to provide all the necessary information for the previous
problems. This is a FORTRAN IV program. It's 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 following:

NN x 0.171 = length in seconds of the digital

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




before the first arrival time; therefore the printing of the
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first fifty blocks of every digital record was found satis-

factory to locate the first breaks.
first arrivals is a simple matter.
a sudden increase of the digital number, almost a hundred
times above the background noise.

the following example.

Now the

5717

56
21
48
40
35
20

8
-l6l
1935
1735
1747
1738
1742
1783
1496
1398
1542
1545
1375
1364
1544

42

52
24
45
42
30
20
16
15
10
650
2001
1998
1985
263
-115
-110
-145
-153
~-155
-156
-738

-14 -19 -63
-36 =77 -91
-43 -42 -67
-39 57 -20
-21 46 23
-14 51 -10
-5 67 ~-35

-6 76 -19

22 -2 -21

43 -14 -33

3 =7 -51
-170 15 -31
- =-1989 8 41
~1855 -14 47
-1842 -720 2
-1843 -1731 -65
-1837 -1760 -732

-868 -1741 -1054
1305 -1736 -1086
1546 -1740 -1085
1456 -1718 -1086

absolute time of start of digitization

T
A

B

AB

=A-[(B x .171) + (AB x 0.00171) ]

i

located.

= number of samples in the above block before the

first break.

This is 42 in the present example.

Thig is illustrated in

46
40
89
88
56

-10
-13
23

-26
-1le6
-59
-67
-80
-21
25
-406
-1893
-1750
-1733

is

This is 7 in the present case.

The recognition of the

They are represented by

first arrival time, determined on analog record

number of the block where the first arrival is




If A = 8.50 sec. then the digitization of record 577 was
started at 8.50 - [ (42 x .171) + (7 x 0.00171)] = 1.306
seconds.

This simple procedure shows many rewards at the
time 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 usually determined when the data is

examined in analog form.
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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. Number 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. BAbsolute time of start of digitization.




CHAPTER VI

GEOLOGY

The area of investigation extends to latitude 50°50"
at the south and latitude 52° in the north, as well as
longitude 95° east and 98° 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 detailed surface
~geological studies are spotty and mainly restricted to the

south-eastern corner of the area.

Precambrian Shield

The Precambrian Shield east of Lake Winnipeg is
relatively flat. ItS: elevation is less than 1000 feet
above sea-level and its maximum relief seldom exceeds 100
feet. The depressions in the surface are occupied by
‘numerous lakes and swamps. More recent geological studies
in the area are: Davies (1950), Davies (1951) , Davies
(1953) , Davies et al (1962), Ermanovics (1968). The glacial
drift, which is thin in this area, consists mainly of clayey
boulder-till occupying the hollows between rock ridges.

This part of the shield is a portion of the Superior
~geological province. The Superior province is characterized

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.

The litheclogy of the shield area is very complex in

detail. One short description is given by Davies et al

(1962, p. 16).

The volcanic rocks consist of light to dark colored
andesites and basalts (commonly ellipsoidal), volcanic
breccia (andesitic, dacitic, and rhyolitic), and tuffs.
Intervanded with these in places may be coarse grained
massive hornblende-plagioclase rocks that have often
been regarded as coarse centers of flows but more
probably are sill-like intrusions related in origin to
the volcanic rocks. The sedimentary rocks are mainly
impure quartzites and greywackes, although conglomerate,
slate, and arkosic rocks are also common. Stock-like
masses and small batholitic bodies of massive granitic
rocks (actually most are tonalites) invade the volcanic
sedimentary series and in most areas are elongated
parallel to the trend of these rocks. Outside the
volcanic-sedimentary belts and forming the bedrock over
most of the Precambrian Shield, are complexes of granite
and granite gneisses (here, also, many or most of the
rocks are not true granites but closer to granodiorites
and tonalites). Sedimentary and volcanic rocks
associated with these granitic rocks may be extensively
granitized, '

On the general structural trends of the shield the

above authors give the following description:

Structurally the Precambrian is exceedingly complex.

In many areas the sedimentary and volcanic rocks have
been isoclinally folded and extensively faulted. Dips
are normally steep. Major unconformities are recogniz-
able in places, but in many areas, even though the
sedimentary rocks may be separated from the underlying
volcanic rocks by an unconformity, 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 District. The rocks of

this area are formed by the Rice:Lake group of volcanic,
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sedimentary, and derived metamorphic rocks which lie in a
continuous belt from Lake Winnipeg to the Manitoba-Ontario
boundary, and poﬁassic 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 foids 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. Early geological maps from
this area, Johnston (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 Winnipeg. The thickness
~gradually increases towards the west, but does not reach
significant proportions in the surveyed area.

The Precambrian surface 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.




43

The total thickness of the consolidated sedimentary
rocks reach only 0.28 km. at the western margin of the
surveyed area. Davies et al (1962, Figure 36) estimates
that the glacial drift varies between 0 to 15 meters in

this part of the province.




CHAPTER VII

DIGITAL PROCESSING

The major difficulty in the interpretétion of
seismic data is the occurence of noise. The noise is
everything in the observed signal that is not related to
the subsurface structure. The recorded data contain the
desired signals and the noise, which is in most cases
superimposed on the signals. The problem is to identify
the signal in the presence of the noise. The processing
of the data must maximize the signal to noise ratio.

Over the years much has been done to improve the
signal to noise ratio in seismic operations. One of the
most important steps in the data improvement was the intro-
duction of magnetic recording. With this advance it became
possible to reproduce the recorded seismic signals and a
much greater flexibility in processing was achieved.
pDifferent type of frequency filtering, mixing of traces,
as well as multiple visual displays all entered in the
processing of the data.

In recent years other fundamental progress was
achieved by the introduction of digital processing of the
seismic signal. The continuous analog seismic trace is
converted into a sequence of numbers. Each number

44
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represents the reading of amplitude of the trace at a
specific time instant. Accompanying these changes in
recording procedure was the application of the general
communication theory to the field of digital seismic data
processing. The theory was developed on a statistical
basis. It is considered that the received digital seismic
trace is one sample from a collection of possible signals
that might have occﬁrred.

In the view of the present study digital processing
ic 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
ratio than the conventional seismic analog filters. Figure
8 is a simple block diagram of the different 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 ordinary digital frequency-filter is represented by a
set of weighing coefficients. Both of these filters are
designed on the principles that 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 cptimum
filters. Frequency filters are designed on an arbitrary
basis without reference to the signal cor the noise, and

without reference to the effectiveness of the filter. The
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optimum filter is designed on the basis of a specific
character of signal and noise. For example, the Wiener
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 give a summary of the digital
filters design, Ormsby (1961), Papoulis (1962), 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 staxrts out with the
computation of a low-pass filter and this is modified 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

8
oy

-

a, = | A(f) exp (271 ft) df = cos (27 ft) daf
e ~h
4h
_ 1 . _ sin 2mht
= s Sin 2m £t J = =%
-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

where Snl and Sn2 are the outputs from two low-pass filters
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
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A(f), define Ab(f).=.A (f - fo) + A (£ + fb) where fo is
the centre frequency of the designed Eaﬁd—pass. If inphase
band-pass filter is considered, then the negative and
positive frequency spectr.a functions are the same. This
means that Ab(f) = A% (-f) for real weights. The graphic
presentation of this filter is indicated on Figure 10.

The coefficients for the right hand side are

o]

/QA (£ - fo) exp (2mi £t) df

=0

- QR

J{’A(fl) exp [27i (fl + fo)t] dfl

- C0

= a, exp (2m £_t)
where f£.= £ - £

1 o)
The equation for the left side is = a, exp (-2mi 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

e

a, [exp (2T folt) + exp (=27 folt)]

2 ay

cos 27 £ t = 2 sin 2mht cos 2m £ t
o) T o

This of course requires that t takes values from -« to ®.
This last equation also indicates that the ideal band-pass
filter has coefficients which are equal to the product of

a carrier cos 2 fot and the coefficients a. 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 data 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 highest
frequency contained in the signal. If tS = sampling
interval, then fn = 1/2 tS is called the Nyquist frequency
of the 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 tS is chosen as the unit of time. In this case
the Nyquist frequency becomes 1/2 cycle per time unit.

This limit of frequencies does not affect the
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 the noise but it may remove some of the higher
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frequency signal also. The shorter operator may give a
~good performance but it lowers the Nyquist frequency of the
filter which can be a problem if the signal has high

frequency noise in it.

The spacing of the weighting coefficients should
be at least twice the highest signal frequency. The
truncation of bt between t = * n leads to errors at the
cut-off frequencies or at the points of discontinuity.

Lanczos (1956) describes the so called Fejer's method

which introduces a set of new weighting factors. Fejer's
arithmetic-means method completely eliminates the Gibbs
oscillations. This means that the ideal filter design
data must be corrected with these coefficients.

The Fejer weighting factors are k= 1 - |t| for

n
-n<t<n. Then the filter weighting coefficients are

2mht
t

c, =k k, = 2 sin
m

" K cos 2m f_t (1 - |t])

n

For computer applications this formula is revised using

the following trignometric relationships,

sin x cos y = 1/2 [sin (x-y) t sin (x+y) ]

From this the final formula for the band-pass filter is

b, = —= [sin 2n(h+E )€ - sin 2n(a-£,)t] (1 —1%,1)

for -n<t<n. This is a modified formula of Robinson (1966).

It is possible to compare the designed filter to the
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ideal case by computing the Fourier transform of the impulse
response of the filter. Considering a symmetric filter

the computation is carried out by the following formula
n
A )
B(t) = bo + 2 Z bt cos (2mft)

t=0

Using formula bt and B, a computer program was written for
the design of the band-pass filter. The description and
complete listing of this program is found in the Appendix.

Figure 11 exhibits the frequency response of three
5-25 cps. band~pass filters. The plotted data is listed in
Table 1. These were computed using the previously described
computer program. All were corrected with Fejer's
weighting factors but the number of filter coefficients
were changed from 50 to 200. The increase of the number
of coefficients from 50 to 100 improves the over all
frequency response 8%. But the change of the number of
operators from 100 to 200 resulted in only a 3 to 4% better
frequency response curve. At the same time the 200 linear
operators increase the computer processing times approxi-
mately three fold with respect to the operation carried
out applying only 50 coefficients. As a compromise the 100
linear opérator function was used for the filtering of the

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

Convolution

When the set of filter operators are determined,




4112

A0

__________“——_—:Erhga ######
r | dﬁi}ét;ﬂ;kzzz;:ifm\ .

19

RS,
B N N
o, . 'Y l :

J o""." v .
7l “\_\
. 5\

1\ 3hvr,,—xn-so
1 1 T T I \.\ “\Q‘

\

|
|
|
|

1 2

i ",
1 T 1 T T ) v
T35 & to 1112 13 14 15 16 17 18 19 20 2) 22 23 24 2I52é 2728 29 ?53;1 32 33

= T / : \ s A
Treep- D’ ‘\:-J__D.—n"a—D
FREQUENCY RESPONSE OF 5-25 c.p.s. DIGITAL BAND PASS FLLER

FIGURE 11. Frequency response of the 5-25 cps. digital
band-pass filter set.

qs




56

. TABLE 1

COMPUTED FREQUENCY RESPONSE OF 5-25 CPS.
BAND-PASS FILTER

50 samples 100 samples 200 samples
frequency frequency frequency
Frequency - response response response
15 .940 .975 .994
16 .915 .956 .982
17 .890 .933 .965
18 .855 .911 .944
19 .810 .894 .925
20 . 754 .872 .899
21 .685 .830 .859
22 .604 .750 .822
23 .515 .623 .758
24 .420 .460 .561
25 .323 .279 .226
26 .238 .115 -.050
27 .154 -.006 -.135
28 .085 -.075 -.119

29 ‘ .025 -.098 -.112




TABLE II

WEIGHTING COEFFICIENTS OF THE 5-25 FEJER'S FILTER

57

Impulse Response

Fejer Filter

0.06801
0.06634
0.06277
0.05749
0.05075
0.04285
0.03414
0.02497
0.01574
0.00678
-0.00158
-0.00908
-0.01543
-0.02053
-0.02429
-0.02667
-0.02773
~-0.02756
-0.02633
-0.02422
-0.02146
-0.01827
-0.01489
-0.01154
-0.00839

-0.00563
-0.00335
-0.00165
-0.00055
-0.00004
-0.00009
-0.00060
-0.00149
-0.00263
-0.00390
~-0.00519
-0.00638
-0.00737
~0.00809
-0.00850

"~0.00857

-0.00837
-0.00773
-0.00688
-0.00583
-0.00465
-0.00340
-0.00217
-0.00102
-0.00002

0.00081
0.00142
0.00180
0.00196
0.00191
0.00169
0.00133
0.00089
0.00040

-0.00009

~0.00052

-0.00088

-0.00114

~0.00127

~0.00127

-0.00115

~0.00093

~0.00062

-0.00025
0.00015
0.00055
0.00093
0.00126
0.00152
0.00169

0.00179
0.00180
0.00173
0.00159
0.00140
0.00119
0.00095
0.00073
0.00051
0.00033
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
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the actual digital filtering can be carried out either in
the time domain or in the frequency domain. The operation
in the frequency domain requires the determination of the
amplitude and phase spectra of both the filter and the
data. The multiplication of the amplitudes and summation
of the phases achieves the filtering process. The appli-
cation of the Fourier transform to the filtered signal
converts it back to time domain again. This type of
filtering becomes economical only if the data and the
filter operators are very long.

The filtering in the time domain is carried out
through the process of convolution. Theory of convolution
is described in details by Lee (1966), Goldman (1955),
Robinson (1967a). In general the convolution of one
function with the other means the folding of one function,
then the multiplication of the folded and unchanged
functions and finally the product is integrated over a

complete period. In mathematical form this is expressed as

[eed

o

x
o

_1 i _ _ InwT
plz(T)-T l fl(t) £, (T £)dt = :Z: Fidn) Fy(n) e
-7

ot

n=—00

The second subscript always refers to the function which is

placed and folded pack. It is important to know that

therefore it does not matter which function is folded to carry
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out the convolution.

With signals of finite time length (AO, Al, Az, .o

Am) and BO’ Bl' B2, ...Bn) the above formula is reduced to

Cx = Z By By

where the summation is over all i such that oSism and oSk-iZln.
The output function ‘F(c) has nim-1 terms. This

means that the output signal is always longer than the input

signal. The computer application of the above described

theory is presented by the CONVOLV program in the Appendix.

Correlation

The development of the optimum filters were built
on the theory of correlation. If one time dependent
function is correlated with itself, the autocorrelation
theory is applied, if two different functions are correlated
this involves the crosscorrelation theory. The general
theory of correlation is described in considerable detail

by Lee (1966), Goldman (1955). A short summary is

T ©
)y = X ~ .. N s JawtT
=T n=-—o

where fl(t), fz(t) are the two functions. Fl(n), Fz(n) are
the amplitudeAspectra of the two functions. fl(n) is the

I
complex conjugate of Fl(n). T is a continuous time of

displacement in the range (-, ®) 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 T.

2. The displaced function is multiplied by the

other function.
3. The product is averaged by integration over a
complete period.

Tf T is replaced by -7 it can be proven that

Y12 (-1) = Yy (1)

which means that the outputs are mirror images of each other.

The other fundamental properties of the cross-
correlation function are

(a) If one harmonic is absent in either one of the
correlated functions this harmonic will be absent in the
crosscorrelation function.

(b) The corsscorrelation function retains the phase
differences of the harmonics which are present in both

periodic functions.

(¢) The correlation of two functions, one of which
has been folded back, is in fact convolution of two functions,
one of which takes the folded form prior to convolution, is

actually a correlation.

If fl(t) =_f2(t) then

1 _ _y 72 _JwnTt
= »./ £, (¢) £, (t+T) dt = jE; [F (n)]" e

_':[‘1/2 n=—w
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if T =0

4

o

i -
| ‘%j flz(t) dt:z lFl(n)lz

T n=—‘oo

it

which states that the mean square value of the function

fl(t) is equal to the sum, over the entire range of harmonics
of the square of the absolute value of its amplitude spectrum.
This in electronics represents the output power; therefore
the results of this equation are called the power spectrum

of function fl(t). The square root of the power spectrum
~gives the amplitude function.

The equation of the autocorrelation function indi-
cates that it is related to the square of the complex
spectrum. This means that although the autocorrelation
function contains all harmonics of the original function,
it discards all the phase angles. Therefore, functions
with the same harmonic amplitudes but different phase angles
have the same autocorrelation function.

Fundamentally, correlation theory tries to answer
the following questions.

1. Is there any correlation between two seismic
traces?

5. wWhat is the degree of correlation?

3. What is the‘maximum time shift T required for
one trace so that the correlation between the two will be

maximum?
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In other words, correlation theory tries to establish the
similarity of two seismic traces, or to the extent to which
one trace may be considered to be a linear function of the
other.

Before two seismic traces can be correlated some
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

are the modulation level of the amplifiers, poor inter-

channel balance, D.C. shift, length of the sampling interval.

To make the correlation more meaningful these conditions
must be eliminated by the normalization of the studied data.

The modulation level or difference in gain level as
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 by the
subtraction of the average value from the individual samples
of the trace. The difference in length of the sampling
interval is normalized by the division of the number of the
total samples. Thus the equation for a correlation

coefficient when a finite number of samples are used 1is

n
Yy é_n SlS :E: (= - ) (Yi - )
x"y 1i=1
where n = number of samples per trace
g = standard deviation of trace X




Sy = standard deviation of trace y

X, = digital samples of a trace

Y; = digital samples of the second trace
X = average value of trace X

y = average value of trace y;

The correlation function from this is

n
Yoy = 5T D - B Wy )
Y i=1
where t=0,1, 2, 3, ...k. For stable estimates k should
not be more than k = T% .
A general purpose program AUTCRO comprises all the
presented theocries of correlation. The description of the

program and its listing can be found in the Appendix.

Optimum Filters

After initial filtering the records can be further
improved in many instances by the application of one or
more of a number of linear and/or non linear processes.
The nature of the signal and of the noise will determine
which of the many optimum filtering processes is the most
successful in the improvement of the signal to noise ratio.
In the present study two of these processes werxe applied
mainly in connection with the vertical reflection data.

(1) Velocity Filters

Velocity filteiing requires multichannel systems

whose response to travelling waves is dependent on the
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apparent velocity of the waves. A variety of these filters
has been discussed in the literature: Fail and Grau (1963),
Embree et al (1963), Ryall (1964), Foster et al (1964),

Galbraith and Wiggins (1968) , Laster and Linville (1968) .

The present filtering 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 described 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 AT = é% where AX is the distance
between geophones and V is the phase velocity. If trace
number one is delayed by AT 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 the

signal is approximately known, the application of band-pass
filter before velocity filtering on the data can give some

initial improvement.

Consider a linear array of N evenly spaced seismo-
meters. The array makes an angle of o with the direction
toward the energy source. The spacing is AX, the apparent

velocity is V. If the time of the arrival to the first
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~geophone is T, the arrival time to the ith detector is

T = TO + (i=-1)d cos % . Then the summation of the traces

can be expressed by

Fllqs

Sv(t) fi(t + ATi)

i=1
where fi represents the band-pass filtered traces.
d = AX

— L o
ATi = (i 1)d cos =

(ii) Multiple Correlation

The velocity filtering can be further expanded if
an even number of traces are available for analysis and if
the data have mean values of zero and contain no long
period trends.

Multiple correlation here means the following
processes. First the traces are shifted and multiplied

together and the resulting time series is smoothed by

integration. Mathematically

n
T (t) = I E | £, (t+ ATy)

i=1

represents the multiplication and the integration is

expressed by
m

F(E) = Z I (6 + 3ot)

j=o
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At = digitization interval

i

m = the length of the integration

The integration process should sharply cancel the
noise and enhance the signal if m is taken large enough.
When the signal portion of the trace is multiplied together,
assuming the traces were properly lined up, the results
are all posiﬁive numbers. Therefore at this part of the
trace the 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.

If there are a large number of traces for analysis
the summation and iﬁtegration 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.

sS_(t) = 81, () S, (¢)
m
L
FF_(t) = }—_J §S_(t + jAt)
3=1

The velocity filtering was applied by computer
program STACK. The name of the multiple correlation program
is HZINTEG. Both these programs are listed and described in
the Appendix.

A general purpose plotting program called PLOTMOD is

also attached to the Appendix. The program reads the




seismic data from magnetic tape and prepares it for any

~given format of plotting.
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CHAPTER VIII

VELOCITY.DETERMINATION

The method of determination of the velocity of pro-
pogation of the clastic seismic waves is a major factor in
the interpretation of crustal seismic data. The interpreter
is faced with two choices. One, the observed data is
fitted to straight line segments, therefore the seismolo-—
~gists accepts that the crust is divided into discrete
constant velocity layers. Two, the seismologist does not
accept the layered earth model, and considering other
physical parémeters, pressure, temperature, chemical
composition, the data is fitted to a higher order velocity
function curve. Jeffreys (1926) and James and Steinhart
(1966) emphasized the problem by pqinting out that nearly
all phases on traveltime plots are as satisfactorly fitted
by straightline segments as by curves. Although the present
study relies on a layered model an attempt was made to modify
the traditional first order velocity determination technique.
Velocities were determined using the reversed profile,
station pair, converted wave angle reflection and vertical
reflection data. Because not all the methods use the same
data, and not all the data were taken at the same area, it

was considered that if there is lateral or vertical change
68
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in velocity the nature of the data and the application of
the different velocity determination techniques will indi-
cate this and the final crustal model in the surveyed area

will be modified accordingly. vVelocity determinations by

the reversed-profile, station-pair and converted-wave
methods have been already published, Hall and Hajnal (1969) ;
therefore only a short summary of them will be given here.
The use of wide angle reflection data was not applied

pefore. Thus, it will be described in detail.

Reversed Profile

This part of the survey was run along the Red Lake
road in Northwestern cntario. The surveyed segment of the
road extends between longitude 93°10' and longitude 93°55"
as well as between latitude 50°10' on the south and
latitude 51° on the north. The northern shot point was
located at latitude 51°41.30' and longitude 94°40.63'. The
southern shot point location is latitude 49°40.50' and

longitude 93°27.50'. The apparent velocity for the

southern shots was 6.81 km/sec. for the intermediate dis-

continuity and 7.96 km/sec. for the upper mantle. The
values for the shots from the north are 6.85 km/sec. for

the lower crustal layer and 7.99 km/sec. for the upper

mantle. The data indicate a slight dip to the north on
poth interfaces and the true velocities of 6.83 km/sec. and
7.97 km/sec. respectively for the lower crustal layer and

the upper mantle.
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Station Pair

This technique is a modified version of the original
time-term method. The original method was described by
Scheidegger and Willmore (1957), Willmore and Bancroft
(1960). The present technique was developed as part of
the crustal refraction project and it was presented in
detail by Hall and Hajnal (1969). The time term method
requires that the shotpoints and the stations are laid out
without any particular pattern. The station pair method
modifies this and it is required that the survey is done
according to a predesigned network of recording sites and
shop peints. This is indicated in Figure 2 of Hall and
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,
for good accuracy. some of the stations should be a sub-
stantial distance apart. Table II of Hall and Hajnal (1969)
shows the computed station pairs. The velocity from this
data in the second crustal layer is 6.87 * 0.05 km/sec. and
7.91 + 0.07 km/sec. for the uppei mantle. For velocity
determination this method has the tremendous advantage that
the network segments provide velocity for a certain section
of the surveyed area and consequently lateral velocity

~gradients should be observable.

Converted Waves

The use of converted waves for velocity determination
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was described by Hall (1964, 1966). The velocities obtained
from this technique are 6.85 £ 0.05 km/sec. for the inter-

mediate layer and 7.88 t 0.05 km/sec. for the upper mantle.

Wide Angle Reflection

The use of wide angle reflection data for the deter-
mination if interval velocity has been described in the
literature by Dix (1955), Clay and Rona (1965). The most
~general theory is given by Durbaum (1954). The present
application requires some modification; therefore some of

the equations are described in detail.

(1) One-Layer Case
The reduction of data in the single layer case does
not cause major complications. The equation for the

travel time is

2 o
2 % AXH)  sin w,
2tz

1
where
T is the arrival time
Hl is the perpendicular distance from the interface
to the shotpoint
¥ is the distance between shotpoint and recording
sites
Vlis the velocity of propogation of longitudinal

waves in the layer

w is the slope of the interface.

1




The derivation of this formula can be found in Jakosky

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

bock. The first term cn the right hand side is the vertical

reflection and is usually noted as TOZ.

If the slope of

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

right hand side is negligible. Then the simplest equation

of travel time for a single layer case is

2
2 .2, X
T4 = TS+ =

1

<

The equation is a straight line in X2 and T2, where the

velocity is determined by the inverse cof the slope.

best estimate of velocity is obtained by linear least square

fit of the observed data to this straight line.

The accuracy

of results is influenced of course by the deviation of the

interface from the plane, the local irregularities and the

effect of neglecting the slope of the reflecting horizon.

Tn the computational procedure the data is least-

square fitted to

Then the velocity is

v, =7v 1
1 Do
1
Using Tgq the value of H, is determined.
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(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. 125) as

the following:

e >
(1-P vy ) (1-p v, )R
¥ = 4 H% st H% 2
Vi (1-P7V, %) 5V, (1-P7V,7) %
where
X = distance
T = arrival time
Vl = velocity of propogation in the first layer
V2 = velocity of propogation in the second layer
H, = vertical distance from the first interface to
the shotpeint
H, = vertical distance from the second reflecting

horizon to the first

P = the ray parameter

The value of P is equal to the slope of the time

distance curve at the pcint of emergence.

_at
T oax
P lies between'OSPS%

: 2

P
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The equation is not a hyperbola as in the one-layer
case, but it represents a curve of higher order. Durbaum
(1954) proved that the travel time Tj 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 horizontal separation X are fitted by least

squares to a fourth order polynomial:

2 2 1 _ 24 g x4
o 2

\Y%
an

The odd terms are introduced in the case of sloping layers

van = the inverse of the slope of the Ei line at
2
the origin X

K = a constant

The interval velocity Vn is obtained using Dix's

(1955) formula.

_ 2 . _ 2 .
2 an To vaAn—l)

on To(n-l)

To(n—l)

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 T2/X2 data to a first
order line and then applying an iterative procedure which
took into account the small systematic error introduced by
the curvature of the data. This last technique was applied

here with some modifications. The notations are used as
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indicated in Figure 12.

Procedure: From the one-layer case Wl' Vl, Hl are
computed. A value for Va2’ an approximate velocity for the

second layer, is assumed. If this is done an W_, 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

A 2 3 4
'12 = T02 + DlX + D2X + D3X + D4X

The differential of this polynomial then provides the angle

of emergence,

sin wl = Vl dTZ
ax
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 close to shot distances,
this procedure cannot be followed here. As a first

approximation the data is fitted to a linear least-square

line. This provides intercept time Tooe From this

Tom = To2 ~ (2 Hl/vl)

Then,
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om a2)

From Snell's law

,sin.Pl Y
sin P2 V

Estimate P2’ then calculate

Yy = Py 0w

(sin P2)) + wy

a; = sin (= sin ( 2 + wl)) - wg

When 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 12.

_ Hal
a1 = T
a - tan w
tan o 1
1
« ;'Ha2'+ Xal.(tan.mz.-Atan wl)
a2 R
En o + tan wz
< _.HalA+ (Xal +. Xa2.+.xp2).tan‘wl
bl = T T
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H,..—.(Xa1 +.Xa2),(tan wl,+,tan,m2)

T
tan wz

+
tan wl

If the estimate of P2 is acceptable then

where X is the distance between the shotpoint and the
recording site. If the sum of the partial distances does
not agree with X, P, is adjusted and the distances are
recomputed. The process follows until the best fit ray is

found. Then the times of the partial rays paths are

computed.
. _ 1 (Hal + Xa tan wl)
T
AA Vl cos Oy
S S U (Xg) * Xap * Xpp) TR 9y
, :
BB Vl cos wl
Knowing these
1
where
Tz' - the travel time in the second layer
T, = the arrival time
C _ 2 _ .
Correction —-'CON2 = Tyo ‘ ZTH2 sin wZ'TA‘B‘

where
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B
2

T = 2 =
H2 Va2
. _Xa2+x2

tpt
A'B Va2

2 _ W2
TM = (T2 ) CON2

The slope of this line gives the corrected Vo velocity.

The corrected slope is

tan w2 = tan w =

At this point the process returns to the second equation
and recomputes Hz. Then the entire computation is repeated.
The iteration process is continued until convergence of V2
velocity is achieved.

The actual computations for both the one layer or

two layer case were carried out on digital computer. One
program is available which computes only linear-least-square

fit ofrdata, the other can be used to fit the data to an

nth order polynomial. The first program called SRTLFIT
consists of two subroutines. The first fits the data to a
straight line. _The second squares the data and then fits

it to a straight line. The second program STATS was taken
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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 these
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 £ 0.05 km/sec. with ninety percentage of

confidence limit of * 0.0648.

The reflection data from the second interface was
first least square best fitted 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, were
used in the program LEASTMO to find the interval velocity.
This program is the Fortran IV form of the equations

described in the previous section. Using the complete set

of data the velocity Vz in the second layer was found to

be 6.91 * 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 (Hall and Hajnal, 1964) had shot receiver
directions through 360°. The continuous refraction profile

along Provincial Highway no.. 304 had twenty recording
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spreads in approximately an East-West direction and it had
31 recordings in close to a North—South direction. The
vertical refraction survey had 11 miles continuous coverage,
partly along Provincial Highway no. 304 and partly along
the road which leads from this highway to Hole River Indian
Reserve. Seismic arrivals were recognized on all the
records. The arrival times and travel distances were
determined and these data were plotted on travel-time
~graphs. As an indication of linear velocity relationships
many of the points fell into a sequence of lines. The
inverse slopes of these lines can provide velocities for
the different sections of the crust. The data of some of
these line segments were fed into computer program SRTLFIT.
(i) Crustal Survey:
The line segments here represent Pg, P*, Pn, Sg, s*,
Sn arrivals. These velocities were reported in Hall and
Hajnal (1969). The velocities from
Pg Vl = 6.05 £ 0.05 km/sec. The compressional wave
velocity in the upper layer of the crust.
p* V2 = 6.85 ¢ 0.04 km/sec. The refracted wave
velocity in the intermediate layer
Pn V3 = 7.92 + 0.06 km/sec. The velocity of
compressional wave in the upper mantle.
Sg VlS = 3.46 * 0.05 km/sec. The velocity of

shear waves in the upper crustal layer.

S* .V2S = 4.00 * 0.05 km/sec. Shear wave velocity
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in the intermediate layer.

Sn V3S = 4.60 + 0.08 km/sec. Shear wave velocity

in the mantle.

(ii) Continuous Refraction Profile
This provided arrival Pg. From Pg Vl = 5.98 =+ 0.06
km/sec. The slope is 0.1671 + 0.0055 where the last figure

represents the 90 percentage confidence limit.

(iii) Vertical Reflection

The first breaks in this eleven mile survey
provided 132 geophone stations. These arrivais are from
the upper-most portion of the crust. The results were
velocity Vl = 5.82 + 0.016 km/sec. and slope 0.1719 * 0.0048.

The last term represents the 90 percentage confidence limit.

General Description

The crustal survey represents multidirectional
recording. It is considered that this radial distribution
of recording sites provides a significant reduction of the
influence of the crustal structures in the velocity deter-
mination.

No reversed shots were recorded in the case of the
continuous profile and the nearly-vertical reflection
surveys. The velocity values obtéined from these data thus
cannot be corrected for structural deviations. Due to this

possible error only the first arrival times were utilized
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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 technigues.

Although the tabled values show fluctuations, no
significant changes could be observed which might be

related to lateral or vertical 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 the outcome of

laboratory studies on samples from the same test holes.

They have found that the longitudinal velocity in granite
is guite high, 5.6 - 6.00 km/sec. near the surface. They
did not observe an increase of velocity down to a depth of
1.5 km. which is contrary to predictions based on laboratory

data. The compressional wave velocities in the samples,

under pressure of a few barxs, were found to be between 4 to
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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VELOCITY DATA
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Type Data and Upper Crustal Intermediate ~ Upper Mantle
Velocity Layer Velocity Layer Velocity Velocity
Determination =~ (km/sec) ~ (km/sec) (km/sec)
South V2 = 6.81 V3 = 7.96
Reversed
profile*
North v, = 6.85 Vy = 7.99
Station Pair® v, = 6.87+0.05 Vy = 7.91:0.07
Converted Waves¥* V2 = 6.85+0.05 V3 = 7.8820.05

Wide Angle Vl = 6.03£0.05 V, = 6.91£0.04
Reflection
Straight Line
Segments
Crustal Survey*Vl = 6.05£0.05 V2 = 6.8510.04 V3 + 7.92+0.06
v. = 3.46%0.05 V,_= 4.00%£0.05 V5 = 4.60+0.08
1ls 2s 3s
Continuous Vl = 5.98%0.06
Refraction
survey
Vertical Vl = 5.82%0.02

Reflection

% 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 velocities 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
~granitic type rocks reveal the following: If a velocity
~gradient of 0,05 km/sec. exists, no granitic rocks can
exist deeper than 3 km. If the velocity gradient is 0.01
km/sec. or less and the temperature does not exceed 300 °C,
it is possible to have granitic rocks at a depth of 20 km.
If the temperature increases and no increase of mafic
composition of the rock is considered, a velocity reversal
must occur. The in situ measurements of Simmons and Nur
(1968) do not show changes which would enforce the existence
of physical conditions under which velocity gradient could
exist. Neither the present investigations nor any other
crustal studies on the Precambrian shield indicate velocity
reversal in the upper portion of the crust. Therefore it
is quite conceivable that a granitic type rock with uniform

velocity exists down to a depth of 23 km. in the studied
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area.

Steinhart et al also described a temperature,
pressure and constant velocity diagram of rock of gabroic
composition. This diagram indicates that at a depth of
20 km. or more the velocity is quite constant with
increasing pressure and temperature less than 300 °c. If
the temperature increases over this figure a sudden drop
of velocity will occur. The thermal measurements on the
Precambrian Shield indicate anomalously low crustal
temperature conditions. Thus a velocity gradient in the
lower portion of the crust is very unlikely.

As was discussed by Hall and Hajnal (1969, p. 97)
the upper mantle velocity of 7.92 km/sec. loocks very
anomalous in this area if Herrin (1966) or Kanasewich
(1966) apparent Pn velocity distribution maps are studied.
Both maps indicate an increase of Pn velocity toward the
middle of the continent. Contour lines extended in Manitoba
would require Pn velocities of 8.11 km/sec. or higher. The
Project Early Rise survey, Iyer et al (1969) however
further enforces the lower Pn velocity value in this region.
This survey was part of the Vela Uniform project and it
included the participation of twelve U.S. and Canadian
research institutes. The Manitoba and Yukon lines cCross
the present area of interest. In both lines the Pn
velocity was found very stable in distances not more than

1000 km. and the value of it was given by Mereu and Hunter
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(1968) as 8.05 km/sec. Over this distance the Pn velocity
jumped to 8.43 km/sec. The possibility of lower Pn
velocity in the central part of the continent was further
enforced by Stewart (1968). This survey was conducted by
the U. S. Geological Survey in Missouri. The 300 km. long
reversed profile showed the upper mantle velocity as 8.0
km/sec. This is again a much lower value than it is

indicated by Herrin's map.




CHAPTER IX

PREPARATION OF DATA

General Description of Refraction-Reflection Interpretation

The present interpretation of the refraction and
reflection data is based on the traditionally applied
seismological practices. This means the acceptance of the
following assumptions: The.geological layers of the crust
are considered as homogeneous isotropi¢ media which are
separated with sharp transition zones. The detonation of
the explosion is represented for interpretation purposes
with a point source, from this source elastic disturbances
radiate spherically outward. At large distances from the
source a portion of the wave front can be approximated with
a plane. The normal to the wave front at any point is the
wave ray. Fundamentally it is accepted here that the
propogation of seismic waves follow the principles of
_geometrical optics. The theoretical aspects of this
assumption as it is applied to seismic waves, were des-—
cribed first by Jeffreys (1926) and somewhat modified by
Muskat (1933).

Using the principle of geometrical optics it can be
proven that the propogated seismic energy is separated in

refracted and reflected waves when the ray'impinges on the
interface 88
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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
crosses a boundary. The reflected wave AD at the same time
is the ray which returns when it encounters an interface.

Using these general theories as well as Snell's law
and Fermat's principle from geometrical optics the geo-

physical exploration textbooks Nettleton (1940), Heiland

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

ment of a set of working formulae which are used in the
interpretation of the observed refraction and reflection
data. Because of the well known nature of this formulae no
derivation of them are attempted here. The ones which are
used in the present calculations are listed and for

explanational purposes they are referred to Figure 13.

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

The travel time of the direct wave

T =
3°]

<

1

X = the distance between the shotpoint and the
recording location.

The travel time of the critically refracted ray

ABC 1is

(1)

- (2)
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FIGURE 13. Theoretical time distance plot.
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Vl v, represent the velocity of propogation of the
longitudinal waves in layer one and two
respectively.

Hy is the depth of the first interface

X is the critical distance. This is the point

where the refracted wave becomes the first
arrival on the observed record.

The travel time of the reflected ray AD is

f4H12+x2
T = (2/a)
Vi

C on the diagram represents the critical point.
This is the point of total reflection.

TO, Tol are known as intercept times.

The graph of T vs. X is the so called time distance
plot. Equations 1 and 2 indicate that the slopes of the

lines P and P* are %: and % respectively.

2
The previous description can be extended to three
or more layer cases. It is assumed here that the velocity

is increasing with the depth, that is

Vl < V2 < V3 < V4 etc.

Three-Layer Case Refraction Dobrin (1960, p. 74)

3 7] 3 5
f 2. Hl. fV3 - V.l + 2 HZ' /V3 - _V2
Vy Yy | Vi Vi

H
il
<>

(3)

3




H, = thickness of the second layexr
Reflection Slotnick (1959, p. 184)
H H
. 1 2
T=2 )+ ) (4)
Vl cos 0y, V2 cos 0,5

or in parametric form

Hy H,
&
= i
T =2 (vl(l_szlz)z + Vl(lfPVZZ) (5)

P = the ray parameter

P = sin 0612
= ——
1
Ssln azz
P = Vv
2

The use of the ray path methods has its shortcomings.
Tts 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
the interpretation of the data was made with the awareness
of the limits of the applied technique. It was the
uniformity and linearity of the observed data which
warranted the applied technique and not the interpreter who

forced the technigue on the data.

Distance Determination

The examination of the previously described five
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equations reveal that the computation of the depth of any
of the interfaces requires the knowledge of the travel time
and velocity of propogation as well as the shotpoint-

recording distance. The travel time is determined from

the observed records. The velocities obtained from the
time distance graph, but only if the distance is known.
Consequently the distance determination is a crucial part
of the interpretation.

If the two sites are within a few miles the best

distance determination is the direct survey. With the
exception of the vertical reflection work all the present
distances are in the range of a hundred kilometers or
further. Obviously in these cases a simple survey is
impossible. One alternative is the scaling of the distance
from a topographic map. If good map coverage is available
this technique provides distances with the estimated

accuracy of * .1 km. The larger the map scale the better

the accuracy achieved.

There are areas however where no continuous map

coverage is in existence or only maps with different scales
can be used or the distances are SO vast that too many

maps have to be matched together to obtain the required

distance. In these cases if the shotpoint and the recording
site can be located on maps the scaling of the latitude and
longitude of the two locations can provide the answer. From

these data with the application of spherical geometry, the
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distance can be computed. In the present case equations
provided by Bullen (1963, p. 154) were used for the creation
of a computer program which can be used for computation.

The description of this program named DISTAN can be found

in the Appendix. This method provides distances with an
accuracy of £ .1 km. if the error in the latitude and

longitude determination is not more than * 6 seconds. The

present program uses equations which are most accurate if

the arc distance is between 0° and 20°.

If map coverage is not obtainable in the surveyed
area or the map is an older publication and the road where
the observations were made is not located on it, the deter-
mination of latitude and longitude must be carried out by
astronomical measurement. Gurley's 1968 ephemeris publishes
the method, formulae and the necessary tables for the
determination of the latitude and longitude from the
measurement at a given point of the arimuth, altitude of

the sun, Polaris, or avgiven star. The accuracy of the

results depend on the precise measurement of the above two
angles and the time, at the moment when the measurement of
the two angles were made. Several measurements were carried
using the Polaris during the summers of 1967 and 1968.
Unvortunately the available instrument had an accuracy of
only 20". This caused fluctuation in the longitude deter-
mination between t .2 minutes. It was concluded therefore

that without a better theodolite the astronomical measurements
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can be used only as a rough check of the map data. If it
is unavoidable that this method is the main source of
information and no better instrument is available. A
large number of repeated measurements at the same site and
the average of the obtained data may provide more accurate
results.

The examination of equations one and two indicate
that by combination of the two the distance "X" can be
eliminated. This requires that the travel time for the
direct wave and its velocity at the point of observation
must be known. This technique also requires that no signi-
ficant close surface velocity anomalies exist in the area
or if they do their influence on the arrival time of the

direct wave was eliminated.

Seismic Data Enhancement

The determination of the travel time of the seismic
waves is taken from the record displays of the observed
data. The criterim of a good record is the high signal to
noise ratio. Even if the recording was made under favorable
conditions extensive preparations in the laboratory are
required before all the recognizable arrivals on a recoxrd
are in such a shape that their arrival time can be picked.
When the data are in analog form at least four separate
playbacks with different gain, and sometimes with different

filters settings, have to be prepared. One short record,
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usually with maximum gain, is concentfating on the first

arrival. The second record is the section which usually

consist of the head waves and the reflection arrival. In

this case the reflection data generally have high amplitudes;

therefore the original gain setting or somewhat smaller

~gain is required for playback. The part of the original

record between the reflections and the first transverse

wave contains the converted wave arrivals. These arrivals

are quite weak in comparison to 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

cases during the present program had low frequency and high

amplitude characteristics. The display of this section

almost always require low gain and minimum freguency filtering.
1f the data are in digital form the different

sections of the record must be prepared in the same manner

as previously described. A more detailed description will

be given later.

Using the prepared record segments the skilled inter-
preter will recognize the regular disturbance or arrivals.
When all the arrivals are marked, their travel time is
determined and plotted on the time distance graph.

The most crucial part of the interpretation is the
correlation of the arrivals. This determines which points

are tied together on the time distance graph and then what
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velocity determinations are made.

The correlation of arrivals depend on several
criterias
(a) The relative position cn the time scale.
(b) The distance where the record was taken.
(c) Characteristics of arrival
(i) Frequency content
(ii) Relative amplitude
(iii) Periodicity
(iv) Phase relationship
(d) Best correlation found by application of numerical
correlation techniques.
When several sets of points are joined together a
~group of line segments appear on the time distance.graph.
The position of these line segments and the velocity
obtained from their slope will give definite indications as
to what type of energy propogation these points represent.
This condition is illustrated on the example time distance

plot at the beginning of this section.




CHAPTER X

INTERPRETATION

Regional Refraction Survey

The results of this survey are presented on Figure
14 and Figure 15. The first represents the structure
contour map of the intermediate discontinuity. The second
is the structural picture of the top of the mantle or the
so called Mohorovicic discontinuity. The compilation of
these maps are based on fifty-four data points. Theses
represent six shot points and forty-eight recording sites.
A portion of the observed data as well as the final results
of the depth calculations are listed in Tables IV and V.
Because parts of these maps, sections between longitude 93°
and longitude 95°, were already published by Hall and
Hajnal (1969) the only data presented here is data which
was not listed in the above publication. The interpretation
technique was also described before and therefore no
presentation of it is given here. These data and maps are
included only as a background for the work of this thesis,
and are to be published shortly as a separate study (Hall
and Hajnal, 1970).

The intermediate discontinuity shows prominent

structural features. It indicates an east-west trending
98
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TABLE IV

REGIONAL REFRACTION DATA

Station Distance

No. km. Pg p¥* PP SPP PPS SPS Sg S* Pn
28.5 163.75 26.86 27.70 31.57 33.21 46.85 46.06 27.17
29.2 125.50 20.75 20.65 - 23.16 24.12 26.28 - - 22.22
30.5 203.01 - 32.88 34.11 36.25 - 39.15 - 56.23 32.18
31.2 145.40 - 23.81 - 26.07 27.064 - - - 24.65
32.5 137.00 22.42 22.91 23.63 26.03 27.28 29.45 38.68 36.27 23.83
33.5 157.85 25.85 26.08 26.65 - 30.63 32.43 45.18 44.47 26.61
34.2 185.00 - 29.85 - 32.28 - 36.79 - 51.99 29.85
35.5 105.56 17.23 18.01 18.66 21.08 22.10 24.67 30.11 31.45 19.91
36.6 132.73 21.65 22.40 22.85 25.51 26.65 28.67 37.95 38.15 23.39
37.2 209.00 - 33.15 . : - 32.81
38.6 176.88 29.03 29.03 29.03
39.6 213.06 37.86 34.13 _ 33.58
40.6 249.39 - 38.63 37.51
41.6 136.16 22.31 22.98 24.01
42.6 168.38 27.50 27.50 ’ 27.95
43.6 221.49 - 35.20 34.09
44.6 134.64 22.14 22.80 23.76
45.6 172.23 27.80 27.82 28.53
46.6 127.20 20.95 21.47 22.75
47.6 243.47 - 36.87 -
48.7 284.76 - - 42.70

TOT




TABLE IVa

REGIONAL REFRACTION DATA

Station
No.

PSPSP

SSPSS

SPPPS

SSPPS

PSPSS

5888

PPPSS

28.5
29.2
30.5
31.2
32.5
33.5
34.2
35.5
36.6
37.2
38.6
39.6
40.6
41.6
42.6
43.6
44.6
45.6
46.6
47.6
48.7

27.95
26.96
33.36

24.30
27.23

20.21
23.63

35.88

28.38
30.63

24.67
27.82

43.08

34.85
37.45
41.16
30.77

35.80
40.40

32.70
35.12

29.00

34.91

40.25
33.55
31.45
34.18

27.22
30.90

47.80
39.41
56.70

41.75
46.53

34.57
40.55

31.55

28.10

24.27
27.56

Z0T




TIME~TERMS, DEPTH AND OFFSETS OF

TABLE V

REGIONAL REFRACTION SURVEY

Intermediate Moho
Time Time
Station Term Depth Offset Term Depth Offset
No. Sec. km. ~ km.  Sec.  km, km., Latitude Longitude
Silver Lake 2 1.02 12.90 23.60 3.25 39.30 62.10 49°52.40" 94°08.00"
McCusker L 5 1.44 18.20 33.30 3.41 39.00 58.65 51°41.30" 94°40.63"
Malaher L6 1.46 18.50 33.90 3.27 37.00 54.80 51°55.30" 95°04.10"
Gunisao L7 1.51 19.10 35.00 3.38 38.30 56.90 53°32.40"' 96°12.50"
28.5 1.72 21.80 39.90 3.07 32.50 45.05 50°13.60" 94°57.30"
29.2 1.49 18.90 34.60 3.09 34.20 49.70 49°59.20"' 95°52.,50"
30.5 1.94 24.50 44.90 3.07 31.30 41.25 50°04.00" 96°00.00"
31.2 1.68 21.30 39.00 3.00 31.70 43.90 50°20.10" 96°01.00"'
32.5 1.62 20.50 37.55 3.07 33.17 46.90 50°34.10" 95°26.00"
33.5 1.84 23.50 43.00 3.20 33.65 46 .00 50°37.20" 96°07.10"
34,2 2.04 25.80 47.20 3.20 32.41 42,45 50°49.10" 96°15.30"
35.5 1.37 17.60 31.70 3.14 36.38 53.10 51°02.50" 95°47.20"
36.6 1.76 22.30. 40.60 3.18 33.85 47.00 51°00.00" 96°14.00"'
37.2 1.84 23.50 43.00 3.19 33.50 45.80 51°06.10" 96°16.40"
38.6 1.97 25.00 45.06 3.35 34.30 47.30 50°32.06" 96°13.62"
39.6 1.83 23.30 42.60 3.31 35.10 48.60 50°26.30" 96°59.75"
40.6 1.07 13.60 24.90 2.72 31.60 48,20 50°26.25" 97°44.50"
41.6 1.84 23.50 43.00 3.48 37.50 53.00 51°10.00" 96°38.15"
42.6 1.63 20.70 37.80 3.33 36.60 52.90 51°04.05" 97°04.20"'
43.6 1.63 20.70 37.80 3.29 31.70 46.70 50°53.34" 97°47.40"
44.6 1.83 23.20 42.45 3.48 37.60 53.20 51°25.85" 96°50.85"
45.6 1.36 17.20 31.40 3.17 36.20 54.60 51°25.20" 97°20.00"
46.6 1.56 19.70 36.00 3.41 37.50 55.00 51°41.75" 96°51.40"
47.6 1.34 16.90 30.90 - - - 51°42.76" 98°34.98"
48.7 1.39 17.60  32.20 . 3.42  37.10 55.60 . 51°01.80"' 95°38.06"

€0T
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downward from longitude 93? to longitude 95?. From this
line it takes a turn in an approximately‘North 609 West
direction. The deepest part of the trend is reached
roughly in the centre of the mapped area. Topographically
the extreme low zone of the structure is bordered by
Wanipagow River on the North and by Winnipeg River on the
south. The relationship between the greenstone belt in the
area and the structural feature was already emphasized by
Hall and Hajnal (1969).

The map also indicates an extensive uplift in the
south-east corner of the studied area. The regularity of
the contours seem to indicate an anticlinal structure but
more information is required to the south before a complete
understanding of this feature can be deducted. The surface
~geology does not indicate a similar structure.

Another significant local feature can be observed
in the north-west portion of the map. Although it was
built on only six observations they seem to reveal that the
north-westerly boundary of the downward structure was a
relatively steep gradient. The gently dipping platform from
the north is interupted by a downward gradient of approxi-
mately 5 kilometers in a less than 10 kilometer zone. The
south-eastern end of this trend ig in an area which is part
of the Project Pioneer combined geological and geophysical
investigation. - Because of the comprehensive scientific

interests in the area the seismic investigations were
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extended to a detailed survey which was aimed at studying
this major trend, and is the subject of the present thesis.
The results of this study will be described in the following
sections.

The map of the Mohorovicic discontinuity also shows
structural variations on the crust-mantle interface. An
cast-west trending uplift is the most dominant feature
petween longitude 93° and 959. South of this a downward
trend can be observed indicating the thickening of the crust
in this direction. West from longitude 95° the uplift
broadens and it seems to take a slight turn toward the
south-west. In the north-west it develops to a platform
which has a gentle dip toward the north.

The implications of the structures on the two inter-
faces to the isostatic equilibrium in the area was mentioned
by Hall and Hajnal (1969) and a detailed study of it was
carried out by Eall (1969). The lack of detailed knowledge
of the regional surface geology makes it impossible to give
a full amount of the relationship of the described

structures to the geology of the surveyed area.

Continuous Refraction Profile

The relationship between the regional crustal
analysis and this detailed study was described in the
previous section. The significance of this investigation

is many fold. If it is able to prove that there is a major
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deep fracture zone in the earth's crust then this may have
effects on the close surface geology which can lead to
important economic possibilities. At the same time this

experiment could indicate the technique which is best

suited to find fracture zones.
The scientific aspects of it are also very impoxr-

tant. This is the first continuous detailed crustal seismic

experiment on this continent. The presently applied

explosion studies in North America all follow the jump

correlation techniques. The recording sites are always
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. Recent crustal seismic studies O'Brien (1968),
Berry and West (1966), Smith et al (1969), Stewart (1968) ,
Warren (1969), Cumming and Kanasewich (1966), Kanasewich et
al (1968), Pakiser et al (1969) all indicate that there are

significant and sudden structural disturbances in the

crustal layers, not only here in Manitoba but also in other
places on the continent. The Eurocpean, especially the
Russian literature, also show many sudden changing deep
crustal structures, Beliayevsky et al (1968), Subbotin et
al (1968), Dragasevic and Adric (1968) give examples of
them. There is still some hesitancy by some to accept the
recognizability of discontinuities within the crust. A

detailed survey with continuous correlation of arrivals in
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a span of considerable distance should indicate a very
definite answer to this question. This experiment attempts
to point out that it is possible to combine refraction and

reflection data from the same survey for interpretation

purposes. This technique provides almost double coverage
over the extent of either one of the methods separately.
The examination of the regional map of the inter-
mediate discontinuity reveals that the approximate area of

the major gradient is between longitude 95°30' to 96°30"

and from latitude 51°00' to 51°40°. The best estimated
direction of the profile is N 30° E. Considering the
proper offset distance the survey should start thirty
kilometers from the trend. The unaccesability of this area
forced the survey to provincial highway no. 304. The shot-
point for the entire survey was located at Malaher Lake.
The charge sizes varied between 300-500 pounds of SM Super
X Ammonia Nitrate. The total number of fifty-two cbserva-

tions provided approximately 50 km. coverage over the inter-

mediate discontinuity.

As the first attempt the data was prepared with the
analog playback system and a section was made from the best
guality records. The first arrivals were guite sharp and
they could be correlated through the entire profile.
Several other later arrivals were also recognizable but it
‘became apparent that better correlation could be achieved

if some of the low frequency noise was eliminated. Where
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it was possible arrival times were picked and using these
data time distance curve was plotted. These data provided
enough information that it was possible to identify a

refracted and a reflected wave from the intermediate dis-

continuity and a dominant high amplitude event which was
recognized as a reflection from the Moho. The depth
calculations were in the same range as it was predicted by

the regional survey.

At the later part of 1968 the University's computer
IBM 360/65 reached the point where it could handle larger
volume of data and with the acquisition of the analog to
digital conversion system further processing of the seismic
data became available. The details of the acquired instru-
mentation as well as the theory of the developed programs
were described in the previous chapters. Although the
developed programs can provide several types of filtering
the experimental runs indicated that a 5-25 cps. band-pass

filter would eliminate all the noise which hinders the

continuous correlation of arrivals on the profile data. The

final results are summarized in Table VI. The X-T plot of
these arrival data is exhibited on Figure 16.

Figure 17 presents the final section after the

process of the previously mentioned band-pass filter. The
view of the first part of the profile reveals eight very
distinct arrivals on the records. Tt becomes clear after

record A-11l that the sixth or the PPPP arrival has the



TABLE VI

CONTINUOUS REFRACTION SURVEY DATA

e
e e D—————m S = —————————— ]

Intermediate Discontinuity . Moho

Station Distance Pg B* Depth - PP Depth™ Multiple Sg S* Pn  Depth  PPPP Depth P6

Number km. - Sec. Sec. km. Sec. km. gec. Sec. Sec. Sec. km. Sec. k. Sec.
A-1 109.72 18.12 18.75 17.60 19.14 18.51 21.17 31.61
A-2 110.04 18.21 18.76 17.10 19.16 .-18.22 21.22 31.78 ,
A-3 110.35 18.25 18.82 17.30 19.20 18.14 21.31 31.83 20.10 20.55 34.84 20.95
A-4 110.72 18.31 18.94 18.20 19.29 18.44 21.36 31.95 ©20.18 20.61 34.90 21.04
A-5 111.11 18.44 19.00 18.20 19.33 18.24 21.46 32.04 20.19 20.57 34.25 21.09
A-6 111.66 18.51 19.08 18.20 19.43 18.37 21.57 32.24 20.29 20.71 34.65 21.14
A-7 112.26 18.58 19.17 18.30 19.93 18.43 21.68 32.37 20.35 '20.70 34.89 2l1.21
A-8 112.90 18.67 19.29 18.60 19.60 18.13 21.78 32.59 20.38 20.88 34.94 21.32
A-9 113.44 18.74 19.35 18.40 19.74 18.66 21.87 32.74 20.46 21.00 34.71 21.38
A-10 113.49 18.77 19.40 18.89 19.74 18.59 21.91 32.76 20.47 20.85 35.00 21.40
A-11 113.53 18.80 19.41 18.93 19.75 18.62 21.94 32.84 20.49 26.92 34.96 21.40
A-12 113.78 18.87 19.43 18.72 19.76 18.34 21.97 32.84 33.82 20.51 21.06 34.50 21.41
A-13 114.65 18.91 19.56 18.68 19.91 18.47 22.12 33.08 34.02 20.62 21.09 34.59 21.52
A-14 115.28 19.04 19.63 18.60 20.05 18.87 22,25  33.22 34.18 20.70 21.16 33.80 21.60
A-15 115.90 19.13 19.74 18.80 20.10 18.40 22.38 33.41 34.28 20.80 21.27 33.91 21.70
2-16 -116.02 19,14 19.75 18.71 20.16 18.81 22.39 - 34.37 20.82 21.31 33.89 21.72
A-17 116.10 19.15 19.75 18.50 20.17 18.78 22,39 - 34.38 20.84 21.27 34.45 21.73
A-18 116.53 19.22 19.79 18.20 20.23 18.71 22.45 - 34.51 20.93 21.36 34.82 21.78
A-19 117.62 19.39 19.96 18.50 20.38 18.49 22.65 33.92 34.78 21.07 21.52 34.10 21.91
A-20 118.87 19.54 20.19 18.95 20.55 18.21 22.89 34.28 35.15 21.19 21.63 34.30 22.07
A-21 119.90 19.73 20.30 18.60 20.70 18.08 23.08 34.55 35.36 21.31 21.70 34.20 22.21
A-22 - 121.14 19.95 20.53 19.20 20.90 18,12 23.34 34.88 35.75 21.44 21.86 34.00 22.40
A-23 122.73 20.20 20.77 19.40 21.15 18.10 23.68 35.41 36.17 21.66 22.21 34.09 22.6l
A-24 - 123.18 20,38 20.99 20.50 21,23 18.19 23.75 35.48 36.45 21.72 22.34 34.90 22.64
A-25 124.80 20.53 21.25 21.00 21.53 18.54 23.95 35.97 36.92 21.95 22.62 35.92 22.89
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TABLE VI (continued)

o . Intermediate Discontinuity Moho
Station Distance Pg P* Depth PP Depth Multiple Sg S Pn Depth PPPP Depth P6
Number km, Sec. Sec. km., Sec. km. Sec. Sec. Sec, Sec., kni. Sec. km. Sec.
A-26 126.31 20.75  21.42 21.060 21.79 18.87 24,32 36.40 37.30 22.23 22,82 35.27 23.08
A-27 127.48 20,92 21.63 21.20 21.96 18.70 © 36.77 37.67 22.42 22.99 35.86 23.34
A-28 128.24 21.06 21.72 21.20 22.08 18.70 36.95 - 22.48 23,00 35.16
A-29 128.49 21.09 21.72 21.50 22.12 18.70 37.01 37.91 22.55 '23.06 35.65
A-30 128.84 21.14 21.77 21.20 22,19 18.86 37.10 38.02 22.60 23.14 35.66
A-31 129.20 21.29 22.01 22.60 22.23 18.67 37.08 22,65 23.20 34.50
A-32 129.80 21.38 22.06 22.70 22.31 18.50 37.23 22.75 23.25 35,58
A-33 130.90 21.54 '22.22 22.70 22,51 '18.78 37.54 22.87 23.40 35,32
A-34 132.61 21.92 22,47 22.76 22.80 18.98 37.96 23,12 23.48 35.50
A-35 133.40 22,06 22.58 22,70 22.91 18.05 38.00 23.21 23,68 35.54
A-36 133.58 22.15 22.62 22.80 23.01 18.68 38.10 23.24 23.70 35.78
A-37 134.19 22.21 22.70 22.70 23.05 18.97 38.42 23.35 23.98 33.89
A-38 135.40 22,36 22.89 22.50 23,18 18.26 38.73 24.08 33.31
A-39 137.09 22.70 23,15 22.80 23.50 18.84 39.10 24.36 33,50
A-40 138.85 22.93 23.47 22.80 23.70 18.83 39.40 24.64 33.64
. A-48 149.62 24.71 25.07 24.00 25.45 18.17 42.46 26.03 35.23
A-49 150.06 24.86 25,10 23.90 25.53 18,29 42,67 26.05 35,70
A-50 150.16 - 24.92 25.16 23,90 25.60 18.97 42.74 : 26,08 35,91
A-51 150.95 24.95 25.19 23.50 25.70 18.63 42.80 26.09 34,32
A-52 151.10 25.00 25.24 23.80 25,73 18.71 42.92 26,19 35.28
A-53 151.61 25.20 25,28 23.60 25.77 18,18 43.13 26,31 34.91
A-54 152.46 25.31 25.42 23.66 25.95 18.73 ‘ 43.42 26.45 33.92
A-55 153.06 25.41 25.49 23,50 26.05 18.78 43.49 26.49 33.70
A-56 154.16 25.53 25.65 23.50 26.23 18.82 43,58 _ 26.55 33.98
A-57 154.60 25.62 25.75 23.90 26.25 18.56 43,81 26.65 33.94
A-58 155.64 25.81 - 25.89 23.70 26.42 18.20 44.04 26.83 33.70
A-59 156.63 25.95 26.05 23.80 26.58 18.21 44,57 27.09 33.99
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largest amplitude through the entire section. The extreme
weakness of some of the arrivals example A-1ll to A-14 is
not the result of the disappearance of the particular event
but the result in a change of the ratio of the weak arrival
amplitudé to the dominant PPPP. The plotting program wWas
written to examine the largest amplitude on every trace and
set this value to the scale of a half inch. As a result if
the PPPP is very large the weaker events with small ampli-
tude are suppressed by the program before plotting.
Figure 18 attempts to illustrate this effect. Here record
numbers 21 to 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
recognizability of the same arrivals become Vvery clear.
The development of an automatic amplitude control program
would eliminate this problem. Because of the extremely
variable nature of the amplitude of the arrivals in a
crustal record the development of this program 1is rather
complex. It was impossible to incorporate it in the present
study. In areas where the correlation became a problem on
this profile, the records were replotted with attention to
obtain maximum amplitudes on arrivals with major_ihterest.
The first arrivals or the first breaks indicated
as Pg are interpreted as the direct wave. On most records
the arrival starts with an up swing of the galvonometer.

This is followed with two low amplitude peaks and the last
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petween site 21 and site 29.
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FIGURE 18.
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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
the arrival times on the time-distance graph Figure 14 does
not indicate recognizable ordinary shingling effect.

The next arrival, marked Xy is not well separated
from the previous one i£ can be correlated only to record
number A-25. The recognitidn of this event and its inter-
pretation will be discussed in the section dealing with the
nearly-vertical reflection data.

The third event P* was recognized as the refraction
event from the intermediate discontinuity. From record one
to eighteen the arrivals fall on a straight line but from
this they are somewhat delayed. The amplitude of the arrival
is high up to record eleven. The frequency is between 8-10
cps. From record eleven to fifteen the amplitude is
decreasing. On record nineteen the amplitude increases again
and the event is very strong up to record twenty-six. 1In
fhis interval the fundamental frequency is higher, around 12
cps. From record twenty-six the amplitude decreases again
and a distinct change toward the lower frequencies occur.

The fourth arrival was interpreted as a wide angle
reflection, PP, from +he intermediate discontinuity. The
amplitude of this event is generally larger than the P¥*, but
its frequency does not seem to indicate too much variation.

The fifth evenf, Pn' represents the refracted ray

from the Mohorovicic discontinuity. The amplitude of this
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arrival is rather strong up to reccrd forty. From record
48 it is not recognized pecause of interference with

serveral other arrivals.

The arrival marked PPPP oOr the sixth event on the
first part of the section is the most dominant arrival on

the entire section. The correlation of this becomes

somewhat complex, only after record number fifty-three. It

has the most energy among all the events and its frequency

stays around 10 cps. The character of these events indi-
cate that they are reflected longitudinal waves from the
Moho.

The following set of arrivals, marked P6' are also
quite strong. No correlation of these to the regicnal data
was observed. The arrivals can be correlates as far as
record number 31. From this record the interference of the
Moho reflection with this event makes further correlation
impossible. The plotting of the arrival times indicates

velocity close to 8 km. per second. It is late event. It

indicates high velocity and it is observed relatively close
to the shotpoint. Considering the crustal section derived

from the interpretation of the previous data, this set of

arrivals can be identified only as & reflection event coming

from an interface within the mantle itself. Gurbuz (15692)
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interpreting the Project Early Rise data in this area
indicates an interface in the mantle which could provide
arrivals in the presently observed range;

The last set of arrivals, indicated PPM, show good
correlation and high amplitude up to record number 28. The
time-distance plot of these arrivals give a line segment
which is very close to parallel with PP. If calculations
are carried out using the depth and velocities from the
previous data these arrivals fit in with the required travel
time for a set of first order multiples from the inter-
mediate discontinuity. The suddenly diminishing amplitudes
seem to enforce these. The area of observations are close
to twice the critical point distance for the intermediate
discontinuity. The amplitude of the critically reflected
wave has the most energyi; therefore, its first order
multiple may have recognizable amplitude.

The results of the depth calculations are plotted
on Figure 19. The depth pcints are indicated at the com-
puted offset distances. The zero point is located at the
shotpoint. From fifty-five to seventy—-five kilometers of
the intermediate interface the depth values were computed
from the wide angle, PP, reflection data. From here to
ninety-seven kilometers the P* refraction data provided the
depth. There is a gap from ninety-seven kilometers to one
hundred five kilometers. This is é result of the discon-

tinuity of the field survey petween station number A-40
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and A-48.

In the case of the Mohorovicic discontinuity the
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 P6 arrivals resulted in the

deepest interface. The computation of these data were

carried out with the aid of computer program THEORE. This
program computes'theoreticai reflection arrival times if
the interval velocities, the thickness of the layers at the
shotpoint, and the slope of the interfaces are estimated.
Detailed description of the program is attached in the
Appendix. 1In the present process the depth of the inter—
mediate and Moho discontinuities were provided as it is
indicated on the cross—-section. The applied velocities
were also the same as this diagram exhibits, only the depth

and the possible slope of the searched interface were

varied. Using these conditions the best fit was obtained
with an average thickness of 6.50 km. slope 1°. This

indicates that the total average depth to this interface

in the mantle is 43.17 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
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which is interpreted here as a deep fracture zone.

According to the presented data the northern section was up
thrown approximately three and a half km. relative to
southern portion of the crust. This crustal movement seems
to be associated with a slight uplift at the Moho. If
these detailed results are associated with the regional
picture the combined crustal data reveal a long relatively
narrow depression in the crust which is connected to a
relatively flat platform with considerable fracture zones.

The question arises of the criteria of the recogni-
tion of these fracture zones. Model experiments by Loster
et al (1967), results of deep seismic sounding as
Dragasevic and Andric (1968) indicate some conditions which
may be applied in search of these features. The most
important aspects are:

1. unusual attenuation of waves

2. wvariation in wave pattern

3. breaks in travel-time curves, delay of some

segments

4. appearénce of diffracted waves

5. appearance of non-regular waves with negative
apparent velocity
Viewing these conditions the following observations can be
made in the present case: Loster et al point out the
amplitude is attenuated after the structure. A sudden

decrease in amplitude can be observed on recoxd 26, 27, 28
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and 29. The examination of the seismic section between
record 21 and 33 will show that there is a sudden change
in frequency content of the signal after record no. 27.

The arrivals after this record show lower freguency content.
The local(geolqgical survey does not indicate anomoly in
this area, which would explain this change in the nature of
the signal. The time-distance graph shows a definite

break after 123 km . The appearance of diffracted waves is
not obvious on the seismic section. Arrivals, marked D, on
the individual records fit in exactly with the computed
travel time for rays which travel to the recording site if
the uplift at 84 km. on the intermediate layer ié considered
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
large distance from the fracture zone and the relatively
small movement, the seismic section does not show as obvious
characteristics as it can be observed on sections showing
faults in shallow depth. The possible effect or extent of
the surface of this fracture zone can be observed on the
Tectonic Map of Canada, Stockwell (1968). This map
indicates an abrupt stop of the general northwest pattern

of surface geological trends at the same area as the location
of the crustal gradient of the structural map of the inter-
mediate discontinuity. Recently D. T. Anderson (personal |

communication) studying airphoto lineaments in the Bloodvein
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River area found a large trend extending in northwest
direction which he calls the Bloodvein River lineament.

This surface feature is in the area of the crustal gradient

and it follows the same direction.

Vertical Reflection Profile

The application of near-vertical reflection method
in the course of the present study was planned to serve
several purposes.

1. The observation of reflection arrivals from the
Intermediate and Mohorovicic discontinuities
would further enforce the layered nature of the
crust in this area.

2. It is an aim of this study to investigate the
possible applicability of the different seismic
methods in mining exploration on the Precambrian
chield. More directly a techﬁique is required
which could give detailed information from the
findings of regional crustal studies.

3. Tt is an attempt to determine the necessary
modifications which would make the reflection
‘method a successful survey tool in crustal and
detailed studies on the Precambrian Shield.

several very successful crustal reflection experi-

ments are listed already in the literature, Junger (1951),
Japan Research Group for Explosion Seismology (1955) ,

Widess and Taylor (1959), Tuchev et al (1960), Beloussov
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et al (1962), Dix (1965) , German Research Group for Explosion
Seismology (1964) , Kanasewich and Cumming (1965) , Clowes
et al (1968). However, not one of these was carried out in
Precambrian Shield areas, therefore the present investiga-
tions faced some problems not encountered previously.

The details of the field operations were described
in the previous sections. The preparation of data followed
similar procedures as in the case of the continuous
refraction profile survey. The first section was made
using analog playback data and then digital processing was
applied. Because of the very high frequency noise on the
analog section the data was filtered with a 5-25 cps. band-
pass filter. Table VII contains the numberical results.

Figure 20 shows the final seismic section of the
survey. Although eleven recordings were made, only nine
records were processed. The two closest records to the
shotpoint had to be discarded becauselof the amplifier
distortion. Only the first breaks were useful on these two
records. Records numbered 577 to 580 were recorded with an
energy source of 25 pounds SM Super X. For records 581 to
584 the amount of explosives were raised to 50 pounds.

The last three shots used 100 pounds of explosives.

The first examination of the section reveals
excellent first break arrivals as well as two distinct
later arrivals. The arrival times of these events were

plotted on time-distance graph, Figure 21. The first
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TABLE VII
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First Arrival Arrival Arrival
Station & Distance Brakes # 1 $ 2 $ 3 Sg Rv
Geophone # o km., 00 Sec. = Sec. SecC. Sec. Sec. Sec.
577 1 .181 .10
2 .261 11
3 .374 .14
4 .494 .16
5 .615 .18
6 .756 .20
7 . 869 .22
8 1.005 .24
9 1.134 .27
10 1.259 .30
11 1.388 .33
12 1.509 .33
578 1 1.509 .34
2 1.642 .35
3 1.770 .36
4 1.899 .39
5 2.024 .41
6 2.140 L42
7 2.269 LA44d
8 2.394 .45
9 2.531 .47
10 2.631 .49
11 2.744 .50
12 2.861 .51
579 1 2.861 .50 .80 .91 1.25
2 2.933 .51 .81 .92 1.23
3 3.018 .52 .83 .98 1.28
4 3.122 .53 .84 1.01 1.30
5 3.259 +56 .87 1.06 1.36
6 . 3.388 .58 .89 1.10 1.40
7 . 3.500 .61 .91 1.13 1.43
8 - 3.637 .63 .93 1.16 1.50
9 - 3.770 .66 .95 1.20 1.53
10 .3.903 .68 .98 - 1.57
11 4,035 .70 1.00 1.27 1.62
12 .73 1.31 1.69

4.168

1.01
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First Arrival Arrival Arrival

Station & Distance Brakes # 1 F 2 $ 3 Sg Rv
GeOphone'#' o km. ' Sec. Sec. '~ Sec.  Sec. Sec. Sec
580 1 4.168 .73 1.01 1.34 1.69
2 4,305 .78 1.04 1.37 1.70

3 4,426 .81 1.05 1.41 1.73

4 4,554 .83 1.09 1.43 1.77

5 4.675 .86 1.09 1.48 1.81

6 4,792 .87 1.12 1.53 1.86¢

7 4,917 .90 1.15 1.54 1.93

8 5.041 91 1.16 1.59 1.94

9 5.182 .93 1.18 1.63 2.01

10 5.292 .95 1.20 1.65 2.03

11 5.432 .98 1.23 1.70 2.10

12 5.584 1.01 1.25 1.73 2.15

581 1 5.733 1.03 1.29 1.78 2.19
2 5.810 1.05 1.29 1.80 2.23

3 5.870 1.06 1.31 1.82 2.27

4 5.987 1.08 1.32 1.85 2.31

5 6.087 1.10 1.33 - 2.37

6 6.188 1.12 1.35 1.92 2.33

7 6.289 1.13 1.37 1.94 2.39

8 6.389 1.16 1.40 - 2.40

9 6.514 1.17 1.41 2.01 2.44

10 6.614 1.19 1.43 2.03 2.49

il 6.739 1.21 1.45 2.12 2.53

12 6.876 1.23 1.48 2.13 2.56

582 1 6.952 1.23 1.48 2.14 2.61
2 7.025 1.25 1.48 2.15 2.62

3 7.178 1.27 1.50 2.20 2.65

4 7.306 1.29 1.54 2.24 2.69

5 7.419 1.31 1.55 2.28 2.74

6 7.556 1.35 1.59 2.32 2.78

7 7.697 1.37 1.61 2.30 2.84

8 7.821 1.39 1.62 2.38 2.87

9 7.946 1.42 1.64 2.43 2.90

10 8.071 1.45 1.66 2.47 2.96

il 8.200 1.46 1.70 2.53  3.00

12 8.336 1.48 1.72 3.04

2.56
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First Arrival Arrival Arrival

Station & Distance Brakes $# 1 $ 2 # 3 Sg RV
'Geophone'# """ km. Sec. Sec. Sec. SecC " gec. Sec
583 1 8.336 1.52 1.73 2.57 3.04
2 8.473 1.55 1.74 2.59 3.09
3 8.626 1.57 1.76 2.65 3.1
4 8.750 1.58 1.78 2.67 3.19
5 8.876 1.60 1.80 2.73 3.23
6 9.029 1.62 i.82 2.76 3.28
7 9.1717 1.64 1.86 2.79 3.33
8 9,318 1.66 1.89 2.04 2.83 3.38
9 9.4677 1.70 1.91 2.08 2.85 3.44
10 9.608 1.70 1.93 2.08 2.92 3.47
1l 9.733 1.71 1.96 2.10 2.98 3.51
12 9.857 1.74 1.97 2.11 3.02 3.57
584 i 9.857 1.74 1.96 2.13 3.02 3.59
2 9.982 1.77 2.01 2.15 3.04 3.62
3 10.094 1.79 2.00 2.17 3.09 3.64
4 10.211 1.81 2.02 2.19 3.10 3.69
5 10.336 1.83 2.05 2.21 3.15 3.74
6 16.461 1.85 2.06 2.23 3.22 3.76
7 10.561 1.89 2.07 2.25 3.24 3.79
8 10.714 1.89 2.10 2.28 3.26 3.84
9 10.839 1.93 2.13 2.31 3.29 3.89
10 10.964 1.94 2.14 2.32 3.34 3.95
11 11.101 1.94 2.16 2.36 3.38 3.97
12 11.217 1.98 2.18 2.36 3.41 4.01
585 i 11.217 1.98 2.18 2.36 3.42 4.04
2 11.330 2.01 2.20 2.38 3.46 4.07
3 11.430 2.03 2.23 2.39 3.47 4.10
4 11.531 2.04 2.25 2.42 3.52 4.15
5 11.632 2.05 2.27 2.43 3.52 4.17
6 11.720 2.08 2.27 2.44 3.56 4.20
7 11.821 2.09 2.28 2.45 3.58 4.22
8 11.893 2.11 2.30 2.47 . 3.60 4.26
9 11.994 2.13 2.30 2.48 3.65 4.28
10 12.106 2.15 2.33 2.51 3.65 4.33
11 12.223 2.16 2.34 2.51 3.70 4.35
12 12.324 2.18 2.35 2.52 . 2.79 3.73 4.39
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First Arrival Arrival Arrival

Station & Distance Brakes # 1 # 2 # 3 Sg Rv
Geophone # “km. Sec. | Sec. Sec. = Sec. Sec. SecC
586 1 12.420 2.19 2.39 2.54 2.79 3.74 4.45
2 12.590 2.22 2.43 2,57 2.82 3.80 4.49
3 12.690 2.24 2.45 2.60 2.82 - 4.49
4 12.800 2.26 2.47 2.61 2.83 3.86 4.55
5 12.940 2.28 2.47 2.64 2.86 3.91 4.59
6 13.000 2.29 2.49 2.65 2.89 3.92 4.62
7 13.020 2.29 2.50 2.65 2.90 3.93 4.68
8 13.110 2.32 2.51 2.66 2.92 3.94 4.69
9 13.250 2.33 2.54 2.68 2.93 4.00 4.70
10 13.350 2.35 2.56 2.70 2.94 4.03 4.71
11 13.450 2.37 2.59 2.71 2.95 4.05 4.75
12 13.620 2.39 2.60 2.74 2.98 4.11 4.81
587 1 13.620 2.41 2.61 2.74 2.98 4.11 4.86
2 13.840 2.43 2.62 2.78 3.02 4.17 4.87
3 13.940 2.45 2.64 2.79 3.04 4.19 4.89
4 13.950 2.46 2.66 2.79 3.04 4.23 4.93
5 14.020 2.47 2.20 2.81 3.06 4.23 4.94
6 14.10C0 2.49 2.70 2.82 3.08 4.25 4.98
1 14.250 2.52 2.71 2.84 3.11
8 14.320 2.52 2.73 2.85 3.12
9 14.500 2.54 2.74 2.88 3.15
106 14.600 2.56 2.75 2.90 3.17
11 14.700 2.58 2.75 2.91 3.19
12 14.740 2.5% 2.76 2,92 3.20 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 later arrivals represent
the shear wave and the surface waves respectively. Both
the shear waves-and the surface waves show higher frequency
content on this section. This is the result of the
filtering‘and the characteristics of the séisﬁic detectors.
Similar shots recorded with 1 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 8 seconds.
The theoretical reflection times computed from the crustal
section, as a result of the refraction studies, are 7.783
" seconds at number one detector position on record number
579 and 8.141 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 arrival times
should fall using the crustal section of Figure 19. There
aie no recognizable events on records 579 to 58l in the

expected range. Records 582 to 584 show an increase in
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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 correlation process
on the nearly vertical reflection data. The theory 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 8 seconds on records
585 to 587; this method does not provide better results than
it can be observea from the six to one stacked traces.

This sectién however indicates clearly the problems
of the applied technique. Because of the small number of
traces, no 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 still identifiable after
the process. The elimination of trace number two from the

record, as well as other very poor traces would increase
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the effect of noise suppression. Spieker (1961) 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 i@dividual
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 section. The third set starts
at trace number 12 of record 585 and it can be traced to
the end of record 587. Although the travel time data is
plotted on the time distance graph, because of the only one
direction shooting, and only one single profile, no definite
interpretation concerning the velocity and the nature of
these data 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 thesé factors cause further complications in the 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 straight line on
the time distance graph between the origin and the first
point of the obserxrved first break time. This crude approxi-
mation gives a velocity of 1.82 km/sec. which is very close
to the velocity of propogation of seismic waves in glacial
till or wet sand. Using the above mentioned intercept

time depth calculations of the weathered layer was carried

out using formula (Dobrin 1960, p. 73)

, 2 2
/’Vl - VO

where

L=
i

intercept time

i
VO = 1.82 km/sec.
Vl = 5.82 km/sec.

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 0.3029 sec.

Using this velocity and the intercept time a second layer
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with thickness of 3.47 km. and a total depth of. 3.99%km. can
be computed. Applying this depth figure, 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

X" - t2 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 dpwnward 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
interface of 1.43 km. close to the shotpoint and a figure
of 7.37 km. at the end of the profile. These depth values

were plotted on the crustal cross-section Figure 19 Dbetween

118 km. and 127.5 km. The above assumptions can be further
extended 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

were plotted between 95 km. and 117 km. It has to be
pointed out that geographically the location of these data
is approximately 3-4 km. north-east of the nearly-vertical

reflection survey area.
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The extent of the glacial till coverage around the
shotpoint is not known exactly, therefore, no estimate of
possible multiples can be made which could also be the
origin of the later arrival sets on the records. The zone

of 4 km. to approximately 8 km. from 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
from the above fault zone.

The real significance of these observed later
arrivals on the seismic section is that they 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 version of the present
technigue could be a useful tool to deliniate certain
geological contacts and structural ancmalies on the

Precambrian Shield.

Accuracy of the Crustal Section

The source of errors in crustal refraction surveys
are not too clearly defined. Steinhart and Meyer (1961)
devote considerable attention to this problem. They also

point out that previous investigations, as for example
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zirbel (1954) show the effects of omission of surface layers,
Hales and Sacks (1958) indicate the effect of omitting the
intermediate layer, Gutenberg (1954) describes the effects

of the low velocity layers, are all directed toward only

cne specific source of error. They felt that the applica-
tion of Acton (1958) prcbability statements give a better
understanding of the limits of the results. This would
indicate 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 Superieor experiment by Smith et al (1966)
but due to the unexpected large crustal structure in the
area, the fitting of the data with the complete Acron's
conditions could not be carried out.

As the above problem indicates, if the structural
conditions in the crust are quite abrupt, even the profile
shooting could lead to poor velocity determinations. The
station pair method at the same time is multidirectional,
therefore the effects cf the structure on velocity deter-
minations are minimized.

The one directional nature as well as the possible
structure on the intermediate discontinuity eliminate the
use of the continuous refraction 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 reflection are located away from the
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structurally 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 determinations

has shown a fluctuation of t .15 km. for & given site. The

arrival times have error of +* C.03 seconds. If these values

are applied to the formulae which are used for depth calcu-

lations the maximum error is * .65 km. in the determined
depth. Considering an average depth of 20 km. the above
fluctuation indicates a 3 % error.

Pakiser and Steinhart (1964) using information
theory and channel capacity arrive at the conclusion that
in the case of the signal to noise ratic of 2:1 the first
arrivals have an error of * (.03 sec. but for later events
they estimate time uncertainty of # 0.2 sec. or more. The
last figure was mainly built on the reasoning that the

identification of the arrival depends on how it fits to

the particular model. This problem may cccur when the
ctations 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 claim
that the channel capacity drops from 32 bits/sec. to 20
bits/sec. for later arrivals. According to their formula

this drop of channel capacity represents a decrease of



152

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 well developed theory which describes this
situation but Goldman (1955) indicates that redundancy
increases the reliability of the transmitted signal. The
examination of the later arrivals on the seismic-section

will indicate identification uncertainties closer to % 0.04

sec. than * .2 sec. indicated by Pakiser and Steinhart. It
is also easy to see that the signal to noise ratio is better
than one.

Just as good correlation can be made with the later
arrivals as with the first breaks. In the case of most
arrivals 0.2 sec. represents cne and a half cycles. The
examination of the seismic sections indicate that correlation
becomes impossible if it is attempted at such an interval
left and right from the present picks.

The presently estimated 2-3% 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 recoxding

systems would provide data with even less than the above
error. With the advances of the digital proceséing the
identification of arrivals does not depend on travel times
alone, 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
cperation. Mcdifications which were described in the
relevant sections would provide scme improvement. However,
the results of the present study indicate 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 demands distortionless
recording of very weak signals in a wide range of frequen-
cies. The 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 procéssing.

The field operational procedures provided very

significant results. It is shown that higher accuracy of
depth determination may require sophisticated distance
determination techniques. 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 combined technique provides double coverage
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with the cost of one operation. The combination of station
pair, refraction and 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.
It is difficult to find good shotpoints for this work in
the area of interest. Shallow lakes usually do not have
favorable bottom conditions and it is difficult to control
the energy for close shots. Because of the relatively small
section of weathered layer, or the lack of it, energy
sources other than explosives may provide sufficient energy
for this type of work. All 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 procedure
on the Precambrian Shield.

Digital Processing is a necessity for significant
crustal projects. To obtain a unique solution would
réquire an understanding and identification of all the
later arrivals. This can be achieved only with a well
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 as great as that

of interpreting and presenting results. . The present study
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relied on 116 seismic records. If all the possible arrivals
were examined there would have been 2990 data points to
consider. In addition to this several playbacks and print-
outs are made with different gains and filters. There is
nc way to eliminate some events and emphasize the others.
During the ccurse of the interpretation the interpreter
must return to the previously studied sets and compare
calculations or revise assumptions to find the best possible
model. The solution of this problem is impossible without
the computer. Although the present set of computer programs
are able to carry out many of the necessary computations,
a further automation is required to achieve an efficient
production level. This would require a large set of sub-
routines which would compare partial results to the observed
but not yet interpreted data. This would help to eliminate
wrong assumptions at the early part of the interpretation.

The regional crustal survey provided structural
maps of the Intermediate and Mohorovicic discontinuities.
The technique applied here works very smoothly and provides
enough details that locations of possible local crustal
features can be delineated. It is an excellent reconnais-
sance technigque to obtain a broad scale regional picture of
an area.

The results of the continuous refraction profile
exhibit a major fracture zone in the earth's 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 local 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 followed 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 techniques, as in oil exploration, will
develop to be superior in providing details of crustal
structure. The large offset distances of the refraction
technigque makes it more difficult to locate at strategic
points. The refraction technique does not provide a good
picture of the velocity conditions alone. It may not
indicate low velocity zones or thinner high velocity layers,
if the survey distances 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-
ally and can lead to erroneous depth figures, evén though
the velocities of the different interpretation techniques
are the same.

The continuous correlation of the events, and the
linearity of the observed data strongly support the simple

layered model continental crust criteria. Until visual
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evidences like 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 data. 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 al (1967),
Weber and Goodacre (1969) cannot be explained by the single
layer model. When the same seismic and gravity data was
reinterpreted by Hall (1969) and Hajnal (1969) in the view
of a layered model, 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 vertical 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
(1961) compares the two methods and feels that the stacking
improves the amplitude Y n_ times where n is the number 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 congsidered. 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 shallow zone of the crust indicates
that a well designed reflection method can be used for

exploration purposes on the Precambrian Shield. The experi-

ment also pointed out that a detailed understanding of the
close surface conditions are necessary if a crustal near-
vertical experiment is attempted in a given area of the

Precambrian Shield.
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APPENDIX - A

PROGRAM DESCRIPTION AND LISTING




PROGRAM: BINBIN

IDENTIFICATION

Title: Binary to binary conversion

Programer: D. R. Sprague

Date: September 1968

Language: COBOL

PURPOSE

To convert a 12 bit signed binary number on 7 track

tape to a 16 bit signed binary number on 9 track tape.

USAGE

1.

Operational Procedure: Only one program, 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

Parameters: Must be provided on computer card.

Column 1l: 1 convert only
2 = convert and print out
3 = print out only

Column 2-4: Number of blocks of data to be printed
out (999:maximum).

Column 5-6: Number of multiplexor channel used (16

maximum) .
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Space Requirement: 104 K

Temporary Storage Required: none

Printout: optional

Input Tape: 7 track seismic data

Output Tape: 9 track seismic data

Time: 0.005 seconds per one 12 channel digital
block.

Reference: none
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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 the 16 bit number is recorded in 2's
complement notation. Depending upon the options chosen,
the "BINBIN" program will do one of these three things: 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, or it will simply print out a 9 track
binary tape that has been previously converted. The
binary data on the 7 track tape was generated by an A-D
converter Model supplied by Radiation Incorporated of
Melbourne, Florida. Two tape characters are reqguired to
make one 12 bit binary number and there are 2404 characters
or 1202 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 low order 6 bits of a 16 bit
binary number and reformats the second character as the
seventh to eleventh bit in the converted number. The sign
of the 12 bit number (that is, the twelfth bit) is tested

and if the number is negative the sign bit is reset to zero
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and the converted number multiplied by minus one to put it
in 2's 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 data itself.
Since the data was generated by the digitizer working with
a 16 channel multiplexor, up to 16 strings of data
corresponding to each multiplexor channel can be generated.
The number of channels of the 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
multiplexor channels used. In displaying the 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 dependent upon
the format and the conventions of the device which is

creating the binary input tape.




Parameter Control Card (all fields are numeric-no. blanks)

i

24‘56

7 Not used

Number of A-D multiplexor channels

used (16 max.)

Number of blocks of data to be
printed out (999 max.)

Process Option 1 =
2 =

3

It

convert only
convert and print
out

print out only




ASSUME the number expressed as two characters on the 7-track tape is: 101101101110 which is -878
in "magnitude plus sign" convention.

2404 char block

1. .READ 7-TRACK TAPE 1 RG

First character goes to high order
byte of field called BINARY-2 and

the second character goes to the low '
order byte of the field called | \
BINARY-1. -
' 0010110yY00000000]J00 0000O0O0C|0OO01TO01110
Zero fill when/ e — —
Data Conversion-off 6 bits of data 6|bits of data
Translation-off char 1 char 2
0dd parity
(IBM 360 notation).
HI-HALF LO-HALF lst-HALF 2nd—~-HALF
— —%L >l - ol -
BINARY-2 BINARY-1
- " > 1 - —

2. Shift contents of BINARY-2 right, 2 bits by dividing BINARY-2 by 4.

<BINARY—2>/4 - loooo1011l01000000

3. Add contents of BINARY-2 to contents of BINARY-1 to obtain the 16 bit "equivalent" of the
“input number.

~<?INARY—1 + BINARY—2/£> 000010110{1101110

BINARY-1




~—————— BINARY-1 -

0000101101101 110 reset to 00000021101 101110

12th bit has ¥alue of 2048

If the digitized inpﬁt data is negative, the 12th bit of BINARY-1 will now be a "1" and
therefore BINARY-1l will be greater than 2047. Reset 12th bit to "0" by subtracting 2048
from BINARY-1, if required, and multiply BINARY-1 by -1 to get 2's complement notation

for writing on 9 track tape.

Write output

2's complement 1111 1 100(1001001 0|
o Charaizzﬁii:___,,_,,///”// second character
output tape T RG | ¢ lI RG

& ——— 2404 char block —




SOID
Lz20

1230
Lo NS

131
140
150
200
210
220
o230
240
250
260
270
260
290
L300
1000

1010

1020
1020
1040
1050
1060
1070
1690
1100
1110
1120
1130
1140
1150
1160
1170
1180
1190
1300
1210
1320
1330
1332
1340
1341
1342
1343
1400
1410
1420
1430
1440
1450
14560
1470
14806
1490
1500

TOENTIFICATION DIVISION.
PROGRAM—ID. *3INBIN?,
AUTHEOR,  DLR.SPRACUL.
DATE-HWRITTEN, NOVa15,19&7.
DATE~L3§QILt:ﬁ JAN  7,1970

REMARKS .

CRNVI

AONMENT DIVISION.

CONFIGURATION SECTION.
SGURCE=LCOMPUTER. IBM—360 Hb65,
OBUECT-COMPUTER. IBM-360 Hb65.
INPUT-0UTPUT SECTION.
FILE-CONTROL .

SELECT OCT-TAPE ASSIGN TO 'TAPEINY UTILITY 2400 UNIT,

1 ALTERNATE AREA,
SELECT REX-TAPE ASSIGN TC *TAPEOUT?
RESERVE 1 ALTERNATE AREA.

SELECT PRINTER ASSIGN TO 'SYSOUT® UNIT-

DATA DIVISION,

FILE

FO

o1

SECTION.

OCT-TAPE LABFL RECORD IS CMITTED, RECORDING MODE

BLOCK CONTAINS 2404 CiAPACTt?Cv
REC—IN.
02  IN-GUTS

HEX—TAPE LABEL RECORD IS STANDARD, RECORDING

”fK CONTAINS 2404 CHARACTERS,

REC
02 DUT-GUTS
PRINTER  DATA KECORDS ARE LINE-CUT,

LABFEL RECORD IS OMITTED, RECUORDING

LINE-OUT.

02 FILLER

02 NUMBER-FLD OCCURS 16 TIMES
02  FILLER

TITLE-T,

02 FILLER

02  NAME-1

AORKING-STORAGE SECTION.

77
7
7
77
01

X COMPUTATIONAL VALUE O
Y COMPUTATIONAL VALUE ©
7 COMPUTATIONAL VALUE ©

LINE-CNT
OPTIONS,
02  BRANCH-GPT
02 BLK-CNT-0PT
02  CHANNEL-UPT
WORK—I N,
02  IN-CHAR
WORK-0OUT .
02  (QUT-CHAR CCCURS 1202 TIMES
USAGE IS5 COMPUTATIONAL
RECEIVES,
02  HOLD-ON,
63  1ST-HALF
03 2ND-HALF
02 BINARY—-1 REDEFINES HOLD-ON
USAGE IS COMPUTATIONAL

DCCURS 2404 TIMES

THIS PROGRAM CUNVERTS A 12-317 SIGNED BIMARY NUMBER
7-TRACK TAPE TO A 16—-RIT SIGNED BINARY NUMBER ON 9-TRACK

UTTILITY 2400 UNIT

IS Fy
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RESERVE

RECORD 1403 UNIT,

RECORD IS REC-IN,

PICTURE X{24041}.,

RECORD

PICTURE

TITLE-L
MODE IS F.

PICTURE
PICTURE
PICTURE

PICTURE
PICTURE
PICTURE
PICTURE
PICTURE
PICTURE
PICTURE
PICTURE
PICTURE

PICTURE

PICTURE

PICTURE

PICTURE

PICTURE

MODE IS b,
IS REC-

ﬂd}w &

X{24041% 5

X e
—{719.
X{15} .

X
X{135).

$99G69,
59999 .
$9939.
$S999.
9.
933,
59,

Xe
S999Y .,
Xe
Xs

59999,

ON
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02 SHIFTER. \

03 HI-HALF PICTURE X

03 LO-HALF PICTURE X,
02 BINARY=2 REDEFINES SHIFTER

USAGE IS COMPUTATIONAL PICTURE S3999,
01 BLOCK-CNTR. \

02 FILLER VALUE *RUN NGO. ¢ PICTURE X{Bij.
02 R—OCNTR PICTURE ZZ9.
02 FILLER VALUE SPACE PICTURE X(81}.
02 FILLER  VALUE *BLOCK NO. ! PICTURE X{10).
02 B-CMIR PICTURE Z7219.

PROCEDURE DIVISION.
INITIALTIZES
ACCEPT CPTICNS.
GO TD READ-IN, WRITE-READy; READ-BACK DEPENDING ON BRANC
READ—IN.
OPEN INPUT OCT-TAPEs CUTPUT HEX-TAPE.
READ-1IT.
READ OCT-TAPE INTO WORK~IN AT END GO TO EOF-T7T.
MOVE O T0 Z.
MOVE —1 TO X. MOGVE O T Yo
f ¢ CONV-RTN 1202 TIMES.
REC~-0OUT FRUOM WORK-0OUT.
GO TO READ-IT.

CONV=RTN.
ADD 2 TO X. ADD 2 T0 Y. ADB 1 70 Z.

rat

MOVE O T4 BINARY—1, BINARY-Z.
MOVE IN=CHAR (Y} TO 2ND-HALF.
MOVE IN-CHAR {X) TG HI-HALF.
COMPUTE RINARY—-1 = BINARY-1 + ({(BINARY-2 / 4).
IF BINARY—=1 NOT < 2048, COMPUTE BINARY-1 = —1 * {BINARY
- 20481},
MOVE BINARY-1 TO DUT—-CHAR (Z).
EOF—T7T.
CLOSE UCT-TAPE, HEX=TAPE.
SWITCH—1.
GO TO CLGSE-BUT.
WRITE-READ.
ALTER SWITCH-1 TO PROCEED 7O READ-BACK.,
GO TO READ-IN.

0 READ-BACK.

OPEN INPUT HEX-TAPE, OUTPUT PRINTER.
MOVE 1 TO Y.
GO—-ON.
Move 2 10 Zs
REAU HEX—TAPE INTO WORK-CUT AT END GO TO CLUSE-Z.
MOVE QUT-THAR {1) TG R-CNTR.
MOVE OUT-CHAR (2} TC B~CNTR.
MOVE BLOCK-CNTR TO NAME-1.
WRITE TITLE-1 AFTER ADVANCING O LINES.
MOVE SPACES TO TITLeE-L.
{F OUT-CHAR (2) > B8LK-CNT=-0PT GO TO CLOSE-2.
PERFORM MOVE=PRINT UNTIL Z > 1201,
G0 T GU-ON.
CLO5E-2.
CLOSE PRINTER, HEX-TAPE.

» CLOSE-DOUT.
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S0
2300
310
311
320
330
B40
8350
‘360
2872
2880
2881

- 177

STOP RUN.
MOVE—-PRINT.
PERFORY LOAD-UP THRU E1l VARYING X FROM 1 3Y 1
UNTTIL X > CHANNEL-0OPT. ’
WRITE LINE=0OUT AFTER ADVANCING 1 LINES.
MCOVE SPACES TG LINE-OUT.
LUAD-UP .
AGD 1 TG Z.
MOVE OQUT-CHAR (Z) TU NUMBER-FLD ({X).
IF 7 > 1201 THEN IF X = CHANNEL-OPT MOVE 1 TO Y
ELSE CCMPUTE ¥ = X + 1 COMPUTE X = CHANNEL-OPT + 1
ELSE NEXT SENTENCE.
Fle

EXiT.




PROGRAM: BLOCK 50

IDENTIFICATION

Title: Printout and block number determination of
digital seismic records

Programmer: Z. Hajnal

Date: October 1968

Language: FORTRAN Iv

PURPOSE

To printout a given segment of the digital seismic

record for the first break time recognition. To deter-

mine the total length of a digital seismic record.

USAGE

1. Operational Procedure: Main program calls subroutine

ENT. This moves tape to the required record.

program prints the necessary data. Subroutine

INPUT counts the total number of digital blocks in

the seismic record.

9. Parameters: Al = the number of the first reguired

seismic record

L = total number of records examined

MM = total number of blocks printed

from a recoxrd
178




179

Space Requirement: 120 K

Temporary Storage Required: none

Printout: (100 x 12) matrix of integer numbers
Input Tape: 9 track

Output Tape: none

Time: 1.30 seconds per digital block

Reference: none




BLOCK 50 PROGRAM DESCRIPTION

This program consists of one main program and two
subroutines. The program requires three input cards. The
input parameters were 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 Al. 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 read and
print in a (100, 12) 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. When 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.

If no print out of blocks is required for some

records, by making MM = 0 the process is immediately
180
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transferred to subroutine INPUT which will read the whole

record and print out the total number of blocks in one

record.
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MAIN PROGRAM PRINTS .171%MM SEC FHROM EVRY DESIRED RECORD ON TAPE
Al=NUMBER OF THE FIRST RECORD USED IN THE PROGRAM
L=NUMRER OF RECORDS WANTED 70O BE PRINTED

Nt CROOF BLOCKS PRINTED IN ONE RECORD TU FIND FIRST BREAK
INTEGER®Z Ay B,A1L

INTEGER%®2 T{12,100])

Al=1

=1

Mu=50

sl ENMT {(AsBseTHALY

D0 A0 M=1l,L

NN=0

IF (MM.EL.0} GO TO B0O

DO 55 K=1yMM

BEAD (842) AsByU{T{I4J)s1=1,12143J=1,100)

EORMAT (242,250A2,250A2,250A2,250A2:200A2)

NN=NN+1
HRITE (6417)As8B
FORMAT (1H ,215)

WRITE (654) ((?lI;J),I=1912),J=l,lOO3

FORMAT {(1H ,1215)

CONTINUE

Cabb INPUT {A;B,TyALyMMaNN)
Al=Al+1

CONTINUE

CALL EXIT

TN
LN LS

DATE = 70007 182 21/

5¢

A
{

7
4
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SUBROUTINE ENT {A4:8,T,A1) . 183
INTEGER®2 AsByAlL ‘

INTEGER®2 T{(12,100)

DO 58 MS=1,6000

p iy (gyli) 3\7%?{{7({’\})7131912}9\):1;160}

CORMAT {2A25250A24+250A2525042,5250A2,5,200A2)
IF [A.EQ.AL)Y GO TO 65
CONTINUE

BACKSPACE 3

JETURN




e wUD 3 INPUT
SUBROUT INE INPUT (A, By
INTEGER*2 AsB,A1
INTEGER®2 T{12,100)

DG 18 K=1,8000

READ (#52) AsBs ((Tii:J)
FUORMAT {(242,250A2+250
NN=NN+L

ARITE (654) AeB

FORMAT (1H 5,215}

IF {(A.0T.ALY GO TO 43
CONTINUE
NN=NN—-1
WRITE (651051
FORMAT (¢ ¥,
BACKSPACE 8
ERD

Ag NN

tRECORD NO.=?

TeALsMMeNN]I

l lyLZ)?J l 1. O)
s 250A24250A2,200A2)
s 12 TNUMBER OF BLOCKS=?,

123

184




PROGRAM: BAND-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.

I

2. Parameters: N total number of coefficients of one
lobe plus one center lobe

DT = sampling interval in seconds

FL = low frequency cut off
FH = high frequency cut off
M = total number of points of frequency

response

185
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Space Requirement: 120 K

Temporary Storage Required: none

Printout: weighting coefficients and the frequency
response

Input Tape: none

Output Tape: none

Time: 30.25 seconds for a 200 coefficient filter

Reference: Robinson (1966)




BAND-PASS PROGRAM DESCRIPTION

The program consists of a main part and the following

subroutines: 1. Subroutine BNDPSS
2. Subroutine FEJERT
3. Subroutine FRERE

The input data are provided by a computer card. The
format of these data is indicated by statement ninety in
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.

gubroutine FEJERT determines the linear operators
of the filter and corrects them with Fejer's formula. This
also prepares a two-sided filter.

Ssubroutine FRERE calculates the frequency response
of one lobe of a symmetric filter. The present program is
set up to compute the response of both the ideal and

corrected filter coefficients.

187
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THT PEOGRAY
SUBROUTING

SEICIENTS OF & BNPPSS FILTER - 188
FREQe RESPONCE OF THE BNDPSS FILTER
FFICIENTS FOR TWO FREQUENCY BANDPASS

w7

FILT(210),0T(Z10),FILT2(410),CC(4£10)
MNeDT4FLyFHM
{I14sFB % F 011*“0391""
+ M=
1 99)
{1HL, TSR, ' TEST PROGRAM FOR BANDPASS FILTERSY,/41HO,THE,
VG TT7R,VFRJERF )
CELL BNDPRS{N,DT sFLyFH,FILT,FILT 2}
CALL FEJERF({N, u?, LyFH,CT,CCH
N0 200 I=1,N7
WRITE (£,100) FILT2{I),CC(I)
100 FORMATIIH 2T88,F1004+T78,F100%)
200 COWNTINUE
WEITE (55,1011
101 FORMAT [1H1,T45,'FREQUENCY RESPONSE OF IDEAL BNDPSS FILTER?Y)
CALL FRERE (FZL?yN;M;QT?
WEITE {642
20% FORMAT HHE Th,"r‘ﬁ")uwm{ RESPONSE DOF FEJER FILTERMY)
CALL FRERE (CT MeMITY
WRITE {(45,110) N,DT FLeFH,M
110 FORMAT {1H T3, INPUT FARAMETE Ra’;/,ﬁH s TNDLOF WoCOFFF=1,18,7D7=
1941005y 1FL=1 yF1008 ' FH=E1,Fl0e By I M=1,14)
-CALL EXIT

CEMD




YRENUTI
EOR
IEEOR

200

390

£00

) WL=FL*DT%6,2831853
25

syUBRRoUT

SINGLE
INPUT RAI cTE FESERF,
DIMENRION FIL?(?%O),»ILTv(MgQ)

Eh=N

CHK=FH=EDRT=0.&
IF(CHKoGT2000) RETURN
CHK={FH=FL)=31,0/(DT*FN}
IF{CHK,GE.000) GG 10 100

“C={FH+FLY 7200
WL=6o 2831883 (FCHDT=0,5/FN)
WH=50 28318835 (FCEDT+0 B AFN)
GU TO 200

2

WH=FHEDT R4, 2831 883
FILTLL J=WH=WL
DG 300 I=2 4N
Fl=I-1
FILT{I)= {SIN{HH¥FII=SIN{(WLRFI))/FI
CONTINUE
DD 400 I=1,N
FILTLII=FILT(I I/ 2,12158G2565

» COMTINUR

NN=N+T
DO A0D I=1,N
J=ENN=1
FILT2(D)=FILT{J)
Mp=N+N
0 A01 L=1 4N

=MMe=L
I=NN=L
FILT2(K)=FILT(I}
WEITE (£,204) (FILTZ2(L),L=1,99)
‘ T {1H s1CF10e7T)

TeFLyFHsFILT FILTZ)
& Twi=SIDED SYMMETRIC BANDPASS FILTER
If\: (‘AU?HQ #NQ?"R?&

A

0

ROBINSOND,

2175

5/%1

: 189




NOTE

100

101

200

21755751

SEANGZ LT 3FLFHaCTHCC) 190
{F COMPUTES THE COEFFICIENTS OF A FINITE FEJER-WEIGHTED
g FILT R ECR SINGLE CHANNEL PROCESSING
FH  HIGHCUT FREQUENCY (CPS)
FL LOWCUT FREQUENCY (LCFS)
o SAMPLE RATE (58CS)
N LENGTH NF FILTER DPERATOR
FH=FL MUST RE PNSITIVE AND GREATER THAN 1.0/DTHEN, (N BVEN NO.)
ENSION CT (210),C0C(410) ‘

SRS EH=OY

- ; RWwEL DT
TV=1.0/FLOATINZ)
CT{1)1=X=Y

D0 100 I=24N

Ti=I=1
CTIIV={1o0=TVETIIH{EIM{XHTI)=8 IN{YSTI}}/TI
D101 L=14N
CTLLY=CTIL )}/ 3, 141589368
MN=N+1

D200 I=1,M

J=NN=1

CCLIY=CT L)

MM =N+

DU 201 L=1,4N

K=MM=1|,

I=NN=L

COUKY=CTIT) .
WEITE (£4203) (CO(I),1I=1,99)
FORMAT (1H s10F1C.7)
TURN

END
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(CF,H,M S?)

ENQ=1,/12%0,00171)

DE=FNOQ/N

DO 2 K=14M

C{K)=0,0
Tr(!()zg:}:?((K”’%o)/?o)

DO & I=2,N

S=to 2R3188 2R THF{K)#DTH]
CAKI=C(K)Y+H{COR{S))®CFR{TI*2
HIK)=CF{1)*2,+C (K)

CONTINUE

(547) (CF(KK)KK=1,M)
MAT (LH 9 T504F7.5)

WRITE (6+5){TFIK)sHIK) yK=1,4M)

: FE v
FQUENCY REEPONEE DF SYMMETRIC
DIMENSION CF(210),C(210),H(220),TF{1210)

jes]
il
foe]
e
e
if¥
&

Ti
 an]
™~
s
.

A3

FORMAT {1H oTEQ,'FREQ=Y,FB,2, ' FREQRES=",F10.7)




PROGRAM: CONVOLV

IDENTIFICATION

Title: Convolution of two time series
Programmer: 2. Hajnal

Date: November 1968

Language: FORTRAN IV

PURPOSE
To filter seismic data with a set of weighting

coefficients

USAGE

1. Operational Procedure: Subroutine 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: Al first record used for process

L = number of records used in the
process

N = number of channels involved in the
process

LM = number of filter coefficients

il

N3 = total number of digital blocks

192
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processed per recoxrd

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
C = amplification factor
Space Requirement: 120 K
Temporary Storage Reguired: none
Printout: time delay in seconds, record number,
number of blocks per record.
Input Tape: 9 track containing seismic data
Output Tape: 9 track filtered data
Time: 13.20 seconds per digital block

Reference: none




CONVOLV PROGRAM DESCRIPTION

This program controls the digital filtering of any
time series. It was designed for multichannel 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.

As the first step the main program detérmines from
ST the number of digital blocks rejected from the beginning
of the seismic record.

The application of subroutine ENT moves the tape to
the first desired record. This subroutine was described in
detail with program Block 50. The next subroutine SUPUL is
called. This reads and rejects a certain number of blocks
from the beginning of the digital record if this is
requested by the input data ST.

The operation of these two subprograms moves the
tape to the exact point whére the filtering process can be
initiated. The call of subroutine FOLD will start the
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 filtering 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 (1967b),
prepares the core locations 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 will be more efficient to

locate the final output on a tape using a general format
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and when plotting is required this tape is read back and
the data is prepared for the necessary plotting format.
This last procedure can be carried out using the PLOTMOD
program. This program was written to serve any of the

plotting needs which may occur with seismic data.




LEVEL 1y 0D 3 MALIN DATE = 70007 22/153/53

C
C
C
C
c
€
C
C
C
C
C

OOy

PROGRAM CONVOLVES BADPASS FILTER WITH SEISMIC DATA 197
SUBRT.ENT.AND SUPUL MOVES THE TAPE TO ANY PART OF A WANTED RECORD
THE PROGRAM RUNS THROUGH ANY NUMBER OF FILES ON TAPE

Al=FILE NO.THE NO.OF THE FIRST FILE USED

No= NOLOF TACES USED IN THE PROCESS

L=NO.OF RECORDS TO BE PRODCESSED

MB = NO OF BLOCKS WHERE PROCESS START ON IDIVIDUAL FILE
BC = FILTER WEIGHING FACTORS

XC = CONVCLVED GUTPUT

LV = MUMBER OF FILTER COEFFECIENS

NC = NUO.CF TRACES IN ONE QUTPUT RECORD

MC = NB-UF DATA PCINT PER OUTPUT TRACE

N3=N{OL.OF {12,500) BLOCKS PROCESSED PER RECORD
C= CONSTANT MULTIPLIER FOR AMPLIFICATICN BEFOR FILTERING
INTEGER%2 AsBsAL1sMB{15) ¢XC{12,700),NST{15])
INTEGER®%Z2 T(12+600),L0T{(12,100},,GAR{1L2+,100)
COoMMON /NAME/ LOT
COQUIVALENCE {LOT{1+1)sGAR{Ly1})
DIMENSION ST (15}
DIMENSION BC{100}
L M=99
Al=41
L=12
N3=24
N =12
M=500
C=4
NC=12
MC=MALM
READ {5,17) (ST{J).d=1,L1)
17 FORMAT (12F6.3)
DO 18 IS=1,L
MBLIS)I=ST(IS)/.171
S DZ=STLIS)I-IMB{ISI*.171)
HRITE (6,21} DI
21 FORMAT (7 1,3D7=%,E10.3)
NST{IS¥=DZ2/.00171
18 CONTINUE
WRITE (6,22) (MBLIG),1G=1,1]
22 FORMAT (1H 51214}
ARITE 16,523) (NSTIIGG)IGG=1,4L)
23 FORMAT (1H ,1213})
READ {5,47) {(BC(MZ)sMI=1,0LM)
47 FURMAT({10F7.41}) -
DO 50 J2=1l,L
CALL ENT {Ay,B,A1)
CALL SUPUL (As;BsMB.J2)
CALL FOLD {A;BsTaNyM, 8{.‘,91_;“}397((:?[\3(:1“4{;7{\{316}
Al=Al+1
CONTINUE
REWIND 8
REWIND 14
CALL EXIT
END

U
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[GRNRY
T OO

Ly

MO0 3 ENT
SUBRGQUTINE ENT (A,8,A1)
INTEGER®Z AsB8.A1L
INTEGER*2 LOT {12,100}
COMMON /NAME/ LOT

O3 538 MS=1,6000

22/19/53

READ{8:12} Ay%y((iu-{(iyxj)91:1912}1\;’:‘[?10())
FORMAT {2A243250A2,250A243250A2250A25,200A21

IF{a.EU.ALY GG TO 65
CONTINUE

BACKSPACE 8

RETURN

END




SUPUL

SUBROUTINE SUPUL (AyByMB.J2}
INTEGER*2 A8

INTEGER*2 GAR{12,100)MB115])
MON /NAME/ GAR

00 42 K=1,100
IF (MB(J2}) 43,4345

DATE

READ {8,5) AsB{{LAR{IJ)sI=1,12)45d=1,100}
FORMAT {242,250425,250A25250A2,250A2,5200A2})

fi=11+1

P {Ii.8Q.MBEJ2Y})Y GO TC 43
CONTINUE

RETURN

END

10007




DATE = 70007 22/719/53

SUBROUTINE FOLD {(AsByTeNyMeBU LM XCyNC; MO N3 9L 200 -
INTEGER® 2 AgByT{NeM) ks XCINC,MC)

DIMEMSION BLILM)

MI=felM-1

M5=1

=0

|

o

DD 19 L7=1,N3
D0 18 K=1,M9100

J
i :
READ (532) AeBat{T{L,d3 41714212} 3d=KsL)
FORMAT {(2A2:250A24250A24250A23,250A2,200A2])
CALL ZERG (XCeNCsMC4NS)
00 1 IB=1eN
DO 1 LB=14+M
DO 1 MB=1.LM
KB=Li+MB-1
1 XC{IBsKB)=XCLIBKBI+{T{IB,LB)*C)*BLC(MB)
DO 25 LL=1,M.100
KT=LL+99
W=W+l
WRITE (14+3) AsWe LIXCUIBKBYIB=14121+KB=LL,KT)
3 FORMAT (2A2,250A243250A42,250A2,250A2,200A2)
WARITE [ H944) Agi
44 FURMAT (1H 215}
25 CONTINUE
NO 22 IH=1,12
DO 23 LT=501,MI1
M5=LT~500
XCLiHMS)=XC{IHsLT}
23 CONTINUE
22 CONTINUE
NS=LM
19 CONTINUE
RETURN
END

[y
[ACIREW




LEVEL 1 4GD 3 7RG DATE = 70007 227137573

SUBRUOUTINE ZERU {XCyNCyMCeNS) . 201
INTEGER®2 XC{NC,M(C)
DO & 1Z2=1,NC
DO & LZ=NS¢MC
4 XC{IZ4L7}=0.0
RETURN
END




PROGRAM: AUTCRO

IDENTIFICATTION

Title: Auto and cross-correlation of seismic data

Programmer: Z. Hajnal

Date: November 1968

Language: FORTRAN IV

PURPOSE

To compute a complete set of auto-correlation and cross-

correlation matrix of an n channel seismic record.

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 INPUT normalizes the data.
Subroutine AUTCRO computes the auto and cross-
correlation coefficients. Subroutine AUMAX locates
the largest coefficient. Subroutine COSTR computes
the power spectra of the auto-correlation functions.
Parameters: Al = 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 = total number of samples used for
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
Space Requirement: 150 K
Temporary Storage Required: 3 disks
Printout: Auto and cross-correlation coefficients
Input Tape: 9 track
Output Tape: none
Time: 36.37 seconds per (2000 x 12) matrix of data

Referenee: Singleton (1967), Robinson (1967b)




AUTCRO PROGRAM DESCRIPTION

Because of the many uses of the correlation techni-
ques this program was written in a very general form; there-
fore it is applicable for any requirement. It can compute
the multi-channel correlation matrix for as many traces as
the programmer wishes. At.present it computes the
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 called. The use of these were described in the previous
program.

Subroutine INI sums up the samples of the individual
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

computes the standard deviation per trace using formula

] n L
I o2
Sx T [ n Z (X3 = X) ]

i
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where n total number of samples used per trace

X

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 (12 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 autocorrelation 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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SURRT.ENT USED ONLY IF ENTER REQUIRED AT SOME PART OF TAPE OTHER THEN

THE

b

Ly Mt 3 MATN DATE = 70007 22/00/706
0 AND CROSS CORRELATION FOR ANY NUMBER OF TRACES

FIRST FILE ON TAPE

RECCDS OGN TAPE

TRACES

DATAPOINT PER TRACE

SIZE FOR SUBROUTINE AUTCRSO

N3=NUMBER OF ARRAYS PROCESSED ON RECCRD |

L 5=TOTAL NUMBER OF SHIFTS REQUIRED IN SUBR. AUTCRO

BEGTINNINGy Al=THE FIRST USED FILE

SUBRT.SUPUL USED TO LOCATE ANY PART OF A FILE MB=BLOCK NO.UF START
SUBRT.STAND COMPUTES THE STANDARD DIV. PER TRACE

SUBRT (INI COMPUTES THE AVERAGE OF INDIVIDUAL TRACES

SURRT . INPUT READ DATA FROM DISK

17

13

45

359
32

ITS= NUMBER OF BLOCKS READ IN AUTCRG BEFOR PROCESS
ME=NO.0F BLOCKS WHERE PROCESS STARTS ON INDIVIDUAL FILE
INTEGER®Z AyByALyMBUL5) o NSTILS])
INTEGER®2 T112,2000},L07(12,100)
DIMENSION AVI150,12) AVRI12)3AVR1I{12),E{150,12),E2(12},5TD(12)
DIMENSION DTUL12415)sIT(12515}),57T(12},6G{1000)
NFS=60 '
N=12
S5=5
AL=2
Li=200
L=1
M=100
Ni= TOTAL NUMBER OF BLOCKS USED PER RECORD N3 MAX=150
N3=2
17TS=0
L5=20
READ {5,17) {STUJd)yJd=1sL1
JRMAT (12F6.313
D518 Is=1,L4
M3{ISI=STI{IS)/.171
NZ=ST{IS)—-{MB{IS)*,171}
NST(ISI=NZ/.00171
CONTINUE
READ {5545) ((DT{1sd)+I=1,12)+sd=1,L}
FORMAT [12F5.2)
DO 46 {H:19L
D0 46 LH=1.12
IT{LH, IA)=DT{LH,IH}/0.00171
WARITE (6,51) {MBLJ)sd=1,L)
FORMAT [1H 51213}
D 50 Jd2=1,L
CALL ENT (AeByLOT,AL)
CALL SuUPUL (AeB3,L0TyMB,Jd2)
WRITE [(5532) AR
FORMAT {1H 215)
CaLl INT (AsBsTeMNeMyAVRIZAVAVR,N3)
CALL STAND (TsAVRL,STDsNsM,N3)
CALL INPUT (AsB83TsNeMeALAVRLISTDN3)
Call AUTCRO [TaNsLLsGCeLGoITS STOSNFSSSH
REWIND 10
REWIND 11
REWIND 12
Al=A1+1




AT

REWIND 13
CONTINUE
REWIND 8
ALL EXIT
ND

1Y

22/00/05
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1 MDD 3 ENT OATE = 70007 . 22/00/706

SUBRUOUTINE ENT {AyB,LO0T,AL}
INTEGER%2 AsB,Al

INTEGER®2 LOT {12,100} 209
DG 58 MS=1,6000

READ 13312) ﬁ»yBy {(LQT {IsJ}vI:lq }9}
FORMAT (2A2s 250A2,250A2,250A2 ;325042 420042)
IF (A.EQ.AL) GO TO 65

CONTIHUE

SACKSPACE 8

RETURN

£4D




LEVEL 1y MOD 3 SUPUL DATE = 70007 22/80/06

5
i
i
1
D
{
R
F
I
i

UBRUUTINE SUPUL (AsB,LOTyMB4J2)

ITEGER%2 A48 210
NTEGFR%2 LOT(12,100),MB(15)

=0

ot

U 42 K=1,100

[M3132)) 45545446

EAD {B45) AsB({LOT{I,J2,1=1+12),J=1,100)
ORMAT {(2A2,250A2,2504245250A42,250A2,4200A2)

™

41 {(ITeQeMB{d2Y)Y GO T 45
42 CONTINUE
45 RETURN

()




79

INT UDATE = 70007

SUBROUTINE INI (A¢ByTyNyMsAVRIZAVAVR,,N3)
INTEGER*Z A, B

INTEGER®2 TI{NsM)

DIMENSION AVI150512) s AVRILZ) sAVRI(12)

DO 99 LE=14N3

DG 18 K=13M,100

211

READ {8:2) AsBIT(I5J)5I=1412)sJ=KyL)
FORMAT {2A2,250A24,250A2;3;250A243250A25200A2})
WEITE (13) {{T(I3Jiel=1412)sJd=Ksl)
CONTINUE

DO 76 J1l=14N

AVILSsI1)=0.

DOTT Ji=lgM

AVILS: T1I=AVILS, I 1)+T{1I1+d1)

CONT INUE

COUNTINUE

D73 NS=1412

AVRINS}I=0.

DO 79 MS=1,4N3
AVRINSI=AVR{NS ) +AVIMS ¢ NS)
AVRLINS)Y=AVR{NSY/ (M*EN3}

WRITE (645301 AVRI(NS

FORMAT (1H sF1ll.4)

REWIND 13

RETURN

END

22/00/06
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17

31
30
29

STANTD CATE 70007

SUBROUTINE STAND (T3AVRL¢STD¢NyMaN3)

DIMENSICON E{150412),STD{I12)sAVRLI{12)5E2(12) 212
INTEGER®2 T{N,M)

D29 I13=1,N3

D 17 K=1leMy 100

L=K+93

READ (13} ((T{I+d),1=1,12}),J=K,L)
CONTINUE
D30 L3=1.N
E{I13,03)=0.
DU 31 RT=1,M
ECI30L3) =003, L3 0+ {TIL3 KTI=AVRLILBYIS{T{L3 KTI-AVRI(L3))
CONTINUE
CONTINUE
D3 32 1S=1,N
E2(I5)=0.
Du 33 L5=1,N3
E2{I8)=2015)+E(LS,IS)
WRITE {56,35) E2(1S)
FORMAT (1H ,E15.5)
STOLISI=SQRT{EZ21IS)/{MEND) )
WRITE (64934} STD (1S}
FORMAT (1H ,E15.5)
REWIND 13
RETURN
END

22/037/05




LEVEL

1s MDD 3 INPUTY DATE = 70007

SUBROUTINE INPUT (AsB,yTsNsMs AL, AVRLSTDsN3)
INTEGER®2 A,;ByAL

INTEGER%*2 T{N,M™)

DIMENSION AVRLI(12),5TD(12)

DO 61 L=1,N3

D0 18 K=1:M,100

LC=K+%59

READ (13) ({TU{I14d)sI=1,12)4d=KsL0C)

CONT INUE

D 36 LiL=14N

DO 37 KiK=1¢M
TILLyKKY={T{LLKKI-AVRLI{LL)}

CONTINUE

D} 25 KS=14M,100

LV=KS+39

WRITE (10) {({TILZ,d2)5LZ=1,512)+dZ=KSsLV)
CUNTINUE

REWIND 10

RETURN

END

213

227007056




3 ‘ AUTORD DATE = 70007

SUBROUTINE AUTLRO (TsJddslbLsGelGesITSsSTDNFSsSS)
INTEGER®*2 T{J4Jd,LL),TT{12,100)
DIMENSION G{LG)STDI{12]
11=0
IF (ITS.LT.1) GU TG 65
DU 66 K=1,17S
6 READ (L0 ({TV{l:d)51I=1,1235J=1,100)
H5 DO 67 K=1,L0L,100
L=K+99
READ (101 ({T(1lsdisi=1ls12)3d=Ksl}
67 CONTINUE
DU 1 M=1sdd
DO 1 N=1ledd
25 DO 4 L=1,4LG
G{L)=0.0
LLOT=LL
DC 3 Jd=1,L0D0T
K=d+i~-1
C SUBROUTINE AUTCRO COMPUTES AUTO AND CROSS CORRELATION FROM RIGH
C LEFT
C THIS 1S NECCESARY BECAUSE OF THE LEFT TO RIGHT INCREMENT IN THE
JS=LD0T-K+1
IF (JS.LT.1} GG TO 5
KK=LDOT~Jd+1
GILI=CUL I+ {TIMe S R0 {TIN,KK}F1,.0}
CUNTINUE
SGILY=GLLY/{LLESTD{MI*STO{N}}
COUNTINUE
Ii=11+1
WHITE {11} MygNg{GILH)LH=1,L05)
WRITE (6426) 11
26 FORMAT [ 1H ¢*RUN NU.=%'3151}
WRITE (6523) {GILT)sLT=1,LG}
23 FORMAT {1H $2G2=',F14.4)
1 CCMTINUE
10 REWIND 11
CALL AUMAX {GsLGsNFS311,55S)
REWIND 10
RETURN
END

2

S

227007056
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T 1O

DATA




SUBROUTINF AUMAX {GsLGyNFS,I1,55S)
DIMENSION GILG),S(100)

D021 K=1y11

READ (L1} MoaNg(GILY L=1,LG)
[F (SS.NE.5) GG TG 25

IF (M.NELNY GO 7D 21

INDEX=1

DO 1 I=1,LG

IF (G{INDEX}LT.G1I}) INDEX=I
CONTINUE

YMAKR=5( INDEX)

WRITE {6520) YMAX, INDEX
FORMATI{IH o'GMAX=®,Flb.4,515)
DO 2 J=1,LG

GLUI=061Jd) /YMAX

SWRITE (A4918) MeNgaJdeGl{J])
FORMAT {1 ®40G{M=t I3, N=1,13,7L=9,13,7)1,F17.8)
CONTINUE

[F (M.EQ.N) GO 70O 19

CALL COSTRILGsGySyNFSsINDEX)
CUONTINUF

REWIND 11

RETURN

END

Ly HMOD 7 AdM &K DATE = 70007

215
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1 T R
Ly Mo 3 COSTH

IF{UINDEX.LTL100) 60 TO 58
NDEX

D51 Kpp=1,0U
KZ=LU-KB3+1
GPIKBI=GIKZ]}

DO 53 KT=1,LU
GIKT)=GP (KT}

GO TO 59
LU=LG+1—-INDEX

Dii 52 KB=1,LU

KL Z=INDEX+KB—1
GAKBY=G{KLZ}
FNE=1./7{2%0,00171)
DF=FNWU/LG

373 50 K=1lyNFS
KK=K~1
W=KK%3,14159265%2%DF
F=KK=OF

CO=SIN{O 5%}
Lo=2%C0%CD
Cr=={LD+C0}
COSHW=1.0

S{K}Y=0,0

Div 1 I=2,LU
Ca=CrR*COSW+CD
COSw=CUSH+LD
S{Ky=C{ 1 *COSH+S{K])
S{KY=0G{1L1+S{K)+S{K)}
WRITE (6532) FeSUK)
FORMAT (1H $3F=1,4F8.3,'PED=?3E11.4)
CUNT INUE

RETURN

END

22/00786




PROGRAM: STACK

IDENTIFICATION

Title: Velocity filtering

Programmer: Z. Hajnal

Date: November 1968

Language: FORTRAN 1V

PURPOSE

To sum up seismic traces to improve the signal to noise

ratio.

USAGE

1.

Operational Procedure: Subroutine ENT moves the

tape to the required record. Subroutine SUPUL locates
the necessary section of data within a record.
Subroutine INI computes the average value per trace.
Subroutine STAND computes the standard deviation

per trace. Subroutine INPUT and NORMEN normalize

the trace. Subroutine SUMI carries out the summing
process. Subroutine DAVE prepares the data in a
format which is required for plotting.

Parameters: Al = number of the first record processed

L = total number of records processed

i

N4

i

number of output traces after

process
217




Space Requirement:

Mz =

ST

DT

218

total number of traces processed

amplification constant

maximum number of samples per

trace normalized per loop

maximum number of samples summed

per trace per loop
time in seconds from the first
part of the record which is not

processed.

amount of shift in seconds

required per trace before summation

170 K

Temporary Storage Required: 3 disks

Printout: average value per trace, standard

deviation per trace, record and trace

number, maximum number per trace

Input Tape:

Output Tape:

9 track unprocessed data

9 track processed data

Time: 2.35 minutes per 80 block record

Reference:

none




STACK PROGRAM DESCRIPTION

This program was weritten to provide velocity
filtering for N number of traces. Because of the non-
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.

First the main program converts ST and DT to sample
interval and stores this data 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.

Subroutine STAND reads the data from the disk and
computes the standard deviation per trace. The formula
for this was given in the correlation program. Subroutine
INPUT subtracts the average value from trace to trace.

gubroutine NORMEN divides the data with the standard
219
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deviation. Subroutine SUMI is the part of the program
package where the velocity filtering takes place. First
the traces are shifted and then summed up. With the present

arrangement N number of traces can be summed up into one

to three output traces. The output data is written on the
disk.
Subroutine DAVE is a service routine. It reads the

output data from the temporary disk sterage and finds the

maximum number in every trace. Knowing this number, a
scaling factor is computed. This will adjust the data
according to the scaling requirement of the plotting system.
As a final step Subroutine TPPLT is called. This
outputs the data on a nine track tape in a format, which
makes the data ready for plotting on the Calcomp 750/563
plotting system. The detailed description of this last
subroutine will be found in the section related to program

PLOTMOD.
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Ih

AT=NUMBER
L= NUMBER
N =MUMB§&

FIRST FILE ON Tape
OF RECODS ON TAPE

- 221

ATAPOINT PER TRACS
RRAYE PROCESZED ON RECORD

THE JIN\I"G, £1=THE FIRLYT USED FILE
%UB; S BUFUL USED TO LﬂCﬁ F ANY PART 0OF A FILE MB=BLOCK NO.O0F START
SUBRTLSTAND COMPUTES THE STAMDARD DIVe PER TRACE
SURRT, INT COMPUTES THE AVERAGE OF INDIVIDUAL TRACES
SUBRT, INFUT READ DATA FROM DISK
MR=NO, OF BLOCKS WHEP® PROCESS STARTS ON INDIVIDUAL FILE
L= CONSTANT FACTOR TO INCREASE ALL AMPLITUDES
Né.= Nﬂo QE fH$NN“L§ ?SULT@D FROM STAKING

,p.% T(lZ 1“@0),LGT(32;100)

S132,1500)
V“«VHZ, 12) yAVR{1Z2),8VRI(12),5(12,12),E2012),870(12)
DT{12415),17(12,18),5T(15)

f@LL T”NT
MZ=1400
M=32

N&=2
81=B7Q
L=¢

£=1
M=1509

MUST BE N3/3 OF CORVOLY

3 {(5,17) (5T(J)sd=1,L)
17 ﬁq@u»T [12F6.32)
DO IR I5=1,L
MBIIS)=STIIS )}/ 0171
DZ=ST{I8)=(MB(IS)*,171)
NET(IS)=DZL/,00L72
i2 CCNTIWUV
READ (5,45) {({DT{I,4J),I=1,12),J=1,1)
MAT {B?Fﬁg }

Do i&f LH=1,12
36 IT{LH, IH}=DT{LHsIH)/0,00171}
WRITE (£+51) (MB(J).d=1,L1})
1 FOEMAT (iH ,1213)
WRITE {£,52) (NST{JS),J5=14L)
7 FORMAT (1IH ,1214)
0o B0 J2=1.L
CALL BNT (4,B,L07,41)
CALL 3UPUL {(A,8,L0T,MB,J42)
29 WRITE (£,32) 2,8
27 FORMAT (iH 215}
CALL INI (A,RBesTsN,MyAVRIZAV,AVR,N3)
5TAND (TyﬁVFl,ST@,NyM,NB)

tHY D I= 17;3

CaLL INPUT (A TyNasMaALLAVELLNS)
CALL NORMEN (M ?1“9??9 NS}

CALL SUML (IT,T,MyMZy8,N,yJ2)

W;ﬁ&LY IF ng “RORFQUIRED AT SOME PART DF TAFPE OTHER THEN

IS B oTHIS IS EQUIVALENT OF 18,76 S8Ce SEISMIC DATA PLOTTED




MNE=101
N=12

» CONTINUE

Wt

o

SWIND 10
WIND 13
REWIND 12
“ALL DAVE
A1=81+1
PEWIND 13
CONTINUE
PEWIND 8
CALL TPFIN
CALL SXIT
END

22/05/37




INTZG!
DY 58 MS=1,5000

IF
BACKEPACE 8
RTTURN

MDD

2 8,B,A1
RE2 LOT (12,100}

{(8512) 248, ({LOT {(1sd),1=1,12),

T {282, 25042,25082525042, ?fcé?
{8,

£Q.81) GO TO &5

1223




NE ZUPUL (A,8,L0T,MB,J2)

B2 LOT(12,100),MB{15)

NG 42 K=1,100
IF (MB(J2)) 45,45,46
READ (8,5

jal W ﬂ,gyi(LﬁT(IyJ)71=1y12’9J=1¢10@)
FORMAT (282425 082,25082,28042,425042,20082)
[I=11+1
IF (1165Q.MBUJ2)) GO TD 45
CONTINUT
RETURN

END

. 224




E3
o |

£y W

20 FOR

7E

Mg D
SUBANUTINTG INI {28, ToNyMAVET AV ,AVE,N3)
! A,yB

2 TI{NsM)

DIMENSTION AV(L2:12):8VR{12),4VRI(12)
O 0% LE=1 M3

D18 K=1,M33100

L= K+P$

reg B 2) 3&981((T'(IQJ)VI':}.’ZZ)?J:KyL)
F %MﬁT ( AP+ 2B0A242808242%082,25082,20042)
WEITE (13) {({(T({T,Jd)eI=1512%,J=K, 1}

& CONTINUE

DC76 I1=1,N

AVILE;111=00

DO F7 Ji=1l,M

EVILS, I2)=AV(LS,111+7T(11,J1)
CONTINUE

CONTINUE

DO7e NE=1,12

AVEINSE =0,

DO 79 MS5=1,N3
AVRINS)=AVRINEI+AVIME,NS)
AVRL(NS)=AVR(N&)/{MENZ)
WEITE {%,80) AVRIINE)
MAT (IH sFLllo#%)

BEWIND 13

RETURN

END

. 225




ATE 70007

BUBRCUTINE STAND (T,AVRI,STDaNyM,M3)
ION E{12,12), S?S(l?s,@VRﬂiiza,rziisa
CINTEGER®2 T{MN,M) . 226
{'Eﬂ ?’:9 IB—-‘%,N‘A
PG 17 K=1,M,100
L=K+02
EAD (13) {UT(I,J),1=1,12),J=K,L)
17 CONTINUE
DT 30 L3=1,4
F{I3,L31=0,
D31 KT=1,M
2L F(I3,L3)=F I3, 0304 (TIL3,KT)=2VRI{LA)}R{TILR,KT)=AVRI(L3))
30 CONTINUEB
20 CONTINUE
DD 32 IS=1,N
E2(15)=0,
ne 33 !%—1,N3
33 F2{I18)y=02{13)
WEITE (@,3§) -
35 ENRMAT {1H 4815,%)
STD(ISI=SOQRT(EZ2(IS)/{MEND) )¥,01
WRITE (6,34) STD (18)
(1H 4F15.%)
13

+E
-

LE+I5)
1

Ay Ll

RVTU?E
BND

22/05/37




ot

[#23N SN BRN]

T wad

o

2

L=K+03
REED (13)
CONTINUE
Po 36 LL=1

INPUT (&,
AyaBsA1Y
TINyM)

{(Y{Iy\j’91=1712§7~]=§<,{.3

¢ N

DO 37 KK=NS M
TOLL KK =TILLyKK)=AVRI(LL)

CONTINUE
RETURN
END

- 227

oI




50

MR

NORMEN (M,T,N,STDyNS)
N #2 T(NyM)

DIMENSION STD {(N)

DO 30 I=1,N

DD &0 J=NE M

Ty d)=T(I,J)/570(1)

. 228




71

22

e

2y
INTE
MN=1
ITR=ITI{N,J2)
ITNI=IT(N+L,Jd2)
ITNZ=IT{N+2,J2)
ITN2=ITI{N+3,J2)
ITNL=IT(N+5,d2)
ITNS=IT{N+S,J42)
ITHNA=TIT(MN+E4J2)
ITNT7=IT(N+T L 42)
ITHE=1ITI(N+2,J42)
ITHNG=TIT{N+2,42)
ITMIO=ITIN+1D,J2)
ITNIL=ITIN+Y1,J2)
DD 71 J=1gMZ

SUMT

HJTINE SUML (ITsTaMeMZ,8,N,J2)
mED T(N,MI,IT{12,15),8(3,1500)

22705/37

ALy )TN JHITNIFTIN+L I+ ITNII4TIN+2, JHITN2)+TIN+3, J+ITNI ) +T (N+&,

TJ+TITNG ) +T{N+E, J+ITNE

)

C(29J)=TIN+6 3 J+ITNE)+TIN+T 3+ ITNT7I+TIN+E 3 J+ITNS)I+T (N+S, J+ITNO I+T (N

1430, J+ITRIOI+TIN+LIL,J+ITNI L)

CONTINUER

WRITE {(10) (8(1,J),d
WEITE (11) {5(25d),J
WEITE (12) (5{3,4J).J
DO 22 1Z=Ll,12

Do 22 LI=1401,M
ME=L7=1400
TLIZ,M8)=T(1Z4L2)
NE=101

RETUPN

END




=

70007

GUTINT DAVE (R,MZaNZ NG C,MNET,J2)
. 2 B{R,MZYSNETLIS), YMAX
INTEGER®2 Y{(12000)

LRGICAL PRNT

Jd=¢

D @ IBR=1,N&

1I=0

LL=JJ+1IB

MI=NET{J2)

IF (M1) B,8,13

My=1

D010 KB=1 N3
i (LL)Y {B{IByJ),yd=1,M1)

D11 K=Ml o MZ
II=11+1
YOIDI=3018,KI¥(=1)%C
Ml=1

NDEX=1

DO 1 I=31,I11

I¥Y=Y{IRDEX)

I7=Y(1)

IF (IARB{IV)oLTLI&BS(IZ))Y INDEX=I
CONTINUE

IY=Y({INDEX)

YMAX=IABE(IY)

C=40000/YMAX

WEITE (6,15) YMAX

FORMAY [ ¥,'YMAX=7,1%)

Do2 J=1,1

Y{d)=Y (J}=C

CONTINUE

PRNT=, FALEE,

CELL TPPLY {Y,1,5311,43%Co0017051o/40000 3100 +PRNT)
PEWIND LU

AT TU;’: 1\‘
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PROGRAM: HZINTEG

IDENTIFICATION

Title: Multiple correlation
Programmer: Z. Hajnal

Date: December 1968

Language: FORTRAN IV

PURPOSE
To integrate the result of multiple correlation for

identification of weaker events.

USAGE

1. Operational Procedure: Subroutine ENT moves the
tape to the required record. Subroutine SUPUL
locates the section of interest within a record of
data. Subroutine INI computes the average value
per trace. Subroutine STAND computes the standard
deviation per trace. Subroutine INPUT and NORMEN
normalize the trace. Subroutine SUM2 carries out
the multiple correlation process.

2. Parameters: Al = number of the first record

processed

I
I

total number of records processed

N4 = number of output traces after
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process
N = total number of traces processed
C = amplification constant
M = maximum number of samples per

traces, normalized per loop.

1l

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

SECIN the integration interval in seconds
C = constant factor to control the
integration output
Cl = amplification constant
Space Reguirement: 180 K
Temporary Storage Required: 3 disks
Printout: average value per trace, standard devia-
tion per trace, record and trace number,
maximum number per trace.
Input Tape: 9 trace unprocessed data
Output Tape: 9 track processed data

Time: 2.5 minutes per 80 block record

Reference: none




HZINTEG PROGRAM DESCRIPTION

This is a modified version 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. With the present dimension
settings the integration interval can vary from 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 * 32,000. The final
output is stored on the disk or tape. If plotting follows
the processing, subroutine DAVE, which prepares the data

for the requested plotting format, is called.
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e NaRe]

IN = 7000
STECKING

AT =MUMB?T
L= NUM L
N =NUMBER [
M =NLMBRE
R3

ﬁUBQ? IT USED
FOBEGINNING, ii T;J

UB”?O§UPUL USED TO T ANY PART OF A FILE MB=BLOCK ND,UOF STARTY

SUBRTLETAND COMPUTES THF f*zND“F“ DIVe PER TRACE

URRT,, IMI COMPUTES THE AVERAGE (OF INDIVICUAL TRACES

BRT, INPUT READ DATA FROM
MB =KD FF BLOCKS WHER STARTS ON INDIVIDUAL FILE
CTOR TO INCR@ = ALL AMPLITUDRES

y-v,.,NE“L.w RESULTED FROM STACKING

BoALyMR{L1E),NET(1E)

12:500),L07T(125100)

f(?,NOO),N!“?(;PO)

AV{100, 3?),@VR(WZ)9&V?1(ZZ)ym( 00412),82{12),37TD{12)

DT(12,15),17{12,151,87(1L5)

V3 ?%%Ca FROM 12
C ON TAPS USED FOR PROCESSING - 234
¢ TAPE

TRACE
D ON RECORD

U”?D FILE

J
SU

.Nwl?M
TEST

7

1

L

Dz ez
I

g
73

MT FACTOR TO CONTROL INTEGRATION OUTPUT

=
A1

L

N3 RE IS COMPUTED FROM NTOBGNTOR=TOTAL ND, OF BLOCKE PER

FILE OR DIGITIZED SEISM RECORD

M7 1S REQUIRED BECAUSE OF STATIC CORR, MZ=M=ITMAX HERE ITMAX=.171
M=500

0
7
ZF&oB%
1

(IS)/0171
={MB{IS}*,171)
D77.00171

4%) ((DT{I,4),1I=1,12),Jd=141)
: 1 (’39r 02 )
00 A6 IH=1.,1
DT As LH=1,12
6 IT{LH, IHI=0T{LH,IH) /0, 00171
WEITE (5,51 (MB{JY,Jd=1,01)
AL FORMAT (1IH ,1213)
WRITE (6,52) (NST{JE),Jd5=1,L)
B2 FOAMAT (IH ,1214)
DEB0 J2=1,.L
MZP=NTOR=MB{J2)
N?=M?”/{V/300)
C,“-\LL T ( 7.}9LDT A‘g)
CeLL QUFUL {£,B,L07T,MB,J2)
2% WRITE (6£,32) A,B

' 22/15/00

QUIRED AT S0OME PART OF TAPE OTHER THEN




BMAT (1H

CELL INI {AgBeToNgMeAVRL, AV, AVR,N3)

CELL ETAND

ECIN= INTEGR

s 2 1%)

[THAVRL STD, Ny MyN3)

ATIOM INTERVAL

INT=8FCIN/GC.00171

MM=MZ
Lv=1
LGZ=0

10D =¥M=INT
ITM=IDDRI /100
IDD=1TMx100

NC T=N3%M
KCB=M=1DD

NC3=NCT=KCB

M3=NC3/1DD

DhOBE I=i,MN3
(

CALL INPUT

CZLL NORMEN (M,T,N,STD,NS)

‘‘‘‘‘‘‘

CALL SUMZ (T aNsMyMZySsITy INTHSUMB,J24L VMM T,C,LG62,1D0)

NE={M+1)=-1IDD

CONTINUE
REWIND 10
REWIND 113
BEWIND 12
CALL DAVE
A1=RA1+1
REWIND 13
CONTINUE
REWING 2
CELL TPFIN
CALL BXIT
END

{SUM3 N3, NE, L1, NET,J2)

BeBs T NyMaALZAVRIJNS)

22/3i5/00
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12
AL
=
T

)

ENT (ﬁg%yLOTy%l)
ByByRl

SUBR

GUT Tk
CER®2

TEGER®Z LOT (12,1009
0OEg ME=1,5000

AT (242, 250£2,250A2,25082,25082,20082)
£QoA1) GO TO £85

RETURN

fas AR

(8912) @18, {{(LDT (I,J),I=l,§2),J=l,lOO)




supUL
SUPUL (A,3,L0T,48,42)

Ay B
O7T{312,100),MB(15%)

L5 o4 B bk

43 IF (IIo%0s

42 CONTINUE

&5 RETURY
SND
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79

INT

SZUBRDUTINE INI (&4,B9TeN A,LV?3, Ve AVE 3 N3)
INT ®2 A,8

INT Rz T{N,M}

DIMENSTION AVII00,12),8VR{12),8VRI{12)

DO 29 LE=1,N3

Do K=1,M,100

s J=Kye L)

AD {By2) A.B, ({TH
2 qQ‘é\? 2C0A2)

FORME (2@7 A%Oizyc
WRITE {(13) {({T{L,J),
CONTINUE
DOTE I1=1,H
AVILE,111=00
DOF7 Ji=1.M
AVILE, I1I=AVILE, 11)+T{11,J1)
CONTINUE
CONTINUE
D78 NE=1,12
AVR(NEYI=0,
D79 MS=1,N3
AVRINSI=AVRINS)+AVIME NS
QVRE(NS)=§VR(NS)/(M$%3)

£ {(5.80) AVRIINE)

AT (EH ysﬁiloi’
'WIN) 13
RETURN

‘f'!r-i

fKNv

- 238




17

31
30
29

33

3%

[23 ¥
PO

70007

ROUTINE ETAND {T,AVAL,STDyNyMyN3)

x ION E{1005312)s53TD(L2),AVRI{12),E2(12)
INTEGER#%2 TN,

DO 29 I2=1,M3

DC 17 K=1,4M,100

L=K+22

SEAD (13) ({T(I,J)sI=1,12),J=K,yL)
CONTINUE

D30 L3=14N

?{I3'L3}=OO

DO 31 KY=1,M
ELIZ,L3)=B(I3,L3)+{T{L2,KT)=AYRL(L3NIH{T(LI,KT)=A4VRI(L3))
CONTINUE

CONTINUE

DD 32 I8=1,N

E2(1E8)=0,

239

- DC 33 LS=1,N3

P7IS)=22(15)+E(LS,15)

WRITE (&£,35) EZ(IR)

FORMAT {1H LE1%.5)

STDUIS)I=SQRTAEZ2(IS)/ (MEN3) )%o1
ITE (&6,34) £TD (I%)

FORMET (1IH 4E15,5)

EEWIND 13

RETURN

EMD




SURRDUTINE INPUT (A 4B, T8

BRE2 T{N,M)
DIMENSION AVRILLZ)
DU 18 K=NE ,M,100
L=K+82

CONTINUF
PO 36 LL=1,N
nOo37 KK=NS M

Me213AVRL,NE)

READ (13) (LT { IyJ)yI=39§2) s J=K L)

37 TOLL,KKI=T{LL,KK)=AVARLI{LL)
5 CONTINUE
>0 RETURH

END




70007

FOUTING NORMEN (MaT MN,STD4NEY V
NTEGHER®Z T(NyM) - 241
IIMENSION 3TD (N)
D0 30 I=1,N
DD 40 J=NE M
50 TUI I =TLI, /8T
30 CONTINUE
RETURY

END




il

71

74

nd
isd

22

SUM2

IMTE =2 TINyM) 5(2 M),&UNB(M),@UM@(%CO?
DIMENSION IT{1Z2,15)
N=1

ITH=IT(N.J2)
ITTNI=IT{N+L,J2)
ITNZ2=IT{N+2,J2)
ITN2=IT(N+3,42)
ITNA=IT{M+4,d2)
_ ITINSE,J2)
ITME=IT{N®S 32
ITNT=ITI(N+7,J2)
ITNA=ITI(N+8,J2)
I?Nﬁ‘IT{N+@,J2)
ITRIO=IT{N+10,42)
ITHII=TIT{(N+11,42)
no71 J=14.M2

Sy d) TN, J4ITHI+T N+ JHITNL) +T(N+2, JH ITNZ ) +T (M43, J+ ITNZ ) +T (N +4,
TJHITNA J 4T (N+5, J+ITNS) |
S(2,J) =T (N+6, JHITNE ) +TIN+ 7, J+ITNT)+TIN48, J+ ITNB ) +TIN4Cy JHITNS I+T (N
1410, J+ITNLO) #T(N+11,J+1TN11)

CONTINUE
DD TR LG=LV MM
LGG=LG-LG?

5 SUMIILG)=8(1,LGG)I*8(2,L6GY*C

WRITE (10) (SUMI(J),J=LVMM)
N=12

PEWIMND 10

DO T4 Li=1,M

SUM3{LL) =0

READI10O) (SUML(JY,Jd=LV,MM)
NT=1

Do 72 11=1,10D

SUM3IIYI=0

DO T3 KK=NT,INT
SUMB(TII)I=SUM3(TII+3UMY {KK)

NI=NI+1

INT=INT+1
CONTINUE
INT=INT=1DD
WRITE {11) IDD
WRITED (131) (SuM3{JJ),Jd=1,IDD)
WRITE (6,17) IDD
FORMAT (v 7,%10D=7,15}
DG 22 IZ=&112

=100+
?0 22 LI=KP4M
ME=LZ=1I0D
TLIZ M=V (IZ,L2)
REWIND 10
RETURN
END

SUBDRCUTINEG BUMZ2 (T NyMyMZ,5,17,INT,

T0007

J?!LV, xMnyCyLGZ, I{.‘%F




i3

(6]

VE

SUBROUTING DAVE (SUM3,N3,84,01,N57,J42)
N SR#E2 SUMB{1500) 4NET(15),YMAX
INTEGER®%2 Y(12000)
LDGICAL PRNT
JJI=10
DO % IB=1,Né&
11=0
LL=JJ+1R
MI=NET(J2)
IF (ML) B,8,13
M1=1
DO 10 KB=1,N3
AD(LL) IDD
(LL) (SUM3(J),J=1,1DD)
ITE (6,191 N3
FORMAT (' ','N3=1,1%)
DO 11 K=M1,I0D
I1=11+1
YUIT)=8UM3 (K)*{=1)%C]
WRITE (6,20) M1

FORMAT (' 1,'M1=1,15)

=7
o1 I=1,11

IY=Y{ INDEX)

1Z2=Y(1)

IF (IABS{IYIoLTLIARS({IZ)) INDEX=I
CONTINUE

IY=Y{INDEX)

YMAX=1ABRB{1IY)

C=B000,/(2%YMAX)

WEITE (6,15) YMAX

FORMAT (% 7 ,'YMAX=Y,14)

on2 J=1,11

Y{d}=Y{J)%{

CONTINUE

PENT=0 FALSE.

CALL TPPLT (Yy1,1143%0,00170910/4000064100,PRNT)

REWIND LL
ETURN
END
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PROGRAM: PLOTMOD

IDENTIFICATION i
Title: Plotting of seismic data

Programmer: Z. Hajnal

Date: October 1968

Language: FORTRAN IV

PURPOSE

To prepare data for plotting according to a given format.

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 disk.
Subroutine DAVE applies the scale factor. Subroutine
TPPLT prepares the data for plotting according to a
~given format.

number of the first record

2. Parameters: Al

processed

L = total number of recoxds processed
M = maximum length of the array read
at one time

DRS = start of digital seismic record
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in seconds
STP = time in seconds where the plotting

is started on the individual

records
EDTP = end of plot in seconds per record
DTT = line increments from trace to

trace

Space Requirement: 120 K

Temporary Storage Required: 1 disk

Printout: number of blocks and samples discarded
before plot, record number, block number,
maximum number per trace.

Input Tape: 9 track seismic data

Output Tape: 9 track data for plot

Time: 2.45 seconds per digital block

Reference: none




PLOTMOD PROGRAM DESCRIPTION

In most cases processing of the digital seismic
records requires considerable computer time. This can
cause operational problems if a general purpose computer,
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 plotting 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 maih 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 length of the

plotted record. DTT is used only if a shift of traces is
246



247

required or it is necessary that the. plotting of traces is
not terminated at the same time on the individual records.
When these data are available subroutine ENT and SUPUL are
called. These programs were 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 scale 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 subroutine TPPLT is called.

Subroutine TPPLT is a subprogram which calls all
the software provided by Calcomp to convert the data to a
language which is compatible to the plotting system. This
subroutine requires the following input parameters.

Y array of one seismic trace.

i

I = the first element of the trace to be plotted.
II = last element of the array to be plotted. It
is set at 12,000 in the present case. This is

equal to 20.52 seconds of seismic signal.




XSL

YSL

PRNT

248

the scale in X direction. It is in inches per
unit. The present scale is 3 inches per second.
scale in Y direction. It is in inches per
interval. The present scale is one inch per
4000.

the separation in inches between traces. It is
one half of an inch at the present time.

either PRNT or .FALSE.. If PRNT = PRNT the data
is also 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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et |
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£513) ADRS{I)yI=1,01)
{12F763)

(STRPLILYyIL=3,L1)

{12F7.3)

{(EDTE(IT),IT7=1,0)

-
<

%AT

F*(If) ?TPKXS)=QFS(IS)
MELIS)=ET(I8) /171
DZ=8ST(IS)=(MB{IS)*171)
MET(IS)I=D1/,00171
CONTINUE
WRITE (6,22
ﬁD;“??(?H 1
WRITE (6,23
FORMAT (1H
DR 11 J2=1,L
CALL #NT (4,
CQLL QUPUL

} (MB(IG),IG=1,L)

TME=NCoOF BLOCKS=S?,1214)
) ANST(IGG),166=1,L)

 INST=NOOF INTERVALS=?,31213)
A1, GRR)

(29ByGAR, MB,J2)

DTP(J2I+(DTTLI2)%N) ) =8TP{J2)
§“=7HY/OE71
ECT=e1

71#V

GO T3 100

(55 3 el e N
- "

=1,N3
22) 2585 ((T(T4J)4I=1,12},J=1,100)
F T {282,2%0A2,250R2,25042,25042,2004
Or (id ,215)
. (23} {(T(T1yJ)y1=1,12),J=1,100})
Cp =

*'\-}"?‘I \1U

s Mo NET 3 JZ 4Ly DTTHEDTP,3TP)

COLL TRRIN

CRLCOMP 75073543

21/57/59

SYSTEM
MAG, TAPE

FROM
TICK TAPE
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70007

- 250

\ (17J391=11:§?’9J=113003
CRMAT (282,25082425082,25082,2%042,20042)
IF{25Q6A%) GO TO &

CORNT INUS
RACKERALE &

PETURN
ThD

3

(931
W0

o
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[ES IS

88 i

SUBROUTINE SUPUL (&4,3,GAR, ¥

18
SEREZ A 4B,GAR(12,100) ,MB(1

INTI
I1=0
Do 42 K=1,100

IF (MB(J2)) 43,483,448

EA (C”;) Q.yD,((G&C{IyJ)yI‘
DRMAT (282,280A2, ””OﬁmyvﬂG”?
II=II+1
IF (IIOWQOMB{JZ)) G TO 43
COMTINY
ETURN
END

112)9J=1>y
25082420

100)
0az)
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(A%
et

et

i

15

=3

B0

DAVE (TyNgMyNET 32, L DTT,ECTF,5TP)
T(NyM) 4
ZR&2 Y{12000) ,NST(15),YMAX 252 o
PIMENSION DTT(LS),EDTP(15),8TP(15) R
LOGICAL PENT '

DO 2 IR=1 .,

KZ=IR=1

11=0

ZCH=(EDTP(J2 )+ (DTTI(I2)%KZ) )=STP (J2)
M22=7CH/ 5171

FKN=g 171 4N22

EET=70H=2KD

IF (EFToEQeDo) GO TH 21
M23=N33+1

MI=NET(J2)

IF (ML) 8,8,14

Mﬂ-?

KR=1,M
(13) ({T(I19sJ)9I=1412),J=1,100)

KT‘ﬂﬁ

IF (KBoNESN33) G0 TO 18
KY¥=EFT/0,00171

DU 11 K=ML,KT

II=11+1

Y{II)=T{1I8,K)

Ml=1

CONTIMUF

INDEX=1

DL I=1,11

IY=Y{INDEX)

17=Y{1)

IF {(IABS(IY)oLToIABR(IZ) ) INDEX=I
Ct“TI“U“

YMA /

C= /QOQOIYWAX

WEITE {(£,15) YMAX

FORMAT (1 1,'YMAX=?,1%)

DO 2 Jd=1,11

Y{J)=Y{J)*C

COMTINUE

Y(I1i)y=o

PENT=o FALSE,

CALL TPPLT (Y,1,1143%0,001705107/4000040%4PRNT)

BEWIND 13

" TURN




PROGRAM: SRLFIT

IDENTIFICATION

Title: Least square best fit
Programmer: Z. Hajnal
Date: June 1969

Language: FORTRAN IV

PURPOSE

To fit points to straight line segments.

USAGE
1. Operation Procedure: Main program controls input
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: 120 K
4, Temporary Storage Required: none
5. Printout: velocity, slope, standard deviation,

confidence limit

6. Input Tape: none
7. Output Tape: none
8. Time: 2.40 seconds per 130 points

9. Reference: Bowker and Lieberman (1959, p. 266),

Steinhart and Meyer (1961, p. 135)
253



SRLFIT PROGRAM DESCRIPTION

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 selected.
Subroutine LEAST takes the selected group of data and com-
putes the linear least-square fit to the data. The mathe-
matical equations were 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 returns
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 x% - 1°
fit.

The previous procedures are repeated as many times

as it is indicated by the input parameter NC.
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30

10

50

31

TE 70007

21/10/704%

SQUARE FIT FOR FIRST BREAK DATA GEQPHYSICS DEPTK OF GEDK HAJNAL

31t N X{L1500),T{1500), XX{1E00),TT{15C0) ,N(20)
NC=THE TOTAL NUMBER OF DATA GROUPS
NC=3

READ (5,13} (N{J)sJd=1,NC)
FORMAT (2014)

NN=0

DG 30 L=1,NC

MN=NN+N{L)

RTAD {(5,10) {(T{Jd)X{J) ¢J=L5yNN)
FORMAT (FSa24F763)
NT=N{1)

DO 31 M=1,NC

CALL LEAST {X,T4NT,L3)

DO 50 KP=LS,NT
TT(KPY=T{KP)#*T{KP)}
XXAKPY=X(KPIEX(KP)

CALL LFAST (XXsTT,NT,LS)
LE=NT+1

$E=M+]

IF (NSGT.NCY G TO 16
MT=NT+NINS)

CONTINUE

CeLL EXIT

END
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1

9

3

LAY

i

&

& ¢

sURne
oI
II=L%

S=Ne={ %

EUMX=0,0

TIME=0,0

D011 I=11,N
SUMX=SUMX+X{1}
TIME=TIME+T(1)

CONT INUE

XF=5UMX/5

TE=TIME/E

HX=0600

BX=0,00

DO 12 K=I1,N

HX=HX+ {X{K}=XFI={T{K}=TF)
BX=BX+ {X{K)=XF})&&2
CONTINUE

P=HX/3X

V=31,/8

C=TF=B%XF

TH=0,00

X71=0e00

XG=0,00

NG 13 M=11,N
TH=TH+{T{M)=TF }&xp
XG=XG+{ {X{MY=XF)X{T{M)=TF})
XZ=XZ+ (X {M)=XF)&x%p
CONTINUE

XE=XGEXG
SOD={TH=(X5/XZ)1)/5
ST=SQRT{5DD)

XGCG=XG/5

DXX=XGG/B
EXT={5UMXETIMEY /K
TRUSQ=(TIMERTIME) /S
TEQ=( 00

XT=0,00

DO 30 M=I1aN
TEQ=TS O+ {T (M) %T {M})
XT=XT+{X{M¥*T{M))
SR=SQRTISDD/DXX)
DXP=83TH(SORT ({1 /N)+ {{XFEXF)/DXX}))
WRITE (6,200 ByLyS5T,V

UTINE LEASY (X, TyN,LE)
SION X{MN),T{N)

- 256

FORMAT ({1H 4 98LPE= ,FO B,V INTCEPT=1,FC, 8,18 ToDIV=t 3FCoB, ' V=1,F0.21)"

WRITE (£431) 5B,DXXsDXP

ECEMAT (1H 4 9SRB=1 018,58, 1DXX=13F158,5,'DXP=%,E1%:5)

= {6,21) AX{D),T{I) s I=T1I,4N)
FORMAT (IH 4F1003,F863)

RETURN

END




PROGRAM: STATS

IDENTIFICATION

Title: Polynomial regression analysis
Programmer: F. Chebib

Date: June 1966

Language: FORTRAN IV

PURPOSE
To compute nth order polynomial fit to a given set of

data.

USAGE

1. Operational Procedure: Order of program operation
is main program, subroutine GDATA, subroutine CORRE,
subroutine ORDER, subroutine MINV, 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
listed. An F or blank will
suppress this listing.

3. Space Requirement: 150 K

4. Temporary Storage Required: none
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Printout: list of input data (optional), mean and
standard deviation, a matrix of all possible
correlations of the. dependent variable and all the

independent 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).

Input Tape: none

Output Tape: none

Time: 1.55 seconds per 130 points

Reference: University of Manitoba Computer Centre
1969 Statistical Package, p. 19,
International Business Machines Systems
360 Scientific Subroutine Package, File

H20-0205-3, (360A-CM-03X), Version III.




STATS PROGRAM DESCRIPTION

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

IDENTIFICATION
Title: Velocity determination from wide angle reflections.

Programmer: Z. Hajnal

Date: June 1969

Language: FORTRAN IV

PURPOSE*

To compute interval velocity by iteration process.

USAGE

1. Operational Procedure: Main program only.

2. Parameters: NUMB1 total number of points used in
the computation
28 = depth of the first interface

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: 120 K

4. Temporary Storage Required: none
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Printout: corrected velocity of the second layer,
_ corrected slope of the second interface
Input Tape: none

Output Tape: none

Time: 120 seconds per 50 points

Reference: none




LEASTMO PROGRAM DESCRIPTION

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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R

oy

210

295

et
[BY)

DATH 70007 21711/00

AES: ONC O TMALEQ0) 3 TMEQ(S0) , XMH0) yANG(E0D) 2 ANG2(50) 4 ZMELE0),Z2D2( 50
2)eW2{ ﬁ),“tﬁgiéO), LEA(QD),H“?(FO),HmZ(éO),XAl(603,X£2(50)yX92i%
20V o XPLIE0) s TAALAC) s TBR{EQ) 2 TALB(A0),CON2{60),TAB(H0) s ZM(H0) DML,

Li 3,X(y03,X¢Q(éD) TCME Q(bﬂ)yW(ﬁG},TPCMQ(ﬁO),XGQ(mO§,XﬁB(hO),TQ(SO)

. ION T2{50)1,TTEQUA0)  XEM{E0Y,P2(£0),VP(50)

MUMB] “Q 263
} £031) (WII),I=1,NUMBL)

F Fa .T (&“F? %3

Y (E,203) {X(I},TM{I},I=0,NUMBL)

& T (2F8.4)

DTF&£O I=1,NUMBY

TEIQ{I)=TMLI)RTMIL)

XEQUI)=X{I)#X(1)
DO &6 K=1,NUMB]
W2 IK}=0, 03420
7%=1 7, 55
VEL=6005
DM{1,M8)=122.350
11=0,0

VEM=6,90
E_(6,541) DML, M%)

"".(i 1{){‘4-9’1: 0‘3)

n ?(ﬁM(l,M ) )= (2% 5 /VEL)

HH2=o 5% (VAM®PR )

Z18=HH2+1I5

WPITE (6,210) IT,VAM,HH2

FORMAT (¥ 9, Y ITERATION=7,13,"* VyFB. 2y YHHZ2=%,F502)
LL=0

DeO910 LM=1,NUMBY

CO=VEL/YAM

CU=VEM/VEL

CEB=CC

CIM=590/7,920

ANGZALMI=ATAN(CM/SORT (Lo=CMEX2))

CFP=8TIN{ANGZ{LM))*(CRB

ANGILM)=ATANICFP/SQRT(1o=CFpH#2))

ALFZILM)=ANGZ2(LMI=W(LM)

CP=SIN{ALT2(LM)+W(LM))
ALFLILM)=ATANL(CCHCP) /SQRT (1o~ {COHCP 1R%2) )=W{LM)
HEL(LM)=Z8/7C03 (W {LMY)

HEZTLMYI=HH2/CRE{W2{LM))

XEI(LAY=HAT{LM) AL (Lo /ZTANCALFIILM)) ) =TAN{WILM}))

XE2 (LMY= (HAZ ILM)+(XALILMIR{TAN(WULM)=TAN(WILMINI I ) I/ (T 7TANTALF
I2ULM) Y +TAN{WZ2ILM) )Y

XFP2LLM) = (HE2 ILMY+(XAT(LMI+XAZ{LM) )R (TAN(WILM) I +TANIWZILMI DI}/ (1o
27UTANTANGR2ILMY ) ) +TAN{WILM)))

XET{L ) = (HAL{LM) #(XAT LM+ XAZ{LM)#XP2LLM) PRTAN(WILMY ) ) /{1 /TANIANG
TLmy))

XEM{LMY=XALILM)+XA2 (LM)+XPL{LM) +XP2(LM)

XTT=XFM{LM)=X{LM)

IF (XTT) 890,891,892

IF {ABE(XTT)oLE0o5) GO TO £91

ANG2ILMY=ANG2(LM)+0, 001745

GO TO 828
IF (XTToLEeoeB) GL TO £31

ANGZILM) = ANGElLM) =0,0017%45

GO TO 89

TEA(LMYI=(HAT LM+ XAT (LM PETANIWILM) )Y /IVELFCOS{ALFLIILM) ))




apea

866

5 BT o BN 0 BT S|
FEE RN S s R SRR
i) b (D of3 ped

s KT 4

2 Wz {NN)

y MOD 3 METN ; 70007 21/11/00

TER(LMY={HAL(LM)Y + (TN W LM IXAT (LMY XAZILMI+XP2 LM} ) 1) Z(VEL*COE(
IANGILMY )Y
TECB{LM)=TM{LM)=TAR(LM)=TBB(LM)
TTEQILMY=TACR(LMISTACR(LM)
TAhH=Z2HHHZ2/ VAM

XOR{LM)=XA2 (LMY+XP2{LM)}
TAB{LM)=XAB (LM} /VAM

CONZ{LMY={ TAHSTAH = (23 TAHXSIN{W2{LMIISTARB(LM))
TOMEQULMY=TTSQILM)=CONZ{LM)

IF ATCMEQILMY) S10,567,547
Li=LbL+1
CTECMO(LLY=SQRT(TCMEQILM))
PZILL)I=XAB(LM)

CONTINUE

TEM=0.0

XEM2=0,0

P 211 LN=31,LL

TEM=TEM+ (TPOCMOILNIERP2(LNYY)
XPM2=XPM2+ (PZILNIZEPZ{LN})

VE (L)Y =XPM2/TEM

CONTINUE

DD 84n L=1,NUMBY

WETITE (4,888) ANMGIL)sANG2ULY$ALFI{L) ALF2(L) o XAT{L )y X22(L) 4 XPLIL),
IXF2OLY o TMIL ) o TAR{L) s TRBLL) o XIL ) 4 XAB(L) ,TPCMQ(LY} VP (L)
FORMAT (4FTod 4 10F0e%,FR0%)

CONTINUE

LL=C

VAMR=XPMR2/TEM

DLO91Z2 NN=3,NUMRY
ATAN(TAMIWZ (NN))SIVAMR/VAMY) )

IF (VAM2oLTo40.3%) GO TO 913

IF {(VAMZLGT,T.00) G 70 9213
DO 931 KZ=1,NUMBY
! z VB {KZ)E=XAR(KZ)
IK=0o 52500 T{(TTEQIKZ I HVAMZEVAMZ2 ) =XPQIKZ))
INMA(KZY=ZK/COS{W2(KZ))

IM{KZYI=IM(KZY+HAL{KZ)
XMAKZ)=XA2{KZ)+XAL(KZ)
MM=KZ+3

IF (MMoGEe21) GO TO 951

IF (MMaNE.20) GO T $4¢9
MM=MM+] '
WEITE (85,8001 MM, ZIMIKZY o XM{KZ) JW2(KZ)
FORMAYT (3IH 9*4“%??:’ s+ 12, TMODE=T 9F?o 31 TOIsT= ,F893, 'w2='9:1305}
CONTINUE '
VEM=VAMP

II=11+1

IF {11.GT.50) GO T4 220
GO TR 2918
CALL EXIT

END

264




PROGRAM: DISTAN

IDENTIFICATION

Title: Distance determination from latitude and longi-

tude.

Programmer: Z. Hajnal (M. J. Keen)

Date: April 1966

Language: FORTRAN II

PURPOSE

To determine distance between shotpoint and recording

site by the latitude and longitude of these locations.

USAGE
1. Operational Procedure: one main program
2. Parameters: N = number of shotpoints
M = number of recording sites
3. Space Requirement: 104 K
4. Temporary Storage Required: none
5. Printout: distance in km. between the shotpoint and
recording site, list of the input data
6. Input Tape: none
7. Output Tape: none
8. Time: 30.0 seconds per 50 locations
9. Reference: Bullen (1963, p. 154)
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DISTAN PROGRAM DESCRIPTION

The program was originated by Dr. M. J. Keen of the
Institute of Oceanography, Dalhousie University, Halifax,
Nova Scotia. This program was modified by the writer from
moving shotpoint to moving recording sites. The computation
formulae were taken from Bullen (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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70007

L OMODIFITD
C FIMP@

2CTF DISTANCT PHRC DF MAN, GECLOGY NIV 18 19585
CEZ FROM GIVEN LA UE AND LONGITUDE - 267
SLO{&0), SLM(E0), SOD(60Y), SOMIAD), RLD{&0), RLM{60
ROM{IED) EP(&0Y,y RUAD)
O ABLD0d)y SLMUJY, SCD0UU), E0OMIJ), 5P0J)y J=1,3)
Og Féo?y F&ogy "‘afy 13)
Y O(RLD(K)Yy BLMUIK), ROD(K), ROM{K}, R{K}, K=1,55)
Qy Féczy F&oey FLody i8)

N?ITE (?9 ??)

, B4

1= (FLO(K) +BLMIK) /600 )%0601745329
Bl =(ROD(K) +ROM{K) /£00 ) %0, 01745329
(5IN{AL)/COS(AL))#,003277

““1%{9&(53)3**2
S IN(BY) )2

92) 5P(J), Q(K)y 5
i 12T (RX,I? 11X9I y?Xy 7 »)
CONTINUE
£ (] {IH 33X BHSHOTPL NIy 2X s I0HRECORS o ND 92Xy LIHDISTANCE o KM)
o6 CONTINUE

WRITE (45,21 (5.G(J)ygLM(J)ygﬁg(J’9§QM(J},§P(J),J=193)
23 FORMAY (1H YEHOT PosLAToAND LONGe ¥ 3F4o03Fbo29F4,0y4FE2,13)

)
i ’
WRITE (w, 2) (RLD{K) s RLMIK I ROD{KIZROMIK) yR(K) 3 K=1458)
22 ECRMAT {IH 4'RFCo80 LAToyAND LONGo'yF4009Ff029Fho0sFfe2,13)
caLL =XIT
enD




PROGRAM: DEPTH

IDENTIFICATION

Title: Two-layer depth calculation from seismic data.

Programmer: Z. Hajnal

Date: January 1969

Language: FORTRAN IV

PURPOSE

To compute depth of the first interface from reflection

and refraction data.

USAGE

1.

Operational Procedure: Main program controls input

data. Subroutine RFRLL computes the depth at

‘recording site from the refraction arrival. Sub-

routine REFL1 computes depth from reflection

arrival data.

Parameters: HNRR total number of refraction data

NRE total number of reflection data

Space Requirement: 104 K

Temporary Storage Required: none

Printout: number of the recording site, depth in
km., offset distance

Input Tape; none
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Output Tape: none

Time:

1.75 sec. per 50 data points

Reference: none

Remark:

Because of the simplicity of this program

no detailed program description is given.
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*UQQ”U%I§

PROGRAM W

“@!“-L'a C?MQU?“?

WRITTEN BY Z HAJINEL DEPT,.

STON XR{1E0)

= AD iE,B} beVE
FORMAT (2F3.2)
CALL RFRLL {T,X,V0,V1,NRRH117)
CALL REFLY (TREF,XREF,NRE, IRE,VO,XR)
caLL 8XIT

END

REFLECTION
REFRACTOR
REFRECTOR
OF EARTH 5CT,
AN T(I%0),X(150) 2 TREF(150),XREF (150) 42Z2({150), ZRE(120)

FERACTION AND
DEPTH FROM ONg
DEPTH FROM FIRET

70007

DATA

NOV 19549




yoest TN

RFRLT

SUBROUT INE
DI
CNS=SQRT((VIAV1)=(VO%VO))
CON=(V1%VT)/ONS

F=VO/Vl

PP=CNE/VY

TED=P/EP

DO 10 K=1,NRR
ZZAKY={T(K)={(X{K)/V1))%CON

CONT INUE

28=77113/2

PO 11 L=1,NRE

77(LY=77(L)=1%

OFFST=7Z(L)%TAD

WRITE (592) LyZZUL)sT{LY,X(L),OFFST
EOE
CONTINUE
RETURN
END

RFRLL

70007
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.AT {IH 316, FESTDFEPTHSY yFRo By 1T=1 3 F 5,2, X= 4 FT7.3,'CFET=74F0,2)




L

20

FLY [ TOC07

SUBROUTINE ZEFLL (TREF g XREIF NRE§ZRE ZVO 4 XR) |
DIMERSTION TREF(NRE), ZRE(NRE) 9 XR(NRE) s XREF (NRE) 272
VV=V0EVO

DO 20 L=1,NRE

ZEE(LI=0o5#SORT (((TREF(LI*TREF (L)) #VV )= (XREF(L)¥XREF(L)))
XRULY=XREE(L)/2

WEITE (6,2) LyZRE(L) 4 XRIL)

FOEMAT (1H 4 1% . DEPTH=?,F 703, 'DISTDE=,F7,3)

CONT INUE

END




PROGRAM: THEORE

IDENTIFICATION

Title: Theoretical arrival times for reflection rays
from multi-layer crust.

Programmer: 2. Hajnal

Date: August 1969

Language: FORTRAN v

PURPOSE
To compute theoretical reflection arrival times from an

estimated crustal section.

USAGE

1. Operational Procedure: Subroutine RELl computes
arrival times for the first interface. Subroutine
REL2 derives the same data from the second interface.
Subroutine REL3 determines the arrival times from

the third interface.

2. Parameters: Hl’HZ’H3 = thickness of the first,

second and third layer

1

Wl’WZ’W3 slope of the first, second
and third interface
ViV, Vy = longitudinal wvelocity in the

first, second and third
273
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layer
LL = total number of computations
required
Space Requirement: 120 K
Temporary Storage Required: none
Printout: depth to the interface, angle of imergence,
arrival time, distance between shotpoint

and recording site.

' Input Tape: none

Output Tape: none
Time:

Reference: none




THEORE PROGRAM DESCRIPTION

The program formulae are equivalent to the equations
derived for wide angle reflection in the section of velocity
determination. In the present program the angle of
emergence at the surface is varied from 0° to 90°.

All subroutines have the following optional features.
First the angle of emergence is changed approximately half a
degree from one loop to the other. When the distance
reached a given zone of interest, if required the angle 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.
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Le MO 3 MATN DATE =

COMPUTATION OF THECRETICAL REFLECTION TIMES
PROGRAM WAS wRITTEN BY 7 HAJUNAL NOV/69
DEPT. OF EARTH SCIENCES.

CUTPUT GIVEN FOR  ONE TO THREE LAYER CASES

INPUT DATA

H1=18.30

H2=18.47

H3=8.50

#Wl=0.0

W2=0.0

W3=0,0

Vi=6.05%

V2=6.90

V3=7.90

V4=8o45

LL=140

CALL RELYT {HLyWl,VisV2.LL)

CALL RELZ [HLeH2:W1lsH2,V1sV2sV3yLL)
{1L=350

CALL  REL3 {H1,H2yH3sWlsW2sW3,V1sV2,V3,V4sLL)
CALL EXIT

END

70007 21758755
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LEVEL 1y, MLD 3 ReL T DATE = 706007 21

SUBROUTINE RELYI {HlswWlsVisV2sLL)
T=0.0174533/2, 277
HRITE (64211
21 F)D“X§ {135, DEPTH! yT1O* TIME? yT24,DISTANCE?® s 754, PANGLE UF EMERG,
1)
<X

{

'/

i
P

oed

LL-1
i

k=13 KK
'V SINI{TT}
i SEN/VL
HOS=SORT{L . —SEN®SEN]
YAN=SEM/HOS
CEMERT = ATAN (VAN)
DI=EMERL+W1
ALFl= Pl-Wl
HAL=H1
GAl= HAL
XAL= PAL/{{1/TANTALFLYI+TANIWL)]
PP 1=HAL-{XATH*TAN( WL} )
XP1=pPpPl * TAN{EMERL)
TAl= ePL/{VI*COS{ALFL)]
TP1=PP L/ (VIXCOS{EMERL) )
KRI=XAL+XP1
TRi= TAL+TP1
YR=V1/¥2
D?*TT/Q 0174533
f FISENL.NE-VR)Y GO TG 10
i JKITC(OQZJ) XAl Py XR1
20 FORMAT {1i# JVCRITICAL P=Y,FG.3, TRAYP=9,F9.6,1CRI.D=",F9,3)
10 WRITE (6422) KyTR1XR13HAL,DE
22 FORMAT {T3,143T105F9.3:T25,FG.3:T735sF9.3:T555F%.51)
TT=77+7
1 CONTINUE
RETURN
oD

)u/C

©
i




Ly A 3 AELZ UATE = 70007 21/58/7/55

SUBROUTINE REL2  {HL, H2, Wls W2, V1,V2,V3,LL)
T=0.0174533/2. 278
WRITE (6422)

22 FORYMAT [T1,3'SEC.LAYER® T35,V ANGLE OF EMERG.Y,T12,'TIMET,T24,*DISTA

[

2]

Ut

RV

DN

LMCE #7135, #DEPTH

KK=Li-1

T7=T

DO 2 K=1,KK

SEN=STN{TT)

p=SEN/VL
HOS=SORT {1 . ~SEN*®SEN)

VAN=SEN/HCS

EMERL = ATAN {VAN)

SENZ2 ={V2/V1}*SIN{ EMERLI+W1l}
SS=1.~{SEN2%®SENZ}

IF(SS.LE.De) GO TEC 50
HOSZ2=SORT({1.-SENZ®SENZ)
B2=ATAN{SEN2/HQS2}

EMERZ=P2-¥W1

ALF2 = P2+ Wl

PAL = (V1i/V2) * SIN(ALFZ— W1}
HPAL=SERT{1.-PAL®PAL}
PAP=ATAN{PAL/HPAL)
ALF1 = PAP + Wl

HA1=#+1

HAZ= ri‘?

PAL=HAL

Xul—ﬁnl/{(i./TAN(ALFl}é + TAN{WL})
PAZ=HAZ + XALIS(TAN{WL)— TAN{WZ2)}

XA2 DA/ I{L/TANTALF2) ) + TAN{WZ2))
PPz HAZ2 +{{ XAl + XA2)*R(TAN{(W1) — TAN{HZ2})}
XPp2= PR2 /U0 1./ TAN[{EMERZ2}} - TAN{W1})
PPI=HAL—({XAl + XAZ2 +#XP2} #* TAN(W1))

fi

XP1 = PP1 * TAN(EMERL)

TAL = {(PA1-XAL*TAN{W1))}/(V1l * COS{ALFLl})
TA2 ={PA2— XA2 * TAN(W2)}/{Vv2 * COS{ALF2))
TP2 = {PP2 + XP2 % TAN{W1))/{COS{EMERZ2}*V2])

TP1 = PPL/ICOS{EMERL)Y*V])
DE=7T7T/0.0174533
HHZ=HAL+HAZ
XR2= XAL+XAZ2 + XP1 + XP2
TR2= TAl + TAZ2+ TPl + T¥P2
YR2 = V2/V¥3
[F{SEN2.NE.VR2) GO T0 5
XCP= XAl +XA2
“RITT(SaZI) XCPoP XR2

FORMAT {1H ¢'CRIP.L2=¥4F 3.3 'RAYP=T3FG.6,CRILD=74F3.3)
ERITt {6¢25) K3ThZ23XR2yHH24DE
FORMAT (T33143sT10+F9.3+T253F9:33T353,F9:3:7554F%.5])
Ti=TT+T
CONTINUE
RETURN

END



™
N

23

L MU 3 REL3 DATE =

SUBRDUTINE RELZ{HL,H2 H3 s W1l W2 W3,V1yV2,V3,V4
T=0.0174533/2,

DO 50 L=1,42

WARITE (6221

SORMAT (T1,*THIRD LAYER®,T55, "ANGLE OF EMERGS
TANCH * . T35, *DEPTHY

T7=7

[F {L.LT.2) GO TC 23
T=0.00008

W3==0.0350000

KK=LL-1

DO 3 K=1,KK

SEN=SIN(TT)

P=SEN/V1
HOS=SGRT {1 .~SEN®SEN)
YAN=SEN/HCS
EMERL=ATAN(VAN)
SEN2=(V2/VL)*SIN(EMERL+WL)

)

CHOS2=SURT{1.—-SEN2*SEN2Z)

P2=ATAN{SEN2/HOS2)

EMERZ=PZ-W1

SEN3=(V3/V2)*{EMERZ2+W2)
HOS3=SERT{1.—SEN3®SEN3)

P3 = ATAN[ISENI/HOS3)

EMERY=P3—4W2

ALF3=P3+W3

PAL=IVZ2/V3)%SIN{ALF3-KW2)
HPAL=SORT{L.~PAL*PAL)
PAP=ATAN{PAL/HPAL}

ALF2=PAP+W?2

PAC={VLI/V2YESINIALFZ2-1W1)
HPAC=SWRT{1.~PACKPAL)
PAB=ATAN(PAC/HPAC)

ALFL1=PA3+I]

HAL=HI1

HAZ=H2

HAB=H3

HH3=HAL1 +HAZ+HA3

PAL=HAL

XAL=PAL/ ({1 /TAN{ALFLY) + TAN{W1))
DAZ=HAZH+XALR{TAN{(WL }I-TAN{W21)})

XAZ=PA2/ {1 1. /TANLALF2) Y+TAN{WZ2))
PAB=HAZF{ I XALT+XA2 P (TAN{W2I-TANIW3} ) )
XA2=PA3/ ({1 /TAN{ALF3I) }+TAN{W3})
PP3=HA3+ { { TAN{ W2 )=TAN{ W3} ) &{XAL+XAZ+XA3))
XP3=pP3/{{1./TANTEMER3Y)Y )}~ TAN(W2I))
PP2=HA2+ { { TANI{WL)I=TAN{W2) )R {XAL+XA2+XA3+XP3} )}
XP2=PP2/{{1./TAN{EMERZ2)} — TAN{WL}}
POl=HAI—{TAN({WL I ¥ {XAL1+XA2+XA3+XP3+XP2})
Xl = PPLI¥TAN{EMERL)

TAL={PAI~ XAT®TAN{WL}}/(VLI*COS{ALFL})
TAZ=(PA2 — XAZ2HRTAN{WZ I/ {V2x COSUALFZ2))
TAZ={Pa3~ XAZETAN{W3} Y/ (V3XCUS{ALF3Y)
To3=(PPI+XP3XTAN{ W2) } /{V23xCUS(EMERD )
TP2=(PP2+ XP2¥TANIW1} )Y/ (V2%COS{EMERZ) ]
Te1=pP1/{V1I%*COS{EMERLY))
XRA=ZXAL+XA2+XAZ+XP3+XP2+XP1
XAa=XAL1+XA2+XA3

70007 21/58/55

sLL )
279

PLoT13TIME 3724, %015

$




NG

pomt

s

(SR
SON} — D

N
)

i1 ¢ A0 3

Z21/758/55

IF {(L=67.19
IF (XR3.LTe11C.})

T=TT7

G0 1O 50

TR2=TAL+TAZ+TA3+TP3+7P2+TP]
DE=TT/0.0174533

VR3=V3/V4

[F{SENZ.NE.VR2]
XCP=XA1+XAZ+XA3
SNRITE(6,21)
FURMAT{1H
ARITE (6431)
FORMAT (T3,14,T10sF9.35T254F9.3,7353F%9e33T7554F9,5,T70,F8.3)

TT=TT+7
CONT INUE
CONT INUE
RETURI
END

XCPsPy XR3
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