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ABSTRACT .
Seismic refraction technigues were employed in crustal
studies of South-Central Saskatchewan.A unique arrangemént
of the sources and receivers was set up to obtain three

dimensional structre over a 300 km equilateral triangle.The

interpretation of <_he data presented here is based on the

three shotreversed siaes of the triangle.

The éyaluation of the collécted data was undertaken by
use of several techniques including ray tracing,inversion of
head. waves ‘ahd»syn;hetic seismogram simuiation.The derived
models reveai‘a pérticularly complex many-layered structure

of the crust below the study area.Layers Sfe,gently dipping

the dip angle never being greater than 2.5°.Low velocity-

zones?pfobably associated with high conductivity

material-have been detected below all three profiles. P-wave

velocity in these layers is close to 6 km/s.Significant-

lateral heterogeneity is found below the southeasterly and

northeasterly profiles (B and C).There is good evidence for

a fault just west of line A. The fault strike is S.E."

passing ‘through the eartﬁquake prone area of-Behgough.Uppe:
mankle velocity is practicall&vinvariable under the study
area and close to an average value of 8.13 kT/s.Dep;h of thé
Mohorovicic discontinuity varies from 36 to 45 km.The crust

thins eastward and thickens southward.

N
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1. INTRODUCTION .

’In August 1981 the CO-CRUST group conducted its third
cooperative seismic Sufvey in south-central Saskatchewan.The’
1981 program consisted of four survey lines A,B,C and D .The
location. of the profiles is shown in figure 1. Refraction

" and wide-angle rgfleéfion techniques were employed.There

-

were two main objectives. for the expériment.The first aim
was. to obtain informatign about Fhe.structure of the earth's
crust underlying the ngrthcentral segment of the
intracratonic Williston basin.In particular' line A was
placed close to the NACP conductivity zone in hope of
obtaining some seismic expression of this anomalous area.’
Secondly the experiﬁeht tested a novgl type of <crustal
.refréctidn " data gathering method.In this system;forﬁoﬁing a
isuggestion of E.ﬁ.Kanasewich, three p}ofiles(lines A,B and
Clwere arﬁ;nged in an equilaterél triangular form so that
three dimensional information was obtained by the
combination of inline .reversed shots and also by the
broadside recordings. from opposite corners of the
triangle.This thesis deals with the interpretation of the
three in-line recordings of thé triangle.The analysis of the
collected seismic data was undertaken by the use of three
different methods: 1)Inversion of first arriving head wave
information,z)Réy» tracing of wide angle reflected energy,
and 3) The interpr;tation of amplitude information usfng
synthetic seismograms}Future analysis of the overlapping
broadside data in the central pogtion of:theiétriangle will

3 .
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be based on :he modelis presented here.

mhe inferred crustal models are compared with previous

1A}

seismic s-1dies in eastern . and western Saskatchewan . The

operatiogal and thecretical aspects of the work are

A

discussead.



2. GEOLOGY AND GEOPHYSICS OF THE. STUDY AREA
2.1 Geology of the study areal

Geologically Canada is divided into a number of
regions,'kfigure 2). The area of the 1981 experiment is the
central-south Saskatchewan. It is placed ehtirely within the
Interior Platform which .is the part of the North American
craton that subsided slightly in the past and now is covered
with Phanerczoic sedimentary rocks. To the north and east
the craton crops out forming the Precambrian Canadian shield
.which 'ié the largest continuously exposed. area of
Precambrian rocks in“thé wofldﬂ To the wégt of the Interior
Plagform the craton is bordered by the Cordilleran orogen.
The southern boundary of‘ the western Canada sedimentary
basin can be defined only in an arbitrary ménner. If all of
the Wé*;iston basin 1s included, the boundary is probébly‘
best drawn by the Siopx uplift 'in southwestern Minnesbta to
the Black Hills and thence :o the Little Rocky mountains and
weStwagd to the LewisAthrﬁst. .

By: far the greater part of the basin is floored by
rocks which were intruded of metamorphosed 1800 million
yeéfé ago. The span of 1200 m.y..priof to Cambrian time
permitted deep erosion and the development . of at'marked
degree of téctonic stability within the interior plains
area. |

Contours drawn on the surface of the Precambrian

indicate the existence of three basins and two arches in the
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Interior Plains area, between latitudes 49 and 60°. From
nor;hwest to southeast the"basement features have been
named: 1)Northern Alberta basin, 2)Peace River erch,
3)central Alberta basin,4)Sweetgrass. arch and 5)Williston
basin. It is in this latter area that the 1981 experiment
was entirely placed. The landscape of the Williston basin is
simpie. Nearj'surface sediments of Cretaceous age are
essentially flat 1lying and have an average elevation of a
few hundred meters above sea level.The older and gently
rolling landscape has ‘been .buried by deposits of glacial
‘till, sand and gravel. The Phanerozoic sedimentary section
is up to 3.0 km thick near Southern‘Saskatchwean. The
sediments thin northward to the exposed craton of northern
|

Saskatchewan, (figure-3).

This difference is due te varied basin subsidence and
sedimentation in different regions.Subsidence was
accentuated at various times throughout the
Phanerozdic.Bes}n sedimentation was 1locally affected by
movemente of strﬁctg:al'regions or blocks cf the Precambrian
baseﬁent delimited by lineaeents as well as by solution of
massive halite beds which also resuited in the” collapse of
overlying "strata. The base of the stragigraphic column is a
succesion of early Paleozoic clastics followed by Ordevician'
‘to. Mississipian carbonates and evaporites and Jurassic to

Pleistocene clastics.The clastic rocks of the Cambrian 1lie

unconformably on the basement, figure 4.
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Geologic information on the Precambrian ‘comes. from

studies of the exposed shield {Bell,19ﬁi)vand studies from

core samples(Burwash and Culbert,1976). The basement under

the Intgrior pPlains appears to be a souph-yestern
continuation of the .exposed Precambrian -shield. In
particular, the composition of the basement wunder the
Williston basin shows a high concentration of ‘m;tamorphosed
and volcanic and metavolcanic rocks.Percentage of

sedimentary racks is about 35%.

2.2 Previous seismic studies

Previous crustal. séismic studies in - Saskatchewan
include the w7orks of Chandra and Cumming(1972) and Gréen_and
co-worke;s (16:0). Their\ inte;prltation deals with the
Suffield-Swif: Current - profile and the Weyburn-Brandon
- profile respectively. Their results are. illustrated in
figure 5. Both Efelal 33 indicate° a relatively thick
multilayered»cfﬁst at the margin qf\thevwilliston Ba§i2;fThe

Riel discontinuity (Clowes,K.nasevich and Cumming, 1968B) of

tesent. in both models. The Wevk ‘zndon profile has been
reinterpreteé by Moon and L . {1981} ,figure 6. Their
model does not shéw‘revidence o Riel discontinuity.
I;stead they introduced a}pos%ti\ tier gradie*% 2n the
lower crust. There is also the Lc¢ 2 .rofile (B) of
the CO-CRUST 1979 experimént whizn 7 bDesn nterg: ted by
_Kazmierczak, (1986), figure 7.Finai13 the . “;versed‘ line

C of the 1979 survey was interpretec by . Shahriar
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(1982).The derived horizontal model is illustrated in table

-

1.The p{ofile runs east-west at-a latitude of 49 ° . 38°',
a :

~

from Limerick (longitude 106°, 44') to Cariyle (longituae
;102°; 558'): Hence it crosses our line. A and therefore it
will Dbe a useful reference for comparison. The shot point
was at the west end of tfe profile which was - shot reversed

(as line D) during the 1981 survey.

Furthermore,combined refraction __ and . reflection

o>
J

interpretations revealed the existence of a major crustal

fault within ‘the Churchill provi‘cé_i/(Green- ‘et al.

9

N s

1976,b,Kazmierczac, 1980), at a longitudé of 103 °. There is
-a variation in -crustal th;ékness across the fault of at

least 5 km’,the upthrown block being at its west side.

1
P
Layer Velocity Thickness. Depth
km/sec : km km

1 3.2 2.8 0.0
2 6.0 2.3 2.8
3 6.2 6.0 5.0
4 6.1 3.0 11.0
5 6.5 5.0 14.0
6 6.7 6.0 19.0
7 6.1 4.0 25.0
8 6.7 15.5 29.0
S 8.1 - 44.5

Table 1.
'Hor;zontal model for the CO-CRUST C-1979 profile

o _
(after M.Shahriar,1982)
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3. DATA ACQUISITION AND PROCESSING

. 3.1 Data acquisition and description of prcfiles o
The nQr:h -south line,line A,was located in tbe»centrél

region cf the crustal midéontinental conductivit&lzone. This
anomalous area was first described by Camfield and
Gﬁugh(}977).The northeasterly line,iine B,was placed between

w§qyard and ' Swift Cur;ent.The’southfeastérly line,line C,

extends ffbm Swift Current to Regway at the Canadian—U.S;
border.The total lengths of tﬂe lines were 287.5 km, 288.6

km and 288.4 km respectively. Ideally,the experiment would
cover the triangle ABC by only three shots. However one

immediately realizes the difficulty concerning the

availability of 180 1individual sta;ions' which would be

regquired for such an experiment, let alone the huge cost of

the gqperation. Only 45 stations were-available,adeguate to
cover oniy one profile at a time.Hence three shots were

required for each line(two inline shots plus the broadside

‘shot),i.e. a ™otal of -é shots were detonated - for the
triangle. All recording sites were sglected'glong roads such
that no‘%ocation aeviates from the staight line more than *

1km. The averagé :separation between recording sites was 6.5

-km.Ideally the spacingrwould be around 1 Km (close to the

wavelength ofjthe seismic energy). Elevations,lati;udes and

longitudes of all recording sites and .shot loéaticns were

taken from 1:50,000 topographic maps.The.accuracy of the

‘for an awerage separation of 5 km.

14



coordiﬁates-is in the range ;f + 0.0005° i.e. + 35 m. Shot
point to receiver distances were calcuiated using a,geodetic
computer program by supplying the geographical coordinates
as input data.Time of shots,receiver coordinates and .
elevations as vell as instrumentation and shot point
information were compiled by Dr.Hajnal of the Department of
Geo%ggical Sciences of tﬁe University of; Saskatchewan. All
reéording syétems were pre-programmed towalﬁet of épecific
time windows. The digital interval‘of the data was .0.016675-
(60 Hz).Conseguently the Nygyist frequency was 30 Hz.The
Univergity of ‘Alberta recorded with the "University of
To:onto digital event recording system".Verticai as well as
N-S and E-W horizontal.componegt of motion were <tecorded.In
addition,the absolute time signal(WWVB) was- incorporated as
"a fourth channel in our magnetic tape data - (see figure
8).This _wgs of pargicular importance in order to check the
accuracy of -the times of the first data samples for each
étation.in adéition, to the above set of equipment we also
recorded into a linear array, consisting of 12 TI-36,2 Hz
vertical component geophones " with spaéing of 268‘m.Tw6
traces of the arra§. were inclﬁdéd in the major line
information. | |

All 1981 refraction data were compiled in digitai form =
on a 9-track, 1600 é.P.IZ(bytes per inch)v@agnetic tape.
Each block of data,-a tomal of 24'bloc§§ per channel-in the

, ~
original master tape centained 5 seconds of data and

occupied 4800 bytes of memory.The logical record length was
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w

80 bytes, hence the format by which each block was written
was 60*(5E16.6).The total set of the recorded data éccupied
93§ files on the.magnetig tape.Each file was preceded by its
header information which consisted of ten card
imaées,containing detailed information about the :ecording
station.We decided,for our data processing purposes,to
reformat the data and we copied them into a B;W tape 1in

which they were written in 1integer #*2 form,' each block

~consisting  of 1200 data samples(hence a \ﬁQtah of 6

)
»

VblockS/:hannelh. The logical rgcord lengéh was 20
‘bytes,hence the format of the new tape was 120*(10F8.0).

‘ .
3.2 Presentation of the data’

The first step towards the evalﬁtion of seismic
refractioﬁ;data is the display of ﬁhe records.For this
pu 00Se . form of record sections is generally chosen.A
rec - seccion consists of seismic tracés on a time-distance
graph.The simplest way 1is to plot travel time Qersus
distance, using shot instant and location as the zero
reference. Such a preéentation requires a large page size or
- an incon?eniently small time :scalé. The other form of
display uses a reduced travel time instead of time. The
reduced travel time t"is defi&#d as t'=t-x/V where t is the
time from shot detonation,x -is the offset distance and V is
the reduction velocity.'§uéh a presentation has the effect
of rotating glI the travel time branches clockwise around

their point of intersection with the t axis,the amount of

/
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rotation being inversely proportional to the reduction
velocity V.The result is better time resolution over'smallef
space.V wés chosen to be equal to 6.5 km/sec for the data in
‘this.work. The significance of*V is that if this velocity 1is
closé to the apparent veloéity of the waves of interest 1t~
will produce a displéy showing the head'wave phases all
arriving at the same redﬁcéd time.Hence this kind of display
facilitates the correlation pfocess.' |

Since we planned to process only the P-wave phases, all
our record sections show only Lhe traces for vertical
component seismometers. It must .be mentioned that no .
élevation corrections were applied to the data for "two
reasons. 1isuch correctiens Qouid reguire ﬁhe knowledge‘ of

near surface velocities in detail.2)The amount of correction

C

would be insignifi~ant (.03 sec max imum) since the

" e
oo e
& &

differences betwes.. station . elevations was small (less than

60 meters).

3.3 Power spéctral_analysis.

A seismic trace is a function of time,f(t),repreéenting
the velocity- of  the ground at the site of the sensor.Its
Fourier transform f(w),yields the phase énd amplitude
spectrum of the ground velocity.In many cases hopwever it is
more appropriate to consider the powerv spectrum of the
signal.The power spectral éstimate 1s equal to the smoothed
sq;a:e of thé amplituée spectrum.

The technique we.  applied for our power spectral

estimates was as follows.The periocdogram was computed by use
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of a discrete fast Fourier transform.An example is shown in
figure S.Clearly the periodogram needs to be smoothed and
for' this purpose we applied the Daniell (or box-car) window

in the frequency domain according to the eguation:

1
2m+]

~3

P(w) = %’— F(W-J)F* (W-J)

j=-m
w=0,1,2,...N"/2.

‘ The Daniell window was chosen because 1)It gives non
negative estimates and 2)It gives equal weight over the
entire range of its frequency bandwidth. N'(the full length
Qf. the time series) was equal to 512;wh£le N was 360
(=6s).The time series was padded  with zeros for
361£j<512.The parameter m wﬁich determines the resolution

was takén equal to 3.The.effect of the application of the
>Daniell window on the periodogram of'figure S can be seen in
figufe 10, ;hich shows our spéctral estimate for - trace
(24,1,1).The station was at a distance of 145.5 km from the
‘shot.In figuré 11 and figure 12 ohe can seé the power
spectfal estimates for the traces(10,1,1) and (36,1,1) at
cffsets of 70.7km and 265.9 km respectively. éy compa;}ng
the three spectra; one can see clearly the displacement of
the seismic energy‘towards lower ‘frequencies as we move
further awvzy from the shot.This is expected of course if we
recall that the amplitude A(x,t) of a one dimensional blane
wave ;s.given,apart from a geémetrical spreading-térm,by the
formula A(x,t)= A.expli(k(w) + ia(w))x-wt] whgre x is the

distance the  seilsmic wave has travelled and a,the



SP.OO

SPECTRUM
30.00

)|

20,00

AMPLITUDE
10.00

4
T e ——

il

A,

.00 7.50 - . 15.00  22.50  30.00
FREQUENCY IN HZ
TRAGE 24,1,1 OFFSET IS 145.5 KM

0o
=

P

)

~
-

Figure 9.... Eeriodogram of the seismic energy for record
(24,1,1). :

20



50.00

SPECTRUM
30.00

20.00

1

i

AMPL ITUDE
10.00

00

L.

.00

Figure 10....

7.50 15.00 22.50 30. 00
FREQUENCY ‘IN HZ )
TRACE 24,1,1 OFFSET IS 1US5.5 KM

Power spectral estimate for record 24,1,1

21



22

205.00

164.00

—1

XI[V'

SPECTRUM
123.00

1

, 82.00

u1.00

AMPLITUDE

.00

%' 00 7.50 15.00 22.50  30.00
FREQUENCY IN HZ -

TRACE 10,1,1 OFFSET IS 70.7 KM

— r

Figure 11.... Spectral estimate for record 10,1,1



.23

280.00

}

224.00

1

|

168.00

SPECTRUM

.00

DE
12

U
!

AMPLIT
6.00 )

o

o

' 00 7.50 15.00. 55 50 35. 00
FREQUENCY IN HZ

TRACE 36,1, 1 OFFSET IS 265.9 ‘KM

Figure 12.... Spectral estimate for record 36,1;1



24

attenuation coefficient, 1is proportional ﬁo the frequency of
the wave.Thus, at large. distances from the shot,high
frequencies will be greatly attenuated.

It is of interest at this point to see the power
spectrum characteristics of the backgrodnd noise of the
fecords.This will be useful later when bandpass filtering
will be applied on the records.Thus, power spectra of the
noise for several traces were computéd;figure 13 and figure
14 show t;o typical exaﬁples of such spectral
estimates.Careful comparison Véf th~ computed power spectra
leads to the following conclusions: . .

1. Tests on noise show that the enérgy of the.background
noise of the records is'doncentrated between.1.5 and 6 Hz.
2. In nearly all cases the energy of the noise i;
decreasing beyond 15 Hz.

3. Spectral estimates of the signals themselves (after the
onset of the seismié energy)- figures 10,11,12 show that the
significant énérgyAis always between 1 and>17 Hz.

The above conclusions suggest that a band of 5-17 Hz is the

appropriéte one when bandpass filtering is to be applied on

the records.

3.4 Filtering

Broadly speaking, a filter is a‘Hgvice or a physical
process that operates on a time history and changes the time
history in some manner.The.prinEipal use of filtering in

seismic data reduction is frequency smoothing of the data

i —

k)
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under analysis. This means that the filter 1s designed to
pass signal ffequencies in a desired band and to attenuate
all other unwanted freguencies, outside the band. Digital

recursive filters allow the  greatest flexibility in

frequency smoothing and in this study a recursive zero<phase-

bandpass Butterworth filter will be wuseful. A detailed
analysis of the eight-pole bandbasé Butterworth filter can
be found in Ranasewich‘(1§81). A FORTRAN program for such a
filter was written by D. Ganley in- 1977 during his graduate

studies at the University of Alberta. As an example of the

effectiveness of the filter,figure 15 compares a record of

unfiltered data with the same record after filtering with

two different bands,~5117'Hz and 7-13 Hz . The improvement

of the quality of the record is clearly visible.However care
must be exercised in timing the onset of first energy with

data filtered by a zero phase shift filter. Finally a band

of 5-17 Hz was decided for our records following the.

conclusiohs of the power spectral analysis discussed in the

previous section.,

-'3.5 Despiking the aataV

As a geﬁgral comment on the oréginal‘ data,‘ the noise
level ‘wéé rather low, and the first breaks of ‘the seismic
energf quite clear and distinct from the noise background.

' However, a significant problem with the University of

Toronto recorders was their small dynamic range leading to a:

saturation or- spiking < of the data. On the records}the
L v - .

/N
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Figure 15.... Bandpass fllterlng by the Butterworth

eight- pole filter
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appearance was that of)a series of spikes, whenevgf the
amplitude of the signal was large. -

These rapid and high amplitude variations are not
attributable to a phycical process but rather to saturation
effeqfs, either saturation of the digitizer or saturation of
the amplifiers. As a 'matﬁer of fact the bigh sensitivity
required to obtain good éignals on early-arriving head waves
made_i£ very difficult to adjust the{gains of the amplifiers
during the experiment.

A computer program was written which atfempts to obtain
the correct sigq of t@e signals while making no attempt at
obtaining the correct'amplitude. “ ,

The program works as . follows: The data are passed
through _segefal .tests and éccesses to thesé tests de;ided
upon the operation to be applied, which generally consists
of a proper alterati;n of the sign and the amp}itude of the
samples. The program makes use of several empirical
parameters, which were decided after careful examination of
a large number of spikés and.which concern ﬁinimum‘amplitude
of a spike, difﬁerenées in amplitudes between-édjacent
samples, etc.Iﬁ figﬁrev 16 age shown: a) Top of the
page:fecord 32, shot 6,vertical and horiiontal cémponents
_(original data ), b) The same record éfter applicétion of
the despiking operation and <) The same despiked record
after application of the Buttgfworth filtér ba~d 5-17 Hz.A
_ . ‘

flow chart of the despiking program‘is shown in figure 17.

Very little use was made of heavily spiked areas so the
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interpretation 'does not depend critically on reliability of

these data.

3.6 Normalization

The concept of normalization 1s gquite important 1in
order to obtain wusable amplitude information from the
seismic section. Different seismometer responses ,coupling
between the seismometers and the ground and different gain
settings,are all factors that may ' cause coﬁsiderable
amplitude differences from trace to trace. The purpose of
normalizaéion is to minimize the effect of these factors.

It 1s expected theoretically that the average powef of
the  records should decrease monotonically _with<
distance.Thus,multiplication factors’ for' each trace were
calculated in order to make the powef.values of the traces
decrease with distahce in a linear fashion according to the
eguation POWER(J)=POWER(1)-B#*DIST(J). J is the number of the
ctation, increasing with distance and DIST(J) its offset.
The rznge within which the ﬁbwer values will vary,between
<he fi{§t and the last trace of tﬁe section, can be easily
:cntrolléc by proper adjustment of the slope B.In figure
18, (record section of line &A,shot 1),maximum amplitude
vaiues are the same for all the :races,while figure 19 shows
the same section after applicatién of the above technigue of
normalization. The numbers at the end of the t:acés are the
calculated amplification factors oI the traces. . It can be
seen that a ccnsiderakble imp:o?emen: in relative amplitude

‘nfeorma~ion has beern achieveg.
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4. SEISMOLOGY AND THE EARTH'S CRUST

4.1 The main crustal wave groups
~In a layered elastic isotropic medium which is a first

order valid approximation for the earth's crust,two kinds of

\

body waves can exist:compressional P-waves and transverse,or

shear S-waves.There are four main P-wdve phases wusually
observed in seismic crustal studieséPg,.P*,Pm and Pn.

az‘The~Pg phaée is a wave penetrating into the upper
part of the basement -and is generally observable up to a
distance of 60-100 km. It has a velocity between‘S.S and 6.4
km/s.In 'a continuous profile it will comprise several
prograde segments of travel time branches with the velocity
increasing with distance.This splitting naﬁure of tﬁe Pg
group will not be detected'if:the spacing of the recording
stations’ 1s too large(>10 km.) The g stands for "granitic”
layer. ‘

b) The Ps* 'phase 1is a P-wave refracted through an
intermediate layer in the crust with a‘ivelocity near 6.5
m/s. The upper boundary of this layer h3s been called
Conrad discontinuity in Europe.The P# phase' is often the

most prominent first arriving event 1in crustal seismic

sections. C>

c) The Pm is a wave reflected at the crust/mantle

transition or boundary. It 1is a retrograde branch on a

time-distance presentation which shows that a strong
N :

¥
velocity discontinuity exists between the crust and the

7y
“!

w
(94}
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mantle.The Pm curve is generélly well expressed by large
amplitudes in the range of the «critical point (where the
angle of incidenceis i=arcsin(V(Pg)/V(Pm))).

d). The Pn waves are diffracted from the top . of the
mantle. They have a linear relationship on a prograde branch
on a graph of afrival time versus distance from the shot. At
sufficient distances(between 150-3¢Q_km) the Pn is the first
arrival wave,the amplitﬁde Seing_ugﬁgily very small and its
frequency significantly lower than the Pm. Its velocit§5is
between 7.8 and 8.3 km/s. The Pn phase has 1long been
interpreted as a head wave.The observed amplitude,hoquer,is
‘usually greater than{;hgt predicted for head waves, implying
ﬁhat the wvelocity Ehange at the MOHQC 1s not éxéctly
vstep-like_but if has a finite gradient within a transition
zone.Currently,instead of interpreting tHe Pn as a head
wave, a more likely explanation is given in terms of guided
waves within a high Q layer several tens of kilometefs in
thickness at the top of the mantle. Anisotropy of the Pn
velocity has been répofted by several authors(Hess

,1964,Rait et al.,1969) in an oceanic setting.

»
1

4.2 The composition of the crust

The great value of seismic velocity structures is that
they may allow us . to maﬁe an interpretation about the
tectonic history of the  region ‘and of the lithology at
various depthg.Laboratory measurements of seismic velocities

in rocks under a wide range of confining pressures,pore

<
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preésures and tempefatu:e cond{tions simulating those in the
crust can be compared wiﬁh velocities derived frombseismic
crustal records to infer information about the kinds of
- rocks presgn£ ‘at v;ripus d;pths.Jeffrey‘s (1937) early
hypothesis that the crﬁst varies from the top to the bottom
between an acidic and intermediate composition is probably a
still valid approximation. Howevef; modern work has 'fefinea
this oversimplified picture. o

Recent results from geolﬁgicai and geophysical stgdies
can be summarized as follows. Crustal refraction
surveys encountefing Precambrian crystalline basemént ' rocks
usuazly measure upper crust velocities from 5.8 to 6.1’km/s
which are tYpical'of light.granitic rocks and 'metamorphosed
sediments; The upper ‘crust, beioﬁ ‘the sedimentary
cover,éonsists of layered metamorphic rocks such as gneisses
and schists,often pehgtrated by granitic = intrusions.The
'grade 6f metamgrphism increases with‘erth, In the shallow
or middle crustal refraction sections o;e also has slightly
higher velocities which\range from 6.1 to 634 km/s.These éfe
often attributed to mighétitic rocks which are believed to
compgise most of the middle crust and on a larger scale they
may ‘behave .as intrusions into the overlying cover of
metamorphicvrocks(Haller,f958,5mithson et al. 1975); Seismic
velocities froﬁ the lower crust are most often in the rénge
between 6.5-6.9 km/s.These velocities are too. low for
gabbroic rocks and there is strong evidgnce that they‘ére

+

associated with a lower <crust predominantly composed of
: ° :
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granulite facies rocks (Smithson,Shive and Brown

,1977) .However,lower crustal veiocities in the range of

~

o

7-7.5 km/s have been reported 1in severalp seismic studies
showing that parts of the lower crust are Eruly gabbroic.
Upper mantle velocities in the range of 7.8-8.4 km/s are
certainly attributed to ultramafic rocks and most prdbably
to dunite.

Numerous attempts bave been made recently(Burke and
Dewey,1973, Gibb and Walcot5ﬂ1971) to explain. the
developmént »oi thg Precambrian through plate tectonics{?he

plate tectonics hypothesis implies a-+ complex series of

events affecting continents including rifting,
continent-continent cecllision and continent-arc
' W

collision.Horizontal movements of li:héspheric plateé
predominate.Surely such processes must lead to distinctive
geophysical wsignatures.The first most obvious feaﬁure that
we would expect is fused EOntinental blocks: of different
composition and therefore of different physical pfopérties.
In fact, the lateral vériation or blocks that have been
suggested for continental crustal sﬁructure(Ko§minskaya and
Zverev,1968;Sm£thson and Brown,1977) may be, ;{n part, a
vestige of Precambrian plate tectonic processes.We would
expect continental blocks of different.composition‘ to have
diffe?eﬁt' thicknesses since Precambrian areas should be
approaching isostatic equilibrium.Discontinuities of great
variaBility and structural complexity should be located

between these blocks. 1
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Plate tectonics theory would explain the gently folded
biocks generally identified in the lower crust as part of an
early succession marked by horizontal tectonic movement
whereas the more steeply dipping zones often detected in the

upper crust are é later development during a lock-up stage

promoted by collision.

4.3 Low velocity zones

Low velocity” zones in the upper and ﬁiddle crust have
 been postulated by Landisman and Mueller(1966) 1in north
Germany,Pennsylvania ,Central Japan and east Montané,and in
regions of the:Canadian Shield by Braile(1977).According to
Snell;s iaw,po feismic rays originating from a near surface
source can be retﬁrned to the surfacé from within‘ a low
ve;ocity zone.Heﬁce,an interpretation of the/seishic data
based on the first arrivals alone will give no evidence ' of
the LVZI. Furthermore, one obtains depths greater than the
grue ones for all the lower boundaries. To recognize .the
existence of such a =zone one needs to identify the
reflgctions from the top gnd the bottom of the LVZ in a high
quaiity crustal seismic section. The use of synthetic
seishograms for this purpose is of great help.

A satisfactory explanatioﬁ for the existence of
velocity inversions in the crust Kas not yet been ,reached.It
is however an apparently common feature of the crust, its
presence being observed in geologic sections thaﬁ have

undergone vastly different histories. This suggests that the
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controlling factor 1is not a compeositional variation of the
crustal section but rather a wvariation of the physical
parametefs that affect seismic velocities.Whether th&s.is in
the form of a high temperature gradient regime or 1in the
form of a decrease 6f the effective pressure because of an
increase of the pore pressure exerted by pore fluids in the

rock remains problematic.

4.4‘Tﬁe’crust-mantle boundary

Until rather récently, the Mohorovicic
discontinuity,the crust mantle boundary, was generally
considerig }o be a first order discontinui;y where the
compressibnal wave velocity increases discontinuously from a
value of around 7 km/s to g value’between 7.8 and 8.6 km/s.
Although this simple model is still widely wused, studies
with synthetic seismograms(Fuchs,19693combined with
obse€tvations of near vertical reflections from the
Moho(Clowes,Kanasewich and Cumming, 1969) suggest a
gradational change in velocity rather than a first order
discontinuity.To explain the observed amplitudes,the change
in velocity must be accomplished within less than 1km. an
even more complicated model has been proposed by Clowes and
Kanasewich (1970) and Meissner(1973) who suggest that the
crust/mgntle qransitioﬂ zone 1S a many layered comﬁlex of
alternating high and low-velocity 'laminae having a total
thicﬁness of a few kilometers.Such a sandwich-like struct re¢

would explain satisfactorily the composite nature of tk.



reflections from the moho, that are often identified in
field records. It can also explain the anisotropy as well as

the amplitudes of the Pn waves.

4.5 Theoretical ;ravél.times for a multilayered medium

A seismic head waQe is a diffracted wave,propégating
along an inferface between a lower and a higher constant
velocity layer.It can often be used to determine the depth
of the interface as well as the vélocity of propagation of
the .elastic waves along the higher velocity layer. The first
step in solving the problem of a multilayered case is to
attempt the forward problem:Fbr a completelf defined model
it is a straightforward procedure fé compute the theoretical
travel times of the seismic .rays traveiling through the
'medium.with the assumption of plane layering and velocity
increasing with depth one can use  the travel tiﬁe
observations from field records iﬁ a direct inversion to
determine a nreliminary model. The travel time calculations
are approachéd by applying geometrical optics theory to the
seismic rays,assuming a multilayered earth in- which . the
elastic wave. velocity increases monotonically with depth, in
a stepwise fzs ion and remainingfconstant within each layer:

<Qa C (l)

®y <0, +.. <Q
” n-1 n

1l 72

~,

n is the number of layers including the half space.The free
surfc-e interface is the horizontal surface upon which the
source and receivers are situated.The .léyers may have

arbitrarily dips.For an updip source, the travel time of the
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dzlayered arbitrarily dipping medel is:

xsinDl n-1 2ZU ‘
T = —_— 4+ —= [cosD
Un
¢ 1 %

1 3 Un

2

Il 0~

fcosURJ = @an + 1 (2)

This will give ‘the travel time for a.head wave travelling at
the top of the n'th layér. For the downdip source the
equation is (Adachi, 1954):

xsinﬂl n-1 ZD2
T o= —— L 4 P =
I3 lcosD,+cosU,] = by x + I

Dn o 21 9y Dn (3)

\Zul_and 2dl are the updip and 'downdip thicknesses of
the 1'th layer respectively.The dpdip and downdip rays
,incident on the 1+1 interface, are defined by the angles Dl

and Ul with respect to the vertical direction while
. ; ' : .
§, ~ and v are the corresponding angles with . spect to
2,n . 2,n ‘ . A
the vertical , to the interfaces.
v = N + :
Dy = 8y n* Ogup (4)

o

Up = vl,n - eﬁil : ) (5)

where ®o+1 s thebdip angle of the (1+1)'th interface.The

critical refraction at interface n occurs when

T . . o
Slnan—l,n _ 1 SInV, 1 .n : 6
®h-1 %n an—l
hence én_ " 7h-1-The other aﬁgles of incidence are calculated

from the use of snéll's law of refraction. The calculation

starts from $ -1 . n and proceeds upwards.
y D .
51n6n_2 n sin(Dn_l-Bn_l) N

%n-2 ' Ca-1
QN | T 7
{7 : .
] - 4 +
Lsinu i sin(U__, eﬁ—l)

a a

g
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. ) _ N
51n61 n o _ sxn(D2 ez)
] )
. , : f -8
51nul a 51n(U2+62) .
ay a, . J

Equations 2 thru B8, have been programmed for a digital
‘cémputer using FORTRAN laﬁguagg.The computation proceeds
recg;éibély startir - frgm n=2, unfil the last layer of the
model is encduntered.Thg case of a éour;e burried at some
depth .within the firét layer is also taken into account by

the program. The program will be useful later tdj test the

accuracy of the derived models. .Figﬁre 20 shows a ray

diagram for a three layer model illustrating the geometrical.

parameters involved in the computations. From eg. (2) and
(3), the slopes of the travel times curves are b, and bb‘ .
. . Un n
These are the ‘inverse of the apparent velocities. Clearly
1 1 ‘

. = —— 0- - = — a
bDn an < n and bU‘D S = n . . - ‘

With field observations ... oprocess 1is vrather 1in

reverse order.From the apparent velocities one can find

4

Qa

’ — . . =1 1
‘Gl,n“_ —92 f sin — ‘ 9
Dn
u [
= . =1 1 10
Vi,n T 82 *sin T
. Un

The other angles of ihtidenge can be found now using
equations 7,8 again but 1in reverse order starting from

Gl,n, Ul_n and proceeding déwn#ards.Then from eqg. 6,7,4,5 it

is found that the «critical angle of incidence at the

interface n and its dip 6 are given (for n23) by:

/l'
/%

g



Figure 20.... Ray diagram of a three layer model.
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1 -1 “n-) -1 |"n-1 \
& = 2 isin T == sin{i_ . _i + sin Tl- sznl{v__~ _°
n-l,n 2 ST n--,n WS- - 3
(11)
1 [ . -1i%;-: -1 /8 v
9 = £ - sin 4 T S‘“(é \ N 4L f’.‘l R
n n-1 2 = c =t _9 gt TSI o sin{v_- )i
For n=2 the eguaticns are: (12)
c od 1 “
- -1
5, 5 = %—I—s;n I {vl I (11a)
d [ v D2 r2/4
o —i(C 1{ %1 ) :
e, = sin l[vl] - Sin~‘[v—l—] (12a)
SY: U2

o is given by the direct wave.The wvelocity 1in the n'th

(13)

The thickness of the n-1 laver - is ottained from the

intercept times Idn and Iun and the relaticns (2) and (3)

- n—2_ZD 2
- L4 + S
gn-l IDn g s (cosD2 co vi) |
- L =1 2
Z = . (14)
D,n-1 cosD + ccsv
: n-1 n-1
r n-2 2
' U, 2
I - —*— (cosD_+cosv
®n-1! “vn Z a ( L 2)
- L L=1 L
z = (15)
v,n-1 cosD + cosv
‘ n-1 : n-1

Equations S thru 15 were also programmed in a recursive

manner to sclve the problem of the multilayer dipping

mpdel.The program will receive as input, information f{rom
the actual seilsmic record (ap?arent velocities ‘énd
intercept times) and will give th cdepths,dip angles and
true velocities of the various layers.li is>interesting to

v



source clione,there 1s insuific:i:ent

\

information tc solve the problem of the n-layer case, there

nctice that
being 3(n-1) unknowns and only 2{(n-1) suppliec by the cata.

4.6 The t?*-x? method

In a laver over a half space, the arrival time of
reflected energy depends not only on the reflector's depth h
and the  velocity v above the reflector,but also on the
offset distance x.The equatioanorré single  layer over a

non-dipping halfspace,relating the arrival time t with Y,V

is:

t?=x?/vi+4h?/v? (16)
If the.reflecting interface is dipping by an angle 8 an
extra term 22%%%22 should Pe"added to the right side

of the equation.However&fpr small dip angles (less than 1°)

and for small offsets this term becomes negligible. Hence,

if we plot t* versus x* we get a straight line of slope'1/v2

o

from which we can determine the velocity v above the'

reflector. From the intercept with the t? axis we can

\

determine the corresponding depth of the interface. For an 1

layefed sequence above vne reflection it can be shown that

| & :
the velocity v is : :-:. with a root mean sqguare velocity
v for the layered ser ..o,

Once the RMS velocities v. ~°F /2 have been determined
for two successivé)reflectors, the i-terval velocity Vi can
be found from Dix ({955) fgrmﬁla:

Vi=v,?t,-v,2t,/to-t, (17)

[}

S
P o



Where t1,t2 are <the intercept <times ©of <the successive
reflection branches. The methocC assumes straight ray paths
in the overburden and the existence of a

discontinuity as a reflecting horizon.

u)

For ar accurate calculaticon of the depths and the

interval velocities one has ¢to confine oneself to the

o]
)

subcritical region the reflection branches. Supercritical

rn

reflections are affected by refraction and. will give a
larger depth for the :egiéc:or'as‘well as larger wvelpcity.
Also, at large cffsets the effect of dip :may not be
negligible.Nevertheless, if. thg full length of  the:
retrograde branch is wused wusing both subcritical and
supercritical reflections ;hen a reduction of 10%¥ £for the
calculated depths 1is ?ecommended by Giese(l&?S) and a
correction of 3% for the average velocities may 'bé .applied
as well.For subcritical feflections,no correction is
needed.As we will see in the interpretation of the data,the
T?-X? method proved to be of conside:able helps ini
determining the depths of reflectors which dc not show up as

refractors and also in revealing information about velocity

‘inversions within the crust.

4.7 Synthetic selsmograms

While the general velocity s;rutture of the earth's
crust can be inferred from studies of the travel times of
seismic waves, detailed velocity structure including

identification of velocity gradients within layers and



A

rehognition of low velocity zones, can best be determined by
a combined interpretation of the travel times and amplitudes
of refra;ted‘ana reflected waves.

Severél methods have been usedl rece~tly to compute
theoretical seismograms and they have been so far developed
that synthetic body wave seismogfams can be calculated for
models which are as complicated as thosé estimated from

modern travel-time 1inversions.The main methods are the

reflectivity methoa(Fuchs and Mueller,1971f;the asymptotic

ray theory(Hron and Kanasewich,1971) the generalized ' ray
method(Wiggins and Helmerger,1574), disc ray theory (Wiggins
and Madrigd, 1974,Wiggins, 1977) ‘and the WKBJ

seismogram, (Chapman, 1978, .Dey-Sarkar and Chapman 1978) which

is used in this work.

Chapman's method reguires *a model consisting of

-
o

plane,laterally homogeneous and isotropic  layers (or

spherical shells) dverlying a half space. Vertical velocity

gradients are apr-oximated by a large number of thin

homogeneous layers having small velocity contrasts. Layers
are considered - to be perfectly elastic so that no

attenuation -effects are considered.Shear wave velocities

- "Were calculated assuming a Poisson's ratio of 0.25 and.

densities are computed. fromp=0.252+0.3788V,(pjirch, 1954).
Synthetic vertical component seismograms were computed at 10
km drstance intervals and,displayeduin record sections using
a :edﬁcing velocity of 6.5 km/sec.Syn;hetic and observed

record sections are gplotted on the same scale so that by

>



49
supefimposing one section. on the other, detailed
characteristics of the observed sections can be compared

—with the theoretical seishograms as a means of

interpretation. .

4.8 Ray tracing

The physical basié f?r ray tracing and travel time
calculation = for arbitrary two-dimensional models is
Huyghen's principle'and Snei}'s law.Thg folléwing simple
method of ray tracing was applied in this work: First, a
convenient system of cartesian coofdinates is chosen and the
equations of the 1interfaces of the model are definea.
Then,starting from the source of the seilmic energf and a
given ray parameter,the equation of the ray incident at the
top of the secofid - layer is derermined. By successively
applying 'Snell’'s: law for this ray, the equations of its-
refracted and reflected segments up to the de;ired degth are
defined until the ray returns  to the earth's
surface.Subsequéntly, the system of‘iinear eqﬁations for the
ray. segments and of the interfaces it has encountered are
solved to find the coordinates of the points of
intersection. Once these COofdinates are known it is easy to
compute the travel ;ime of the ray by summing up the travel
time incremgnts amd also to prodgce a ray diagram using a
Compu&er graphics system;,The>computation is repeated for a
large number of ray parameters and for various levels of

maximum penetration. Positive or negative velocity gradients

[
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can be satisfactorily approximated by an arbitrary number of
thin constant velocity layers.Interfaces can be arbitrarily
dipping and possibility of low velocity =zones 1is not
excluded.The program also computes the times and offsets of

the critical reflections.

4.9 Ccrrelation - ' (
Correlation is the first step and perhaps the most

' 4

important one in~4the interpretation of seismic data. The
term correlag)on in seismic intefpretation implies the
identification of the same phase on different seismic traces
in the time-distance domain. Such an identification of the
seismic phases is based on the following c}itefia.
1) Coherency,of the events: arrivals of elastic energy
from the same seismic .phase will have a distinctive
lgimilarity in_appearance from one recording location to
~another. Clearly, the amplitudes must decrease w;th
distance and the shape of the wavelet will change due to
preferential absorption of highe; frequéncies at larger
offsets.
2) The apparent velocities must show values within a
- physically realizable range. |
3) The travel time branches must be of sufficient length
to be identified uniquely.
It may be noticed that pheicriteria for correlation are:

different in reflection and refraction seismology. In

reflection seismology, correlation of the reflected phases
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on the time sections is very directly related to the depth
'of the reflector. This 1is not as direct in the
interpretation of refracted rayg.‘Phase correlation is most
successful if closely spaced detectors, are wused and the
spacing between .them being usdélly less than 100 m in
reflection studies. In retraction studies however, the
~spacing of geophones is often a few kilometers.

To pick up the first arrival of wave energy on our
retords " we used large scale plots‘(two inches per second,
2.5 inches for peak—to-peak'large amplitudes). The records
were not filtered. (Filtering may distufb-considerably the
onset time of the first arrivalss. Geﬁerally the background
noise level was low and the first breaks could easily be

read with an uncertainty smaller than *0.05 sec.
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5. RESUL'I‘S ‘AND INTERPRETATION
\

5.1 Interpretation of line A

Low noise levels and clear first arrivals events permit
a guite accurate correlation of the initial waves from both
the .north and the south shot sources of line A.Five linear
Eraﬁel time segments were interpreted for each shot.The
method of -least squares was: app}ied to determine their
élopes (whiéh are the inverse of the apparent velocities)
and  their intercept and reciprocal ~times.It 1is .then
noticed,comparing the two sections, that considerable
differences in intercept times and apparent velocities
exist.The intercept times and apparent velocities of “the
northern source are considerably lower than those of the
southern source.The two sets of seismic observatiéns for
line A are shown in figure 21 and figure 22 .The travel
ti&es are plotted with.a reduc;ion’velocity of 6.5 km/s. ’

It should be noted thét the average\Qé? =ity for the
sedimentary'layef.using direct waves was observed at 'oﬁiy-
one location.Calculation of v(1) from this single arrival
time would be.highly unreliable because there 1is a rapid
increase of seismic velocity through the Mesozoic and
Paleozoic sedimentary rocks causing significant curvature on:
the travel tihe branch of the first arriving refracted waves
to be'reco:ded.lns;ead,a pseudoaverage v(i) velocity was
. compute¢ using theé drilli-hole information on depths to éhe

Precambrian crystalline basement. As & conseguence of

(9]]
~N
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reciprocity , the extrapolated time of any ray travelling:
from.shot point to shot point must be the same when shooting
in either direction. As can be seen 1in table 2, good

agreement between reciprocal times is observed for 1line A.

to make the reciprocal timés i gnd to avoid any

- Lt . St " .
inconsistencies, in the inversg B\'time corrections
o 8 "~ .

were always smaller than ;fﬁe“' “iﬁs- of the first

: I . N
arrival times(table .2, columns“& al 3 ). The™vailable set
of first arrivals data of: line A is.qeiiabiewand is suitable

N,

for theﬂfirsx inversion scheme described in section ¢.5. The

[}

result of this first inversion showing_depths,dips>and model

velocities of the layers is shown in table 2. Subsequently,
the programmed Adachi's equations are used to calculate the
travel times of the head waves of the derived model and
compare them with the obseryed’times. It can bé seen (table
2) that agreement >is very éood and that the'only notable
discrepancy is between the observed and calculated head wave,
times from the basement below the south shot. It is clear

that the calculated arrivals of this event- -assuming

v(1)=3.30 km/s - are delayed by about 0.1s with respect to

the observed times. The discrepancy could be removed either

by reducing the depth of the basement or by in creasing the

" average velocity‘v(t) below shot 8 .Since a depth of the

basement at 3 km, is correct accorfiing to drilled well

information we must accept the second alternative and by
- - . - ) v‘\’/./: ’
modelling we £:ind that the average. . T



" TABLE 2

First Inversion Model F'or‘ Line A
(V{1)=3.3km/sec)

The headers of the columns are defined as follows:

i - Interface. .
S ~ Shot number. _
N - Number of records used in -least squares.

.Rt, — Record t, (secl.
Mt, — Model t, (sec)
Depth — Depth of the interface (kmi.
V app - Apparent velocity km/sec).
~nT - Record Reciprocal Time {sec).
- Mode! Reciprocal Time (sec).

1L SN

1

2.
- 8

W w

Rt,
0.62+0.03
1.31+0.03

1.03+0.04
147+0.04

1.81£0.06
2.41+0.06

2.64+0.08

3.45+0.08

7.43+0.10 -

9.90:d.14

True velocity (km/sec).
-~ Dip of interface (degrees)

Mt,
0.65
1.40

1.03

"1.55

1.81
243

2.64
346

7.44
9.98

\

DEPTH V. app

1.320.1.
B8.0+0.1

49+0.3
39+0.3

115205
125205

18.6+0.6
21.1206

36.5x1.0
478215

5.82+0.04
5.93+0.04
6:14:pba
6.2020.04

6.4120.04

6.48x0.04

6.62+0.04
6.73x0.04

7.94+0.04
8.40%0.07

RRT.

MRT

50.04
50.11

47.91
47.82

46.71
46.79

©.48.16

46.25

43.77
44.00

50.07
50.07

47.94,

4794

48.74
46.74

46.20
46.20

4383
4383

5.87
6.17
6.45

6.67

-0.16
0.10
0.80

210
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sedimentary velocity Qnder shot 8A musﬁ be 3.5 km/s, in
contrast with 3.3 km/s below.the north shot . As will be °
seen later, this conclusion is in agreemént with the results
of.the interpretation of line C which aisousuggests a higher
average. sedimentary velociéy‘ at the south end of the
profile. The final result of our first inversion model ,
based entirely on head waves arrival times, 1s shown 1in
figure 23, illustrating a model of the earth's lrust below
line A, consisting of five layers over a half space.

Cleétly ., this model quite satisfactorily reproduceé
theﬁéBserved first arrival times "but its wunigueness 1is -
quesfionable. For instance, low vélocity zonés; if present
in the seétion', cannot be detected by analysis of head
waves alone since no.head wave is possib;e from the t&é of
the low velocity layer. Hence, further moaelling , analysis
of secondary arrivals , ray traéing and synthetic seismogram
simulation were carried out ;in ‘order to investigate the$‘
unigueness of the initial model . |

Quitg promigéntf bursts of energy occur at various’
plages on .both recora sectibns of line A . Tbese secondary
arri?éls were correlated and aﬁaiysed as reflected enérgy
using the T?-X? method as described in section 4.6 to obtain

deptis of the reflectors and“intervél velocities using Dix's

formula. It must be mentioned that even after application of

- ‘2}_:}3»

the 5-17 Hz bandpass filter , the' ~ &flections were partly

" obscured in the resord sections. A filter of 6-14 Hz made

the reflections much_clearer to observe. The reflections

P
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VERTICAL EXAGOERATION OF FOUR  |leeg—g>-}——50.000 K

Figure 23.... First inversion model for line A
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0y

. v . .
shows that,in fact,the weak phases are the continuation of a
quite prominent reflection branch,R5, clearly_observed at
shortpr‘diqtances The reflection branch correspondlng to

the’ ’deiayed head wvave arrivals is qlso xdentlfled and these

y ,frl ’ e B
two.*efiectlon branches are analyzed usxng the T2 X: method

‘,,‘

The reéﬁlts are: depths’of reflbctors at 6.3 Km and 19.9 km

-

below shot W*anc 17. 8 km 4 km beiow shot 8. In%ervql
; : ! / !
veloc1t1es are v(4) 6 33 km/$,and v(5)=6.10 km/s whichQshbws

)

the pfesencé_of a thln lowlvgloc1ty lafer sitqg;éd;“gn -thel
‘ggp"'of the fifth layef of;our initial model.£Cbﬁpafison of
the synvhetlc aﬁd» observed Treflection br@nches' aﬁ the
bouncar es of _ the low wvelocity zone indieates some

disagreement concerning the amplitudes of the near vertical
3 v ' :

reflections: Synthetic amplitudes ar: - ch greater than trhe
. ) B ,At‘: A

observed ones. Tc remove this discrepancy we decided to make -
¥ v [0

the velocity contrasts at the top and the bottom of the low

| ity zone gradational . rather "than first - order

<

£ c

Q

. . . R C Co 3 .
Ziscentinuities. This gnas negligible effect on-the wide
angle refilections. amp-.huces wn ile. 'educing_considerably the

amplitudes <¢f  the nea:_vertlcal reflections. The depths of

P
, ' Y-
r LT . . - < - hi - ~ - - 2 b b N . -
“he - low ve.orclty -laver and <ts interval - velocity as
b - '
ceterminec Ty tne svnthetic mcdelling are shown In fig & of
.
- £l ma e ~ o ; - - :
e Ilna. moce.. The _.aver .s slightlyv Zipping tc the south
o “a
- —_ a C
towerdg . zrzzter Zegtns, we
. . ‘, - ’
lllZe-prI_eCTICnS, CIserveZ.e
. u
T 22T sectizns i _lte A g2-TIvingz  lzter than the



reflections from the bottom of the LVZ ar ._s»~rl.e<- thar the

Pm branch. In f-~t, <correlation of +thes events can be

continued without ygreat difficulty towarc orter offsets,
establishing two new reflection branches R7 and R8 for each
record section of 1line A. 'NQ head waves arrivals
corresponding to these reflection branches © can be
identified. The T*-X® method yields.ﬁhe following depths of
the reflectors: 26 km, 28.9 km below shot 1 and 29.5 km,
33.5 km below shot 8. The interval velocity of the layer
bouﬁded by these _wo interfq&es is 6.03km/s indicating a

oy
< "" . . .
second I v velocity below line A: this time 1in the lower

.crust. This layer is embedded within the’ fifth layer of our

initial model which has  an ‘interval wvelocity <of 6.57

A . |
km/s.Synthetic seismogram ampl#fudes ‘however suggest that
: ; | ) . o5
these velocity cont: .:s, 6 km/s for LVZ2 and 6.€3%km's

‘above and below the layér; are probably incorrect as they

.

give rise to very large amplitudes- - at near. vertickl, -

reflections' from the top.and the bottom ci the lcw ve.ocity

zone On the other hand, our . ray tracing calculations
incicate that a ve.oclity greater than 6.0 km/s would not Ii:

t+he observed times for the reflections at the botscm cf the

_ow velocitv layer. One then woulf be temptec Il .ncrease

icr one side cf the grcfile but not fcr the cther., Hence, we
‘ :
insist cn the ve_ocitv c¢f &€.C0km 5 Icr LVIZ and we chocse e
kW -
take =th fclicwing, _zwc  steps I crger  tC  recuce  tne
o H
svmthetic emplitodes i the rear verz:ic refleccicns:

t
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"
critical region of the Pm branch. However we were able to
pick the reflections from the Moho mainly guided by rather
clear supercritical and subcritical reflections.?It is of

interest at this point, in order to model these reflections,

o consider the results of the ray tracing to take into

proper account the true attitudes of the‘qu§%rﬁmces and

1

espec:ally the relatively steep dip angle of the moho

discontinulty. (The synthetic seismogram program considers

.heorizontal ¢ interfaces). In fact it 1s shown for ' the

eflections from the Moho that there 1is a discrepancy as

3

targe as 's between Jorizontal and true dipping model travel

(24}

times fcr larger ocifsets. (At zero offset the two travel
time Dbranches will ccinci®e). The ray tracing, inluding the
creviously ment:icned velocity gradient in the lower <crust
3 * o
cives depth ¢f the mcho at 35.3 km below shot 1 and 46.1 km
below snct 8. For the purposes c¢cf the synthetic amplitude
- el - . - AR . .
ca.culatiorn cf a heorizontal Mohe , the interface 1is
ccsiticned at  the Jepths c¢f the <critically reflecting

segments <f the Zipping interface. There s a notatle
N o ;
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né observec ampiitudes fo
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the Pm critical regicn ©f shot 1 are duite large while no.
similar high amplitudes are observed in the record section
of this shot. It is-guite possible however that we would
have observed them, had the recording at offsets betwben 120
and 1§0 km been successful.figure 24 and figure 25 show the
fina;» model of line A in ﬁross section and in profile form
respectively, {hile figure 26 shows the ray diagram for shot.
1; figure 27 .shqws thé travel time reflection branches as
calculated by the ray trac{gg program;figure 28 and figure
29 show the synthetic seism;grams for the final model.

Two alternative solutions Sy

For modelling gravity data and for purposes of c¢

'wlth other connlnental crustal sections, 1t is conveé?ent to
have a simple one dr. two layer model of the crust. This
-smodel -with a cQHStaqt veiocity_or a §imple gradient in the
crust can be usedv Eo deé&:ibe an area.wnich iatéqglly is
very heterogeneous. . T
| 1) Starting from our final ﬁqdel for line A we would
like to compute an alternative eguivalent model (A1)
consisting only - of two layers over the half space: The
sedimentary cover and an average structure for the crust
with“ constant velocity. We in?ert théireGersed Pn arrivals
ass;ming a one layer crust to find ang .average velocity
(below the sedimentary cover) of 6.4 km/s,or, we can
calculate weighting factors for the detailed velocity

-

structure of the final model, in which case we find v crusts
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travel time t for a ray travelling through this velc :y
V_+kZ _
structure will be -1 ;. 0 max where 2Zmax 1s the
k "n V_+k2 T .
0 o
- L VO/ kt'l) . L S . ~
Gepth of the Moho. Then k= 3 (e This equation is,
: ' R : max B

6.36 km/sec for shot 1 and 6.%53 km/sec for shot 8.

2)Finally we would like to compute a mcdel (A2) of a
constant velocity gradient k within“the crust. The wvelocity
function will be V(z)=Vo+k(z-2z,). where z, is the depth of

the basement and V,=5.87km/sec.Then the one way verticai

solved by the aid of the coﬁputer in an itera ive manner to
find the best value of k that will fit the/observed travel

time-t=(Zmax—Z§)/VCrust. The result is  k=0.0262 sec”', Vm
S L aw

(=velocity aﬁﬁﬁ,“Vase of the crust)= 6.76 km/sec for shot 1

and k=0.0276 sec™', Vm = 7.06 km/sec for shot B8.figure 30
shows the two alternative models in profile.form.

. 0
5.2 Interprétation of line B

Very low .noise level and clear first .breaks are

. observed on both record sections of line B which are shown

in figure 31 and figure 32. An exception are the Pn arriwals

‘of shot 3 which are severely disturbed by noise.Correlation

) . ) <
of these. events became possible,although still somewhat

ambiguous, after application of a 5-12  Hz bandpass

filter.Correlation of the first breaks yields five linear
travel time segments .for shot 4 and six for shot 3.Their
apparent . velocities as well as intercepts and reciprocal

times were determined (table 3).It is noticed immediately

LA
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TABLE 3

First inversion Model For Line B.

{V{1)=3 4km/sec])

The heacers of the colfumns ‘are defined as foliows:

I - Interface.
S - Shot number.
*N - Number of records used in least squares.

Rt, — Record .t; (secl

Mt, — Model t; (sec)

Depth - Depth of the interface (km.
V app - Apparent velocity (kmisec).
RRT - Record Reciprocal Time (secl.
MRT - Model Reciprocal Time (secl.
Vi - True ?gelocity {km/sec).

o)

DIP - Dip interface (degrees). W
SN A, M, DEPTH Vap BRI MRL
3 3 .059:003 osér 1301 5662004 51.70 5130
2 " .
"4 3 1062003 1.10 2201 576+0.04 5140 5180
'3 0.83:004 082 .3.3x0.3 6.00:0.04 455? 2870
3 o e
45 1.28:004 132 4.0+0.3 6.10+0.04 4880 4870
5 1252005 125 7005 6212004  47.70 4770
3 1.81:005 180 8.7:05 6.37=0.04 47.10 47.20
37 165:007 1.64 - 120%06 6362004 4720 47.20
5 - . . :
49 252:004 252 15.8404 6.62+0.03 4630 4630
. 34 389:009 387 26.9+1.1 6.80=0.05 4610 46.13
6 .
- 4 - L —_— C - — —_ —_
33 852:030 856 465220 7900.20 4512 4508
7 ;

45 990:010 983  49.0:1.3 836:005 4454

4450 .

5.70

6.00

6.10.

6.21
6.37

6.36

662

6.80

7.80

8.36
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the depths chthe “interfaces ﬁ%om_the 1ntercept times@ The
- K . L .

:esult is -he lnambai ‘model - ‘shown in fig.1 and table 3. The

S
RS ‘

model successfully duo licates the observed head. wave  times:

2

- but considerable effort was expended in determlnlng ‘the

-

~extent to which this initial veloc1ty structuge satlsffed

other 1nformat10n1. \
. ¥ &
N e . <

Reflected phasss in lime B are gquite clear and

certalnly noi; of the complexity. observed in line A.

N o . . : (

‘FUrthermore, very prominent  critical reflections are

4 i T v ~

obsérved on ‘the records almost for 'all the refle;tioﬁ

branches.These eritical reflections provide -an additional

useful constraint for our modelling,since the distances gz

times of the critical reflections as calculated f

)

derived model can be compared with the observed ones.

3 . s

st twe f@i;l be Aconsidered ho*lzonta-.The -

5
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tne .ntecface &gt : KD De.cw snhct  and ¢.l KT KM De_ow
shoe i,.n agreement [ w. o tne results <ci .the init:ial
model.Interva. vel.ocity 1s 5.7 Kkm. s.Average velocity cf the

2

secimenzary .aver I§73.4{ Km's which gives ccrrectidepth cf

~he basemen: az bof%? ends <f <the prc

...branch_,  is clearly observed iJi both sections
3 ; 3 ) .

- . -

ical reflectiorn <c¢cf th:is

(34
i
"
]
rt
o
.
5
-3
o2
(1]
0
"
-
t
‘o

pranch is observed at x=37 km, t'=1.5s, for shot 3. It is

3_3?7r”Ed however for shot - %ﬂ: Depth. 7}c? the

*ntertacé/1§Wb;$vkm below shot -3 and r'ﬂ ktn -below shot 4, \as.
determined’ bx-?tne LRy -ﬁracing calculgﬁhons which alSol

suggest fthet' a sllght lateyal veloc1ty heterbqenexty (6. 02‘

km/s vs. 6.10:km/s) must be introduced in thlS layer }n

order - to . fit  satisfactorily the observed times.” - Phe

2

calculated critical distance = is ngfticel=36 km

,T'critical=1.5s for shot 3, . and Xeritical=47 km

R
_ E : [ ) .
,T’cr1t1cal=1.965 for shot 4. These figures are in. good

>

‘ agnéement with the observed ones. ®.

) R

C%itical reflections are very prominent for. the 'next

reflectibn _brahch in both record sections;They are observed

at Xc:lt.¢63 km T' crlt.— 905 for shot 3 and Xcrit=71 “km,

>

T crlt —2 20s bex Bhbt 4. Accordlﬁg to« ﬁhefray trac1ng -

»

travel t1me calculatlons the depth of the reflector is at:

'11.Q km below shot 3 'aﬁd 13.9 km- below‘ shot '4. The

calculated values for the critical reflections . are:

Zcrit.=62 km, gbcrit=1.905 for shot 3 and Xérit=70‘km



s .

.Qarrows i,“ flgure 33).- Hence' {tf

‘1nterface is broken the p051t10n

,T'crit=2.24s for ‘shot 4, in good. agreement with . the

&

observec values.I! is noticed however,that the depth of the
[}
nterface belvw shot &, as determined by the refiection

arrivals-13.5 km- is in notable disagreement with the depth

4% determined by ~ the head wave arrivals .—15 8 km-, To {.-

N

exp;a*n thlS dlscrepancy we must first keep 1n m1nd that the

AA

Vreflectlng 'secments of the 1nterface ‘that glve rlse to the

observed retrogr ade branch shot 4) are conflh%d w1th1n nthe
%’ e -
first *+ 50 km Vhlle th@‘head wave flrsu arrlvals n@ormatlon

sl

.comes approxlmately from the mlddle of.; the '1nterface -(See

fthe faubtf shown~‘in

flgure 34 jUStlfled by the fact thbt no break’aﬁﬁthe travel

time branch of the head waves is observed in the records..

The- head wave fi;st arrivals (shot 4) are coming fre@ the

downthrown bloek of the fault giving rise to a greater
intercept time which 4s translated to a deggh-of 15.-8 km.

The throw of the fawlt is about 1.5 km. Intervai velocityfis

6.23 km/s at’ the NE sxde of the profile and 6.30 km/s. for.

‘the SW. . Contlnu1ng our modelllng and after careful

L Cr &

wi

add1t1onal reflectlbn ﬁranch (R7) arr1v1ng before Pm can be

identified for “shégfv . The head wave tra it ime segment
B .

correspondlng to thlS branch has an apparent velocity of -

6.80-km/s. Qn the other hand, two reflectibn‘branches R6 and

a

-

'R7,arriving before Pm can be idenéiﬁied for shot ¢ while

head wave arrivals éforresponding to-these>re51ections are

ls“ suggestedj“that‘the‘

- eXamination of the selsmograms we_ notlce the,follow1ng One "

“
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abseht in the records. Consequently these two reflection

bfanches are analyzed by the T?-X? method which gives depths

'of the interfaces at 26 and 32 km respectively {shot 4). The

interval velbcity was 6.05 ¢km/s while infer¥al *velocity
: ' \
between R5 and R6 was 6.50 km/s. Hence , R6, R7 are the
N o
reflections from the top and the bottom of a low wvelocity

zone situated in the * middle crust below line B. However,

Vabsenceief R6 for shot 3 shows® that this zone 1is absent

" under the NE portion of the profile. This represents a

wusfgnificadt lateral heterogeneity in ourﬁhodel Absence . of

‘the gsubcritical rvegion where. amplitudes ~were

However, the . critical reflection was very clearly

7/

heaﬁ fwave arrivals from the interface at 28.4 km for shot 4

\
"J

-IS explalned by the presence of the LVZ which suff1c1ently

edelays 3these ‘events not allowing them. to appear as f1vst

arrlvals. Due to” thelr weak amplltudes they could’ n t be
detécted as secondary arrivals in:our: records.

Con;ludlng our 1nterpretat10n we would like to map  the

- Moho d15cont1nu1ty of the crust below line B\ Thls was not

an easy task since rellable information from"the Moho was

limited. Although Pn arrlvals for shot 4 were qu1te clear,

-

«Pn for shot 3 were very ambiguous. The %F\‘gqoup was well

defined for shot 3 but-not so well for shot 4 especially for
: - -

a

.very iow.

- R
\ P T 4

observed

~at Xerit=130 km, T'..1t"5.40s

. We start from the initial model of a horizontal moho as '

shown in the figst inversion model, fig 33:'Depth of 49 Kkm

Y

below shot 3 -and depth of 46.5 km below shot 4. We would

T 4 *



, j@;ffi;
like ,now *nﬁggpeat the initial inversion of the Q% arrlvals'
to include the effect of the low velocity layer. We
calculate the extra time the rays are spending within the

low velocity zone to conclude that theodepths of the moho .,

must be reduced.by 0.5 km. Then the new depths will be:48.5

.

km and 46 kmg;espectively:

i,

The next vsteb is to «calculate the true dip of the

interface. We invert the reliable Pn arrivals of shot ¢

i

&

assuming VMoho=8.15 km/s. The calculatlons suggest depth of
Moho at 40.0 km below shot 3 and 51.7 km below shot s (dip
"angle=2.3 °) " which gives an excellent;agreementjbetween

~¢K’5)" '."" ¢

, calculated and observed Pn arr1val tlng\fsn shot & We: must
. u‘dﬂ\) 1 ‘

keep 1nQ mlnd however that these ob§§gw§d Pn arrivals are

n

“‘coming from a llmlted portion of the moKo drscontlnu1ty The:
e
exact position of the refracting segments whlch glve rise to
~ the observed first  arrivals 1is 'shown by the arrows in

fig.33. Subsequently we would like to model the position‘of

]
Y

the reflectlng segments.of the 1nterface. Hence %§ ray trace '

v ¢4 ) oo

the reflections from the Moho and startlng from the SW s%de(
E 2B . %

of the profll we - notlce a clear dlsagreemept betweeﬂ ‘the

-

calculate@ and observed tlmes. Calculated reflection times
9‘ - .

ares signi 1cantly greater than . observed ohes. In partichlar,

p o
t

\,theh calculated Xcrltlcak 154 at 142 km and T' cr1t1cal 15\\
6.165, whlle obsgrved Xcrltlcal is 130 km T cr1t1cal~5 405

IA

. One mlght think to remove this dlscrepancy by . 1ncrea51ng
<«

¥ the velocity v(7). This 'w1ll' ellmlnate the dlsagreement

>

¥ between calculated .and observed critical times. However, it
. R . 1 . <

Ty



.some indication that the dip angle of the moho

132 for llne B, *foilow1ng the _same steps outllned in the

Q J 5 }’ - - * . . .
lnteLpretatlon_ of line A. The results are.lllustrated in

s ?;({,*;u"_":;l,E\ o ' = 83
" \0:‘)
will, gnve an even larger value for Xcritical due to the
reduced velocity contrast at tﬁe base *of the .crust.

L ]

Therefore, as the only alternative lef&, we conclude that
the Moho is faulted below line B, the upthrown block being
under the chg?de of the profile. The throw of the fault is
‘about 2.5 km as shown in fig.4 of the final model. Agreement o

-oetwaen theoretical . and observed Pm for the SW side of the
s \ . Lt P
model is now good. Calculated Xcrit. 1is LQSJ km, T'crit is.'

¥

5.55s . Agreement between talculated and observed Pm is also

satlsfactory for the NE side of the model although thefel;'

subcrltlcal regldn mlght be less than 2. jﬁ§;~"“

5

"The flnal model in proflle formfus ‘shown in flguﬁé*

y?l“'
Nyl

flgﬁﬁe 36 is the ray dlagram, shot 4, whlle flgure 37 shows

thelgiravel tlme calculﬁtlons flgure 38 and figure 39 show

"‘ -( -~

the synthetlc seismograms for 11ne B calculated accordlng

to. the finaltgpdel.aAgreement between synthetic and obsg}ved‘

. B i , ‘.-
N 23‘ ‘,“ ‘ 0. 3

Finally, we compute the two alternatlve models B1qand

amplithdes is good;

it
> . ” -

oy

. ot
figure 40 and table. 4. -. k A . , y
' R : e S .. &
L e o 5 : : ‘ -
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REE J . ~ . . . . ! .

s Alternative solutions for line B.Depths of Mohe and Pn
‘ L . i

vélocity same as in model B
SN ' )

HopeL 'SHOT 3 SHOT 4 o
Rt y ,
LB Vecrust=6.%44km/sec Vcrust=6.38km/sec

4

.. B2 . " K=0.0372sec-' . K=0.0286sec".

V.=7.14km/sec Ve=6.98km/sect:  , .
- L A - B ’f:-‘!; o Y .
O R 4 :
C o - ¢
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DOMNOIP SOURCE SHOT Y4
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: DISTANCE IN KM |

Figure 37.... Theoretical travel time calculatidns,shot 4.
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5.3 Interpretation of line C f.

The = data fof; line. C are presented in figure 41 and
figﬁre 42.First arrival information was reliable for: both~
shotg of the proflle wzth the exception of the\Pn arrlvals
of the southeast shot (shot 9) which were rather poor.
Careful correlatlon of the First, breaks yields fougklinea;
travel time segments for each record section.We start our
‘initial inversion assuming an average sedimentaryivelocity
of 3.3 km/s for both’éiées of the profflé. This gives depth‘
'of,the basément at 2.3 km below shbt 6 and 2.5 km below shdt
9. However, this latger value is sllghtly low according to
basement wells information, whlch suggests a depth close to
3 km. This requires an ave;aée‘sedlmentary veloc1ty of 3.6

_ km/s for tbe SE side of,thet roflle. ?hen, calculated head

wave arrivals for this fifsf “’;er'of our modei successfully
duplicate the corresponding observed Ctimes (table 5);The .
next set of obéerved‘head wave arfiéais‘bbgeFVed between 30
and 90 km is of a split-nature cohsiSting of two parallel to
each other linear travel éiﬁe 'Segments,r displaced  wi£h’
respect to each other bj 0.1s . These discoﬁtinﬁities in
time could be explained neither by' a sudden change in

‘elevation at the correspondlng:%Scordlng sites nor by near

surface velocity irregularities since no -
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| - Interface.

S - Shot number.
N - Number of records used”, in Ieast squares.
Rt, — Record t, (sec).

“Mt, -~ Model t, (sec)
Depth — Depth of the interface (km)

V_app

Vvtr - True velocity (km/sec).
.DIP - Dip of interface (degrees).

1SN

2

3

7'9‘3
6 2

o

TABLE 5

3

First Inversion Model For Line C
(V(1)=3.3km/sec under shot 6)
(V(1)=3.6km/sec under shut 9)

Y

- Apparent velocity (km/sec).
RRT - Record Reciprocal Time (sec)
MRT - Mode! Reciprocal Time (sec)

- Bl
1.2120.03
1.14+0.03

<

93

63

g8

4

6 11

8 2
6 4

1590.04

1 1.4520.04

2.50+0.06
2 65+0.06

8.10+0.04
8.8020.01

‘M

1.23
1.13

1.62
1.44

251
262

814

891

DEPTH  V app
3.120.1 5.67:0.04.
2.320.1 :5.54+0.04

4.7+0.3 6.22+0.04
4.0+0.3 6.14+0.04

'13.420.4 6.47:0.04

13.420.4 6.62:0.04

38.222.7 7.94x0.25

-432%1.1 8272006

) The headers of the columns are defined as follows:

BRT _

MRT_

52.05

53.15

48,05

48.45

47.06
4586

44.20
4380

852.30
52.70

4790

48.20 .

46.86
4585

4#".12'

44.12

<

5.60

6.19 -

' 6.47

6.62

o

0o .
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[9]]4
0.16
0.14

0.00.
0.00

-1.00
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similar time displacements are observed for the seconéary
arrivals identified.within the-same offset range. Hence they
must be ~.att:ributeii“to the refractor itself and in fact.our
‘intérp;etation is a step-like intqrﬁace at a‘deptglof‘4.5 ké
below shot 9 and 4.0 km begow tﬁe reverse shot. Interval
velocit; is 5.60 km/s. The observed head wave times from
this interface, mentioned in table 5, correspond to the near
the shot arrivals of the split head head wave -travel time
segments. The throw of t§g/steps is less than 1 km.

The neft travel time segment is very well dgfined for
both shots- at offsets .betveen 80 and 190 km.Its apparent
velocity is 6.47 km/s fbr shot 9 and 6.62 km/s for shot 6.It
‘seegs however that‘ thé%e; differences of mthe \apparént
velocities are not asscciat;a with the -true dip of the
refractor but rather with différences in true velocities at
the two sides of the profile. This aré&hent is supported by
the large discrepanciés'observed in the réciprocalbtimes of
these arrivals-feciptocal time for the sho; 6 travel t?he
segmens being smaller by 1.1s than that of the reverse shot.
Hence, for the purposes of a first inversion baséd on head
wavé érrivals ve . prefer to treat this refractor as
hfrizontal and we invert the data assuming true velocity of
6.62_km/s below the interface, for shot 6, and 6.47 km/s for
the revefse shot.This yields a depth of 13.4>km'whiqh ‘quite

successfully duplicates - the observed intercept and

reciprocal times,for both shots.
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Head wave arrivals from Moho are quite unambiguously
idenﬁified for shot 6, at distances greater than 200 km from
the 'shotpoinE. Correlation of thesé .events yields an

' apﬁarent velocity of 8.27 km/s and’intercept time of 8.9s .
Correlation is much more problematic ‘for the reverse Shot

A

for which these values czn be determined only with;ﬁ a
rathef large margin of uncertainty -(seé table 5).In spite &}
this however, we still believe that a valid correlétion can .
be made’ and we proceec to invert the-data as;uming an upper
mantle velocity of 8.10 km/s. This yields depth of the moho
at 4?.4 km below shot 6 and depth of 38.1 km below shot. 9,
the uncertainty in this latter value being +2.5 km. The

\ B ot ~
results of cur initial model are fully illustrated in table
5. . :

Quite proﬁinent reflections have been recorded in both
record sections of line C.The reflection from the basement
_cbuld be clearly idéntified only in the first record of éhot
9 (offset=6.4 km)-at t'=1.4s . This observed time if in good
agreement> with the theoretical value ’'=1.45s) ¢ lculated *
according to the results of our initial .model. nalysis of
he first reflection branch (R3) of the records gives depths
of the reflector in close agreement with the initially
deriveé vaiues., R3 ’vas -well defined within the first 40
km.The next :etroqrade_ﬁ:anch (R4) :is of considerable length
consisting of‘quité prominent 5r§ivals within the first .130

km.Ray tracing calculations show that the depth of the

-Giving Vapparent=7.34 km,/s, t,=B.14s .
‘By use of eqguazion (16) Chapter 4.

K
a
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reflector must be;sé@ewhat different at the two sides of the

low shot 6 and 14.3 km under the reverse

P

":‘ N R G TS - . . . . . ,
shot .- Accon@y our initial 1inversion, the refracting

¢

/,M$§QMQnﬁ} cof  t R _1Bterface are positioned horizontelly at a

[

33} km,which may suggest the presence  of some
5, i
structural”

relief associated with this interface, the
central part of which may indeed be more or _ less
horizontal.Agreemént between synthetic and observed
amplitudes , for R4 is very good for both shots.

Continuing our interpretation we notice for shot 9 a
guite distinctive pattern of reflections | arriving
immediately after the R4 branch.These events . are
particularlf strong at distances ‘begyeen 75 and 110 km.
Furthermore it 1is at once noticed that their distinctive
character and appearance ig stroﬁgly similar’ with the
reflections associated with the upper lowrvélocitf\layer of
line A, (codpéfe, for example, with the arriQals © at
distances between 55 and 90 km of shot 1). Fheir correlation
‘from trace to tracé can ‘fn fact be continued withoug

.

difficulry towards shorter offsets, establishing two

~additional retrograde branches R5 and R6.These branches are

analyzed by the T!-X* method which gives a low .interval

velocity of 6.11 km/s.Synthetic modelling shows shows that a
s

somewhat lower velocit of €.00 km/s will probably give a

[4 .
more adequate agreement between the observed and synthetic

la}

the

(a4

amplitudes fo op of the LVZ. I: is of interest :o
£

(34
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notice that the RS,Ré reflection branches are not observed
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for the NW shot which suggests that the presence of the low
velocity layer is justified only for the SE side of the
prifile.Probably ‘it is the continuation of the upper low
velocity layer identified under line A.

Reflection arrivals from the Moho are désignated by

-

14

qui;e strong aquéfgggi}\in the critical region for both
recdrd sections of the line.However, before modél;ing the Pm
arrivals we ;oqld like to focus our attenticn into a well
defined set of events appearing in the records of shot 6 at
distances  around 150 km at t'=3.5s .Although their
amplitudes are low, their coherency is adequately good so
that .we feel that they should not be neglected in oﬁr
modelling. Their correlation from trace to trace estéblishes
the R7 reflection ‘branch shown in fig.42.N¢ coéiesponding
head wéve§ are identified in the reco:ds.For'ﬁhe purposes of
our ray' tracing modelling we éonsider the interface as
horizontal since no sufficient control of the dip 1is
provided by the data.The caiculatiéns suggest a depth of 31
km and an intervai velocity between the R4 and R7 reflectors
close to 6.58 km/s. The interface is absént under the SE
side of the profile since no corresponding reflections or
..ead waves are qbse:ved for shot ‘9. Synthetic amplitudes for
R7 are in agreement with the observed ones. o |

Concluding our interpretation Qe modglnthe Pm arrivals
obsérved in the reco;ds.Acco:ding tb the ray tracing
calculations the dqﬁth of the Moho is at 39.5 km below shot

9%and 44 km below shot 6.Seismic veloclcy at the base of the
' ?
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.crust  1s 6.85 km ‘'sec below shot 6 &..3 6.65.km/sec below the
'reversé shot.ﬁgreément between c~ynthetic Pm ampl-gudes and
observed ones is satisfactory as one can see 1in the
synthetic sections figure 43 and figure 44 .The final model C
is shown in figure 45.

One cannot overlook the presence of quiﬁe strong
arrivals appeariﬁg in the records after the Pm curve.Théir
cbrrelatibn is very gooa néétablishing several ret;ograde
cufveé after the Pm arrivals.The apparent yelocity of these
arrivals is high and 1increases with depth. All ‘these
branéhes seem to merge near the critical region giving rise
to particularly strong amplitpdes and conseguently are
wor4hy of further attention.hccording to the results of our
modelling they are iﬁtefprefed as due to a laminated:
sub-moho structure 6énsisting of several high and 1low
velocigy layers sandwiched betwegen each other, as shown 1in
the final profile model figure 46.Synthetic amplitudes
computed fot this sub-moho stucture‘agé shown for"Q%Sg 9 1in
figure 47, while the corresponding ’féy calculations are
included in figure 48

The two alternative models C1 and C2 are illustrated in

table 6 .and in figure 49. TABLE P

. -

'Alternative solutions for line C.Depths of Moho and Pn

e . :
velocity same as in model C.

MODEL SHOT 6 ’ . SHOT 9
c1 . Verust=6.52km/sec _Vcrust=6:41km/séc
c2 K=0.0414sec" " ‘ K=0.0392sec""

Vm=7.32km/sec Va=7.02km/sec
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Figure 45.... Final model for line C.Solid lines indicate
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6. CONCLUSIONS AND DISCUSSION
of lines A,B,C of the

‘ The resﬁlts_of‘the interpreﬁation
W1983 CO-CéUST expetiment_seveal a very coﬁplex struéture_of
ghe crust below = South-Central Saskatchewan.Low velocity
-layegs.have been detected bhelow all three profiles.This is a

particularly interesting feature of the derived models since

-

no such layers‘ have been identified by previous seismic
gurveys in Alberta,Manitoba and eastern . ana western
Saskatchwean.It is of interest to speculate on the nsture of
ﬁhese low veloci;y zones and we will return to this matteé

at the end of this section.The crust‘thickens southwards and
‘thins eastwards.Crustal thickness below the study- area
varies from 37 km to 47 km.Depths of Moho below the triangle
are shown infigure 50.No evidence of anisotropy or
substPntial ‘vaéiation of the Pn velocity can be.postulated
since upper mgntle velocity was found to be practically ‘the
.same below the three profiles where revgﬂsed travel times
were available.The Pn velocity was close to an average value
of 8.13 km/s.fhis value is in agreemeht with the resulﬁs of
6ther seismic " . studies in.;. Alberta and
Saskatchewan.(Substantially lower upper mantle velocities
have been reported for Manitoba). This similarity of density
vaiues of upper mantle material"sugggsts that the base of
the lithosphere below Western Cénada is('sﬁbjécted to a
uriform thermal regime.There is no evidencé of any localized
partial melting and thermal a;teratidh of the lower crust.It

must be mentioned that such evidence has been reported
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previously by seismic studies in U.S.(e.g. in the Basiﬁ and
- Range area,Gish et al.,i98i) and was‘eiplained as a result
of magmalintfusion into the base of the lithosphere caused
by 'upward} convection withib the ésthenosphete(Withjack,
1979) .However,a slight lateral velocity variation is present
in most of the layers of our models B and 'C showing a
consistent uestwafd increase of velocities within the
crust.This may be due to a slightly elevated temperature
regime within the crust of eastern Saskatchewan.

There is clear evidence that the base of the crust is
faulted under line B.The throw of the fault is at least '3
km.A similar structural variation at the intersection of
lines A and C shows that the fau;t fis probably continued
through southern Saskatchewan,passing through the earthguake
prone area of Bengough.The great depth ‘95 the Moho near
| Swift lcurrent-below shot 4 of line E/;anvbe attributed to
the complex N.E-S.W. trends in Saskatchwean interseéting thé
' buried east-west Precambrian rift in-Alberta discovered by
Ranasewich et al.(1969). Correlation between the various
layers of - models A,B and C is reasonable‘both in depth and
structure.Considerable effort was spent in attempting to
derive other models that would fit the details of the
observed seisﬁograms, All these efforts were unTuccessful.A
total of about 200 models were tested: by synthetic
seismograms and ray tracing before concluding the final
models appearing in figures 24,34,45. 1t is noted that a 7

km/s layer is absent in all three models.It is also absent

-
-
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in the interpretation of the CO-CRUST C-1979 profile which
is in very good agreement with our model A. |

- As mentioned earlier ,line A was located close to the
NACP conductivity. anomaly as postulated by Alabi. et
al., 1975, see figure 51. According to their results the
anomaly is a major feature in the liﬁhosphere of Precambrian
north Americé,Aextengihg from north-central Saskatchewan to
the Black Hills -of' Wyoming and thence to the northern
‘Southern Rockies.The Southern part of the anomaly which isqa
narrow belt(around 50 km wide) of very high electrical
conductivity was modelled by Camfield and Gough(1977) to be
in the uppe; m§ntl; while its maximum deéth in Saskatchewan
is not more thén 35 km. No'anomalou§}y high heat fld: has
been ' reported for” th~ area of the NACP anomaly in
-Saskatchewan.Therefore the observed highi conductivity4 must
be attriputed. to different rock type rather than different
temperature environment. Whether this is in the form of
graphitic sheets, or brinés rich in heavy metals transferred
into fracture  zones ,0r high concentration of hydrated
minerals in the host rock is a problem which cannot be

resolved by the present amount of information.

According to our work,two  low velocity zones were

identified in the Earth's crust below line A, at depths of
15 and 25 km respectively.It is poésible that both of these

low velocity layers contribute to the observed 'conductivity

anomaly.There is some indication (see final model C) that

the conductor extends itself under the SE side of line C.

-
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O

Camfield and Gough (1377) postulated that the linear crustal

tructure may be a major continental fracture zbne mapped
over a total length of 1800 km.It is in fact quite possible
‘that the fault we have detected in the crust under the
triangle ABC(its strike being 1in alignment with the NACP

body) comes in support of this argument.
R
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\ APPENbIX

‘ LISTING OF COMPUTER PROGRAMS

despiking ‘prodram -

forwarc solution for a n-layerecd system.
‘nverse .solution for a n-layered system.

ray tracing program

»



C  THE DESPIKING PROGRAN

60

20

21

IRJ=1ABS

INTEGER =2 IT(768),1D(768),L1,L2
CALL READ(ID,LT,0.LA, 1)
ID1=1D(1) :

I1D2=1D(2) :
IGRR=ISIGN(1,1D1)
IGR=ISIGN(1,1D2)

I1G=1

oc.n nn

I
IF(IRJ.LT.

)GO TO 20
IDLA=ID(J)-1ID(J-1)

-1

IDLA=]ABS(IDLA) , : S,

1F(IDLA.LE.10)GO TO 21
IF(IDLA.LE.(IRJ+200))GO TO 60
IF(IG1.LE.0)GO TO 60
IT(J)=1GS*IRJ
GO TO 8
IDLZ=ID(J)-1T(J-1)
1DLZ=1ABS(IDLZ)
IF(IDLZ.LT.IRJ)GO TO 22
IF(IG1.LT.0)GO TO 24
IT(J)=1GS*511

GO TO 8

CONTINUE

IT(J)=1D(4)

1GRR=1IGR

1GR=1GS |
17S=1T(J) .
1GS=ISIGN(1,ITS)
1G3=1G2. |
1G2=1G1

1G1=1G0

1GO=1

GO TO 33

CONT INUE
IT(J)=1GS*511
1GRR=1IGR

1GR=1GS |
17S=1T(y) -
1GS=ISIGN(1,1TS)
1G2=1G1

1G1=1GO0

1G0=(-1)

GO T0 33

22

CONTINUE
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23
- 24

33
200

503
504

505
500

600

550
501
502

IF(1G2.GT.0)GO TO 23
IT(J*=1GRR*(-511)

GO TO 8

CONTINUE

IT(J)=1ID(J)

GO TO 9

CONTINUE *
IT(J)=1GR*(-511)

GO TO 8

CONTINUE

WRITE(6,200)ID(J),1T(y),IGS,1GR,IGRR,IGO,IG!

FORMAT(2110,716)-

CONTINUE

CONTINUE

DO 500 1=4,766

IF(IT(I).LE.510)GO TO 500 .,
IF(IT(I+1).NE.(-511))GO TO 500
IF(IT(I+2).GE.0)GD TO 500 -
WRITE(6,503)ID(I),ID(I+1),1D(1+2}
WRITE(6,504)IT(I),IT(I+1),IT(1+2)
FORMAT(’ 1D VALUES IN TRAP’,318)
FORMAT(’ IT VALUES IN TRAP',b318/)
IT(I+1)=1D(1+1)
WRITE(6,505)IT(1),IT(I+1),1T{I+2)

.FORMAT(* _MODIFIED IT VALUES ' ,318/) -

CONTINUE

DO 600 K=4,766

IE(IT(K).LT. 485)G0 TO 600
IF(ITEK+1.).NE.(-511))G0O TO 600
IF{IT{K+2).LT.50)GO TO 600
IT(K+1)=511
CONTINUE

DO 550 1=1,768,8
IPP=1+7
WRITE(6,501) (ID(K),K
WRITE(6,502)(IT(K
CONTINUE

FORMAT(818)
FORMAT(BIB/)

' STOP \

END.

,1G2,1G3
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THE FOREWARD SOLUTION OF & MULTILAYEKRED Sy>itm. )
THE CALCULATION CAN BE PEFORMED FOR AN ARBITRARILY LARGE NUNBER
OF LAYERS.THE LAYERS CAN BE ARBITRARILY DIPPING.NO LOW VELOCITY
LAYERS ARE ALLOWED IN THE MODEL.THE SOURCE CAN BE AT ANY DEPTH
WITHIN THE FIRST LAYER.THZ RESULTS OF THE TRAVEL-TIME " :
CALCULATIONS ARE PLOTTED ON & T-X AND A T’-X GRAPH.
DIMENSION A(10),ZU(10),zD{10),DIP(10),D¢10},U(10)
DIMENSION XSA{32),TSA(32),RSA(32),ASX(32)
INTEGER VARTY
" READI(5,31)A
31 FORMAT(10F5.2)
READ(5,32)2U
32  FORMAT(10F6.3)
READ(5,33)ZD
33 FORMAT(10F6.3)
READ(5,34)DIP
34  FORMAT(10F5.2) :
READ(5,110)PL,PH,PARAM1,PARLIM2 ,MODEL
110 FORMAT(4F5.1,14) : ‘
READ(5, 120 ) VAR1 )
120 FORMAT(14) .
o READ(5, 124)VAR3,0FFSET,RVEL
124 FORMAT(3F7.2) :
C MODEL IS THE NUMBER OF LAYERS OVER THE HALF SPACE

?IMENSION RM({10),DI(10),RN(10),Ul(10),TU(10),TD(10) ,RTU(10),F
R) - : :
CALL PLOTS ’ ~ , \
CALL PLOT(0.5,0.5,-3) '
'CALL" PLOT(PL,0.0,2)
CALL PLOT(PL,PH,2)
CALL PLOT(0.0,0.0,3)
- CALL PLOT(0.0,PH,2)
CALL PLOT(PL+1.5,0.0,-3)
caLL PLOT(PL,0.0,2)
CALL PLOT(PL,PH,2)
CALL PLOT(0.0,0.0,3)
CALL PLOT(0.0,PH,2)
CALL PLOT(-(PL+1.5),0.0,-3)
NSY=0 ' ) : . ‘
IPL=IFIX(PL) . .
"IPH=IFIX(PH)
. VAR2=290.-0OFFSET"
C ALFA IS THE DEPTH OF - THE SOURCE
. ALFA=0.0 : '
ZU(1)=ZU(1)-ALFA
ZD(1)=ZD(1)-ALFA =~
C CONVERT THE ANGLES TO RADIANS
- DO 1 NA=1,10
DIP(NA)=DIP(NA)*0.01745
1 CONTINUE o .
C CALCULATE ANGLES D(10),U(10)
DO 42 LEK=1,MODEL : :
D(LEK)=ARSIN(A{LEK)/A(LEK+1))+DIP(LEK+1)
U(LEK)=ARSIN(A(LEK)/A(LEK+1))-DIP(LEK+1)

O0OO0O00OO0O0O



42 CONTINUE . , 121
C DIRECT WAVE . oy
WRITE(6:, 83) _
83  FORMAT(//, 'DIRECT WAVE')
NCPL=0
DO 5 1X=10,VAR1,10
NCPL=NCPL+1
X=1X-10.
IF(X.EQ.290. ) X= VAR3
T=(SQRT( (ALFA*ALFA)+(X*xX)))/A(1)
REDTDI=T-(X/RVEL)
WRITE(6,300)X,T,REDTDI
XSA(NCPL) =X
ASX(NCPL)=QFFSET- x
TSA(NCPL)=T ,
RSA(NCPL)=REDTDI . .
300 . FORMAT(' 0’ ,F10.2,F8.4,F8.4) : ‘
5  CONTINUE : -
RMSA=0.0
" TMSA= o 0
DO 51 K=1,NCPL
~IF(TSA(K) GT.TMSA)TMSA=TSA(K)
IF (RSA(K) .GT.RMSA)RMSA=RSA(K)
51  CONTINUE
IF(TMSA.GT.10)GO TO 57
T2P={( ((IFIX(TMSA))/2+1)*2)
GO TO 58
57 T2P=(((IFIX(TMSA))/10)+1)*10,
59 CONTINUE
IF (RMSA.GT.10)GO TO 54
R2P=(((IFIX(RMSA))/2)+1)=*2
GO TO 58
54 R2P= (((IFIX(RMSA))/10)+1)*1O
58 . CONTINUE
X2P=0FFSET/PL
XSA(NCPL+1)=0.0
XSA(NCPL+2)=X2P
ASX(NCPL+1)=0.0
ASX(NCPL+2)=X2P _
TSA(NCPL+1)=0.0 _ . >
TSA(NCPL+2)=T2P/PH
RSA(NCPL+1)=0.0 .
RSA(NCPL+2)=R2P/PH
291 FORMAT(8F10.4) '
CALL LINEP(0.042)
CALL LINE(XSA,TSA,NCPL,1,1,NSY)
CALL LINE(ASX,TSA, NCPL 1,1,NSY)
DO 4 KA=1,IPH o
RL=KA*TSA(NCPL+2)
RKA=KA
CALL NUMBER(-0.35,RKA,0.086, RL 0.0,-1)
CALL SYMBOL(0.0,RKA,0.042,3. o ,1)
CALL SYMBOL(PL,RKA,0.042,3, 1)
4 CONTINUE s .
DO 322 KA=1,IPL K
RL= (KA*XSA(NCPL+2))/?000 ; :
RKA=KA - |
CALL NUMBER(RKA-0.12,-0.20,0.087,RL.0.0,1)
CALL SYMBOL(RKA,0.0,0.042,3,0.0,1)
322 CONTINUE .
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CALL PLOTI(PL+1.5,0. 0 -3) 122

DO 15 KA=1,IPH

RL= KA*RSA(NCPL+2)

RKA=KA

CALL SYMBOL(0.0,RKA,0.042,3,0.0,1)
CALL SYMBOL (PL,RKA, 0.042,3,0.0, 1
CALL NUMBER(40.35,RKA.0.086,RL.O.O,-1)
CONT INUE

DO 323 KA=1,IPL

RL= (KA*XSA(NCPL+2))/1000

RKA=KA o3
CALL NUMBER(RKA-0.12,-0.20,0. 087 RL,0.0,1)

CALL SYMBOL(RKA,O0.0, 0.042,3,0.0, 1) :

CONTINUE

CALL LINE(XSA,RSA,NCPL,1,1,NSY) |

CALL LINE(ASX,RSA, NCPL 1,1,NSY) v ) -
CALL PLOT(-(PL+1" 5) 0.0,-3) ‘
NSY=NSY+1

" 1F(PARAM1.NE.0.0)GD TO 80

VARIABLE PARAM IS NOT EQUAL TO 0.0 WHEN THE SOURCE
EXACTLY AT THE SECOND INTERFACE

IP SOURCE

DIP WILL REFFER TO THE SIDE OF THE PROFILE IN WHICH Zu
DEFINED.(IF Zu»zZD DIP<0.0). . .
U12=ARSIN(A(1)/A(2))

WRITE(6,701) '

FORMAT(//,' UPDIP SOURCE HEAD WAVE FROM INTERFACE 2')
NCPL=0 _ :

DO 2 IX=10,VAR1,10

NCPL = NCPL+1

X=1X-10- (ALFA*TAN(D(1)))

IF(X.EQ.VAR1-10- (ALFA*TAN(D(1))))X=VAR1-10
R-(ALFA*=TAN(D(1)))-VAR2

TU2= (X/A(1))*SIN(D(1))+(ZU(1)/A(1))*(COS(D(1)))
E+(ZU{1)/A(1))={COS(U(1)))
TU2=TU2+(ALFA/A(1))=*COS(D(1)) .
TU2=TU2+(ALFA/A(1))*=TAN(D(1))*SIN(D(1)) : P
REDT=TU2-(X/RVEL)-((ALFA/RVEL)*TA {(D(1)))
TT1=X+(ALFA*TAN(D(1)})

WRITE(6,100)TT1,TU2,REDT
" FORMAT(’ 0’ ,F10.2,F8.4,F8.4)

XSA(NCPL)=TT1

TSA{NCPL)=TU2 ,

RSA(NCPL)=REDT - -

CONTINUE ™

CALL LINE(XSA,TSA, NCPLu1 1,NSY)
CALL PLOT(PL+1 5, 0.0,-3)

CALL LINE(XSA, RSA NCPL 1,1,NSY)
CALL PLOT('(PL+1 5) 0.0, 3)

NSY=NSY+1

C DOWN DIP SOURCE

702

NCPL=0

WRITE(6, 702)

FDRMAT(// DOWNDIP SOURCE HEAD WAVE FROM INTERFACE 2)
DO 3 IX= 10 VAR1,10

NCPL=NCPL+1

- X=1X-10.-(ALFA=TAN(U(1)))

IF(X.EQ.VAR1-10- (ALFA*TAN(U(1))))X VAR1-10

" E-(ALFA=TAN(U(1)))-VAR2

TD2 (X/A(1))*SIN(U(1))+(ZD(1)/A(1))*(COS(D(1)))+A
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C THREE LAYERS

E(ZD(1)/A(1))'(COS(U
)
)

123
TD2=TD2+(ALFA/A(T) .
TDZ=TD2+(ALFA/4L(1)
REDTD=TD2-{ X/RVEL )~
TTieX+(ALFA=TAN(U(
WRITE(6,200)TT1,TD2,REDTD |

XSA(NCPL)=TT1

TSA{NCPL)=TD2

RSA{NCPL )=REDTD

FORMAT(’' 0’ ,F10.2,F8.4,F8.4) ’
CONTI'NUE

CALL LINE(ASX, TSA NCPL 1 1,NSY)

CALL PLOT(PL+1 5,0.0, 3)

CALL LINE(ASX,RSA, NCPL 1,1,NSY)

CALL PLOT(-(PL+1 5) 0. -3) :

C UPDIP SOURCE

- 80

30

400
645

U23=ARSIN(A(2)/A(3))
Bi=(&(1)/A(2))=SIN(D(2)-DIP(2))
D13=ARSIN(B1) ’
Ci=(A(1)/A(2))*SIN(U(2)+DIP(2))
U13=ARSIN(C1) '

REAL NEWD1

- REAL NEWU1

NEWD1=D13+DIP(2) -

NEWU1=U13-DIP(2)

WRITE(6,90) '

FORMAT(// " UPDIP SOURCE_ HEAD WAVE FROM INTERFACE 3')
NCPL=0 ' :
DO 645 1X=10,VAR1, 10

NCPL=NCPL+1

. X=IX-10.- (ALFA=TAN(NEWD1))

IF(X.EQ.VAR1-10-(ALFA=TAN(NEWD1)))X= VAR1T-10
F- (ALFA*=TAN(NEWD1))-VAR2 -

TU3= (X/A(1))*SIN(NEWD1)+(ZU(1)/A(1))*(CDS(NEWDI)+COS(NEWU1))
M+(ZU(2)/A(2))=(COS(D(2))+COS(U(2))) |

TU3=TU3+ (ALFA/A(1))=COS(NEWD1)

TU3= TU3+((ALFA/A(1))*TAN(NEWD1)*SIN(NEWD1))
RTU3=TU3- (X/RVEL)-((ALFA/RVEL)*TAN(NEWD1))
TT1=X+(ALFA=TAN(NEWD1)) )
WRITE(6,400)T71,TU3,RTU3

XSA(NCPL)=TT1 .

TSA(NCPL)=TU3

RSA(NCPL)=RTU3

FORMAT(’ 0’ ,F10.2,F8.4,F8.4)

CONTINUE .

CALL LINE(XSA,TSA,NCPL,1,1,NSY)

CALL PLOT(PL+1.5,0.0,-3)

CALL LINE(XSA,RSA, NCPL 1,1,NSY)

'CALL PLOT(-(PL+1.5),0.0,-3]

NSY=NSY+1

C DOWNDIP SOURCE

91.

- G- (ALFA*TAN(NEWU1)) VAR2

WRITE (6, 91)

FORMAT (/7" DOWNDIP SOURCE HEAD wAVE FROM INTERFACE 3')
NCPL=0

DO 7 1X=10, VARI 10

NCPL=NCPL+1 -

X=1X-10-- (ALFA=TAN(NEWU1)) .
IF(X.EQ.VAR1-10-(ALFA*TAN(NEWU1)))X=VAR1-10
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TD3={X/A(1))*SIN(NEWU1)+(ZD(1)/A(1))=(COSINEWD1)+COS(NEWUT))
) ) ‘

N+(ZD(2)/A(2))*=(COSID(2))+COS(U(2

TD3=TD3+(ALFA/A(1))=COS(NEWUT)

TD3=TD3+( (ALFA/A(1) )=TANINEWUT)*SIN(NEWU1))
RTD3=TD3- (X/RVEL) - ( (ALFA/RVEL)=TAN{NEWU1) )
TT1=X+(ALFA*TAN(NEWU1)Y) .
WRITE(6,500)TT1,TD3,RTD3

XSA(NCPL}=TT1.

TSA(NCPL)=TD3

RSA{NCPL)=RTD3 \

FORMAT (' 0’ ,F10.2,F8.4,F8.4)

500
7 CONTINUE
~ CALL LINE(ASX,TSA,NCPL,1,1,NSY)

CALL PLOT(PL+1.5,0.0,-3)

CALL LINE(ASX,RSA,NCPL;1,1,NSY)

CALL PLOT(-(PL+1.5),0.0,-3) ,

NSY=NSY+1
PARAM2 ISNOT EQUAL TO 0.0 WHEN THE MODEL CONSISTS ONLY OF
THREE LAYERS

IF(PARAM2.NE.0.0)GD TO 22
GENERALIZATION FOR ANY NUMBER OF LAYERS

DO 20 J=3,MODEL ~ '
IN ITS GENERAL FORM,THE PREVIOUS STATEMENT IS &
DO 20 J=3,N WHERE N= (TOTAL NUMB. OF LAYERS-1)

IVAL=J+1

RM(1)=0.

- RM(2)=ARSIN(A(J-1)/A(U)*SIN(D(J)-DIP(J)}) :
INDEX 1=1 ,
DI{1)=0. ' . ot
DI(J-INDEX1)= RM(2)+DIP(d) &

- INDEX=t -~ .

DO 40 K=3,J

a0

o

92

- NCPL=NCPL+ |

RM(K)=ARSIN(A(J-1-INDEX)/A(J- INDEX)*SIN(DI(J INDEX)
M-DIP(dJ-INDEX))}

INDEX1=INDEX1+1

IF(J-INDEX1.LT.2)GO TO 40
DI(J-INDEX1)=RM(K)+DIP(J-INDEX)

INDEX=INDEX+1

CONTINUE

RN(1)=0.

RN(2)=ARSIN(A(J- 1)/A(d)*SIN(U(d)+DIP(d)))

IND1=1

Ui(1})=0.

UI{J-IND1)=RN(2)-DIF(J)

IND=1

DO 60 K=3,J
RN(K)=ARSIN(A(J-1-IND)/A(J-IND)=SIN{(UI(J-IND) .
N+DIP(J-IND))) - T
IND1=IND1+1

IF{J-IND1.LT.2)GD TO 60

UI(J-IND1)=RN(K)-DIP(J-IND)

IND=IND+1 > o

CONTINUE o ._;; : , v

WRITE (B, 92)IVAL ‘ ’ :
FORMAT(//," UPDIP. SOURCE, "$IEAD WAVE FROM INTERFACE’ 14)
NCPL=0 : .

DO 53 Ix=10, VARI 10 ,

=IX-10. -(ALFA*TAN(RM(J)+DIP4 ))) ‘

.IF(X EQ.VAR1-10-(ALFA=TAN(RM(J)+DIP(2))))X=VAR1-10
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71
53

E-(ALFA=TAN(RM(J)+DIP(2)))-VAR2 P

TU(1)=0. -
TU(2;=O. o < e
TU(3})=0. : ~ _ :

K=d+ 1 yd o

(1)) *SIN(RM(d)+DIP(2))‘
)+(ALFA*COS(RM(J)+DIP(2) J/A(1)
)+(ZU(1)/A(1))*(COS {(RM({J)+DIP(2})+COS(RN(J)

)+ ( (ALFA/A(1))=TAN(RM(J)+DIP(2))=SIN{RM(J)
J+(ZU(J)/A(d) ) =(COS(D{J))+COS(U(J)))

DD 52 1=
TU(K)=TU(K
CONTINUE
RTU(K)=TU(K)-(X/RVEL)-((ALFA/RVEL)=TAN(RM(J)}-DIP(2)))
TT1=X+{ALFA=TAN(RM{J)+DIP(2))) . ’
XSA(NCPL)=TT1

TSA(NCPL)=TU(K)

RSA(NCPL)=RTU(K) >

WRITE(6,71)TT1,TU(K), RTU(K)

FORMAT('0Q’ ,F10.2,F8.4,F8. 4)

CONTINUE i

CALL LINE{XSA,TSA,NCPL,1,1,NSY)

CALL PLOT(PL+1.5,0.0,-3)

CALL LINE(XSA,RSA,NCPL,1,1,NSY)

CALL PLOT(-(PL+1.5),0.0,-3)

NSY=NSY+1

+(ZU(I)/A(T))=(COSIDI(I)}1+COS(UI(1)))

C DOWNDIP SOURCE

93

62

WRITE(6,93) IVAL | o
FORMAT(//,' DOWNDIP SOURCE ,HEAD WAVE FROM INTERFACE’ ,14)
NCPL=0 » :
DO 63 1X=10,VAR1, 10

NCPL=NCPL+1

X=IX-10.-(ALFA*=TAN(RN(J)- DIP(2)))
IF(X.EQ.VAR1-10- (ALFA*=TAN(RN(J)-DIP(2))))X=VAR1
K-10- (ALFA*TAN(RN(J) -DIP(2)))-VAR2
TD(1)=0.
TD(2)=0.
TD(3)=0.
Kz=d+1 _
TD(K)=(X/A(1))*SIN{(RN(J)-DIP(2))
kTD(K%:{?gK) (ZD(1)/A(1)) COS(RM(d)+DIP(2))+C05(RN(d)
U-DIP(2
TD(K%=;?§K)+J(ALFA/A(1))*TAN(RN(U)-DIP(Z))*SIN(RN(d)
E-DIP(2 ‘
TD(K)=TD(K)+(ZD{(J)}/A(J))*(COS(D(J))+COS(U(Y)]})
INTEGER P ' : :
P=y-1
DO 62 1=2,P o ’
TD(K)=TD(K}+(ZD(I}/A(1)})=(CO S DI(I))+COS(UI(I)))
TD(K)= TD(K)+(ALFA*CDS(RN(J) DIP(2)))/A(1)
CONTINUE -
RTD(K)=TD(K)-{X/RVEL)-( (ALFA/R VEL)*TAN(RN(JJ-DIP(2)))
TT1=X+(ALFA=TAN(RN(J)-DIP(2))]} o '
WRITE(6.43)TT1,TD(K).RTD(K)

XSA(NCPL)=TT1
TSA(NCPL)=TD(K)

125




43
63

20
22
21

24

RSA(NCPL)=RTD(K)
FORMAT(' 0’ ,F10.2,F8.4,F8.4)
CONTINUE

CALL LINE(ASX,TSA,NCPL,1,1,NSY)
CALL PLOT(PL+1.5,0.0,-3)

CALL LINE(ASX,RSA,NCPLT1,1,NSY)

CALL PLOT(-(PL+1.5),0.0,-3)
NSY=NSY+1

CONTINUE

CONTINUE

CALL PLOT(0.0, 0.0, 999)

STOP

END

T 126
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THE INVERSE SOLUTION OF A MULTILAYER SYSTEM.
THE PROGRAM CALCULATES DIPS,VELOCITIES AND UPDIP AND
DOWNDIP DEPTHS FROM INTERCEPT TIMES AND LPPARENT VELOCITIES

-NTOTAL IS THE NUMBER OF LAYERS INCLUDING THE HALF SPACE

5
8

DIMENSION VD(10),VU(10),RID(10),RI u( 0),A(10),DIP(10)
DIMENSION D(10),U(10),D0D(10), UU{10),zD(10),ZzU(10)
DIMENSION DL(10},UL(10),ANGLE(10)
READ(5, 1)DVEL, NTOTAL
FORMAT (F6.2,13)
A{1)=DVEL N )
READ(5,2)(VD(K) K=1,7)
FORMAT(7FB.2)
READ(5,2) (VU(KK),KK=1,7)
READ(5,2)(RID(L),L=1.7)
READ(5,2)(RIU(LL),LL=1,7) '
D12=0.5*(ARSIN(A(1)/VD(2))+ARSIN(A(1)/VU(2)))
DIP(2)=0.5*(ARSIN(A{1)/VD{(2))-ARSIN(A(1)/VU(2)))
ANGLE(2)=57.2958*DIP(2)
WRITE(6,3)ANGLE(2) '
FORMAT(' 0’ ,"DIP(2)=",F6.3,' DEGREES’ /)
D{(1)=D12+DIP(2)
U(1)=D12-DIP(2)
A(2)=A(1)/SIN(D12) S

"WRITE(6,4)A(2) : e
FORMAT ("0’ ' A(2)=" ,F6.2," KM/SEC'/) .
ZD{1)=(A(1)=RID(2))/(CcOoS(D(1))+COS(U(1)))
Zu{1)=(A(1)*RIU(2))/(COS(D(1))+COS(U(1)))
WRITE(6,5)ZD(1) o
FORMAT(" 0’ ,"ZD(1)=' ,F8.3, KM /)
WRITE(6,6)ZU(1)
FORMAT (’ 0’,'ZU(1)=’“F8.3,’KM'/)

THREE LAYERS :
D13=(-1)*DIP(2)+ARSIN(A(1)/VD(3))
U13=DIP(2)+ARSIN(A(1)/VU(3))

DD(1)=D13+DIP(2)
Uu(1)=U13-D1P(2) .
D23=0.5*(ARSIN(A(2)*SIN(D13)/A(1))+
EARSIN(A(2)*SIN(U13)/A(1))) - o :
DIP(3)=DIP(2)+0.5*(ARSIN(A(2)*SIN(D13)/A(1))
E-ARSIN(A(2)*SIN(U13)/A(1))) '
ANGLE (3)=57.2958=*DIP(3)
WRITE(6,7)ANGLE(3) ' A
FORMAT (' 0’ ,’ DIP(3)=' ,F6.3/)
A(3)=A(2)/SIN(D23)
. WRITE(6,8)A(3)
FORMAT(' 0’ ," A(3)=" ,FB.2/)
DD{2)=D23+DIP(3) ‘
uu(2)=p23-DIP(3) S
ZD(2)=(A(2)/(CcOS(DD(2) )+cOS(UU(2)) ), g
~Ex(RID(3)-{(ZD(1)/A(1)*{COS(DD(1))+COS(UU(1})))]
WRITE(6,8)ZD(2) -

8 FORMAT(’ 0’ ,”ZD(2)=",F6.3, KN /) )

ZU(2)=(A(2)/(cos{DD(2))+cos(uu(2))))
Ex(RIU(3)-(ZU(1)/A(1)*(COS(D (1))+COS(UU(1)))))
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WRITE(B,10)2U(2)
FORMAT (' 0’ ," ZU(2)=" ,FB.3," KM /)

C GENERALIZATION FOR N LAYERS

11

300

DO 100 N=4 ,NTOTAL

D(1)=(-1)=DIP(2)+ARSIN(A(T)/VDIN))
U(1)=DIP(2)+ARSIN(A(1)/ U(N))
INDEX=N=2"

DO 200 J=2, INDEX

DL(J-1)=ARSIN(A(J)/
UL(J-1)=ARSIN(A(J])/
D(J)=DIP{J)-DIP(J+1

A
A

)
U(J)=DIP(J+1)-DIP(J)

COcc

(
(
+
+

i+ CONT INUE

DIN-1)=0.5=(ARSIN(A(N-1) N(Di{N-2)))
E+ARSIN(A(N-1)/A(N 2)=SIN
DIP(N)=DIP(N-1)+0.5=(ARS
E-ARSIN(A(N-1)/A(N-2)=SIN
ANGLE (N) =57 .2Q58=DIP(N)
A(N)=A(N-1)/SIN(D(N-1)})
WRITE(6,11)ANGLE(N) , A(N)
FORMAT(‘ Q' ,'DIP=’ ,F6.3,’
SUMD=0.0

SUMU=0.0

DO 300 uJJ=1,INDEX
DD(Ju)=D(Jd)+DIP(JU+1) |
UU(JJ)=0(Jdd)-DIP(Jd+1) "/

A 1

Ul )

N( JL(N-2)=SIN(D(N-2)))
Ul ) | :

AHA\

VELOCITY=' ,F6.2. KM/SEC' //)

UMD S UMD S 7D (U /A U] = (COS (DD (Ju) ) +COS(UUTII) )
SUMU=SUMU+ZU(JJ)/A(Jdd) = (COS(DD(J J) )+COS(UU(Ju) )y
CONT INUE &

ZD(N-1)=(A(N-1)=(RID(N)-SUMD) )}/

E(COS(D(N- 1)+DIP(N))+COS(D(N-1)-DTP(N)))
ZU(N-1)=(A(N-1)=(RIU(N})-SUMU) )/

E(COS(D(N 1)+DIP(N))+COS(D(N-1)-DIP(N)))
WRITE(B,13)ZD(N-1),ZU(N-1) |

FORMAT (' 0" ,* ZD=' F6 3,'KM ZU=' ,F6.3, KM //)
CONTINUE : -
STOP

END
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RAY TRACING PROGRAN.
DIMENSION THETA(48) . H(48) VI45) PHII46' PPHI(46), UPL45)
DIMENSION LABEL (101, FrDIST(300'.FRTSUMxBOO),LABEL1\9!.TITLE(2
- DIMENSION FDIST(300),RRTSUMi 300 TTSUN 300 . HH(46)

C FDIST,RRTSUM,TTSUNM ARE THE FINAL OUTPUT A4RRZYS

C TH

(48]

DIMENSION CHI(46).CCH1(46).ZETA(1),A(46),5(46).C(&6)
DIMENSION D(46),CC(46).DD(4B), X (4B} ,Y(48), XX 46), (48)
DIMENSION FYY(1),PATH(46) , TPATH(4B), PPATH(46), TPPLTH(46)

NSURF 1S THE NUMBER OF INTERFACES IN THE MODEL INCLUDING
THE FREE SURFACE.OFFSET IS THE SHOT TO SHOT DISTANCE.
THE CONVENIENT SYSTEN OF COORDINATES IS:POSITIVE X AXIS
POINTING DOWNWARDS AND POSITIVE Y AXIS POINTING AT THE
SHOT.THE ORIGIN 1S AWAY FROM THE SHOT AT, THE OTHER END
OF THE PROFILE.
THE SHALLOW PART OF AN INTERFACE IS UNDER THE SHOT
THC DIP ANGLE OF THE INTERFACE IS POSITIVE, OTHERWHISE
IT 1S NEGATIVE.
SHO7=1.0 FOR THE RIGHT SIDE SHOT QOF THE PROFILE.SHOT=-1.0
FOR THE LEFT SHOT.
41 FORMAT(9A4)
READ(5,12)TITLE
12 FORMAT(24a4)
: READ(5,3)NSURF ,OFFSET,RVEL, SHOT
. READ(5,47)LABEL : o
. 47  FORMAT(10A4)
READ(5,41)LABEL1
C ONE INCH IS TEN KM IN THE RAY PLOT
‘ SCALE=10.0
C LEFT SIDE DEPTHS,HH USED ONLY FOR PLOTING THE MODEL
3 FORMAT(I3,3F7.2)

OOOCO000OO0NOO

READ(S, 331)(THETA(J),J=1,17)
READ(5.331)(V(I),I=1,17)
READ(5,331)(UP(IE),IE=1,17)
READ(S5,331)(H(IT),IT=1,17)
READ(5,331)(HH(ITR)},ITR=1,17)

331 FORMAT(17F5.2)
C~CONVERT THE DIP ANGLES THETA TO RADIANS
- DD 2 NX=1,17
THETA(NX)=THETA(NX)=*=0.017453
2 CONTINUE
CALL PLOTS
C PLOT THE MODEL

CALL PLOT(2.0,7.5,-3)

CALL PLOT(0.0,-6.0,2)

CALL PLOT(0.0,0.0,3)

CALL PLOT(OFFSET/SCALE,O0.0, 3)

CALL PLOT(OFFSET/SCALE,-6.0,2)

CALL PLOT(0.0,0.0,3)

CALL SYMBOL(6.7,0.7,0.4 LABEL1 0.0,36) ,
CALL SYmMBOL{S9.5,-6.1,0. 4 ,TITLE,0.0,8) :

-CALL A£XIS2(0.0,0. 0,’DEPTH IN KM’ -11,5.5,270.0,0.0,10.,1.00)
CALL AXIS2(OFFSET/SCALE,0.0," ',0,5.5,270.0,0.0,10.,1.00)
CALL PLOT(0.0,0.0 .3) .

C LINE A
DO 600 18=2,8



IF(IB.EQ.6)GO TO 600
IF(IB.EQ.7)GD 70O 600
CALL PLOT(OFFSET/SCALE,0.0,2)
CALL PLOT(OFESET/SCALE,-(UP(IB)/SCALE),3)
CALL PLOT(0.0,-(HH(1B)/SCALE),2)
CAtL PLOT(0.0,0.0,3}
600 CONTINUE )
CALL PLOT(OFFSET/SCALE,0.0,2)
CALL PLOT(OFFSET/SCALE,-(UP(12)/SCALE),3)
CALL PLOT(0.0,-(HH(12)/SCALE),2). .
CALL PLOT(0.0,0.0,3)
CALL PLOT(OFFSET/SCALE.0.0,2)
CALL PLOT(OFFSET/SCALE,-(UP(17)/SCALE),3)
CALL PLOT(0.0,-(HH(17)/SCALE),2)
CALL PLOT(0.0,0.0,3)
[F (SHOT.LT.O.)CALL PLOT(OFFSET/SCALE,0.0.-3)
PLOT THE TRAVELTIME FRAME
CALL PLOT(0.5,9.0,-3)
CALL AXIS(0.0,0.0,'DISTANCE IN KM’ ,-14,8.0,270.0,
£0.0,37.5) . '
C. FOR THE DOWNDIP SOURCE MAKE THE T AXIS FOUR INCHES LONGER
CALL AXIS(0.0,0.0,' TIME IN SEC',11,8.5,0.0,0.0,1.5)
CALL SYMBOL(1.5,0.5,0.14,LABEL,0.0,40) .
N1=4
N2=NSURF
301 CONTINUE
DO 900 N=N1,N2 : ,
1F(N.EQ.6)G0O TO 900 ‘ ' -
IF(N.EQ.7)G0 TO 800 L
FACTOR CONTROLS THE DENSITY OF THE TRACING.FOR' ‘N=4
YOU NEED HIGH DENSITY.FOR THE OTHER INIERFACES THE
DENSITY IS LOWERED.
FACTOR=0.20 .
IF(N.NE.4)FACTOR=0.3
IF(N.EQ.17.)FACTOR=0.4
WRITE (6,44)N,LABEL
. 44  FORMAT(' *,' INTERFACE', IS5, 9A4/)

O

OO0

45 FORMAT(' ' ,' OFFSET REDTIME TIME' /)
49 FORMAT(’ *,’ KM SEC SEC'/)
X(1)=0.0 . ' ; ;
Y{(1)=0FFSET
A(1)=0.0
B(1)=0.0
C(1)=0.0
D(1)=0.0

DEFINE THE EQUATIONS OF THE INTERFACES.
NOTICE THAT EVEN 1F THE INTERFACE IS NOT PLOTTED IN THE
RAY DIAGRAM,OR THE TRAVEL TIME PLOT, THE CORRESPONDING LAYER
IS TAKEN INTO PROPER ACCOUNT IN THE CALCULATIONS.

DO 1000 I=2,N

A(1)=-(1/TAN(THETA(I)))

B(I)= OFFSET+(H(I)/TAN(THETA(I)))
1000 CONTINUE -~
£ CALCULATE THE MINIMUM TAKEOFF ANGLE ZETA(1) MEASURED WITH
C RESPECT TO THE VERTICAL TO THE FREE SURFACE.
C THE CALCULATION IS NEEDED IN ORDER TO AVOID- ANY UNDEFINED
C ANGLES ALONG THE PATH OF THE RAY.
DO 444 [VXX=2,10
RATIO=V (N-IVXX)/V{(N-IVXX+1)
WRITE(6,778)V(N-IVXX),V(N-IVXX+1) 6 RATIO

OO0O0



C

c
c

COOO0O0O0

OOO0O0

778 FORMAT(3F6.2) 131

IF(RATIO.LT.1.) GO TO 314

444 CONTINUE

314 CONTINUE
ANGLE=ARSIN(RATIO)

 WRITE(6,688)IVXX

688 FORMAT(15)

DO 333 lAEK=1,50 , .
IF(N.NE.B) GO TO 894 - :

ANGLE =ANGLE+ABS (THETA (N-IVXX+1-1AEK) ) -ABS(THETA{N-IVXX
D+2-1AEK)) «
GO TO 8395 .

894 ANGLE=ANGLE+(THETA(N-IVXX+1-IAEK))-(THETA(N-IVXX+2-IAEK))

895 ANGLE=ARSIN(SIN(ANGLEﬁ*V(N-IVXXeIAEK)/V(N-IVXX+1-IAEK))'_
IF((N-IVXX-IAEK).EQ.1)GO TO 278

333 CONTINUE . o

578 ZETA(1)290. ¥5+0.01745-ANGLE+THETA(2)
TEST1=ZETA(1)*57.286 R
WRITE(6,8)TEST1
ZETA(1)=ZETA(1)-(FACTOR*0.01745)

WRITE(6,45)
WRITE(6,49) '
8 FORMAT(’ ' ,'ZETA(1) IS’ ,F7.2," DEGREES'/)

IR=0
DO 100 JJ=1,285
ZETA(1)=ZETA(1)+(FACTOR=0.01745)
TEST=ZETA(1)*57.296 ' :
WRITE(6,26)TEST
"1F(TEST.GE.S0.)GO TO 998

26 FORMAT(F7.3) — ‘.

DEFINE THE PAIRS OF REFLECTION AND REFRACTION ANGLES
(PHI,CHI), (PPHI,CCHI) BY USE OF SNELL'S LAW.
PHI(1)=90.%0.01745-ZETA(1)+THETA(2)
CH1(1)=ARSIN(SIN(PHI(1))*V(2)/V(1))

INDEX1=N-1
DO 220 K=2, INDEXT \
PHI(K)=CHI (K-1)+THETA(K+1)-THETA(K) ‘
AVOID CHI(N-1) WHICH IS NOT DEFINED FOR OVERCRITICAL
PHI (N-1).SINCE ZETA(1) IS CALCULATED,ONLY PHI(N-1)
1S ALLOWED TO BE OVERCRITICAL. .
THERE 1S NO OVERCRITICAL ANGLE FOR A RAY INDIDENT AT THE
TOP OF A LVZ _
IF(K.EQ.INDEX1)GO TO 220
CHI (K)=ARSIN(SIN{PHI(K))=V(K+1)/V(K))
220 CONTINUE
PPHI (INDEX1)=PHI(INDEX1)
L=N A
- INDEX2=N-2 '
DO 320 KK=1, INDEX2
L=L-1 .
CCHI(L-1)=PPHI(L)+THETA(L+1)-THETA(L)
PPHI(L-1)=ARSIN(SIN(CCHI(L-1))*V(L-1)/V(L))
320 CONTINUE <
DEFINE THE EQUATIONS OF THE INCIDENT AND REFLECTED RAYS
C.D ARE FOR THE INCIDENT, CC,DD FOR THE REFLECTED RAYS.
ALSO CALCULATE THE COORDINATES JF THE POINTS AT WHICH
THE INCIDENT AND REFLECTED RAYS INTERSECT THE INTERFACES.-
BY SOLVING THE SYSTEM OF THE LINEAR EQUATIONS. ‘
C{2)=(-1)*(1/TAN(ZETA(1)) )" -
D(2)=0FFSET '



Q) r)ncv‘
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/(C(2)-a(2))

O

LM-2)+THETA(LM-1)))
(LM-2) -THETA{LM-1)))
M))

J))/(C(LM)-A(LM))
420 CONT |

INDE

"nn —

1" ——z

DO 5
LL=L
PPHI(LL)+THETA(LL+1))

L+1)—(XX(LL+1)*TAN(PPHI(LL)+THETA(LL+1)))

(
L
JGO T0O 50
%

—_——

L)-DD(LL))/(CCILL)-A(LL)) ;

XX(L
L)*B(LL)-(A(LL)*DD(LL)))/(CC(LL) -A(LL))

50 CONT
) Xx(1
YY(1)= DD (1)
EYY 1S THE OFFSET OF THE RAY WITH TAKEOFF ANGLE ZETA(1)
 THE LAST REFLECTING HORLZON OF THE RAY 1S INTERFACE N
FDIST HAS TO BE AN ARRAY .ALSO RRTSUM,TTSUM-
FYY(1)=OFFSET-YY(1)
INCREASE ZETA(1) TO DECREASE THE QFFSET
IF(ABS(FYY(1)).GT.OFFSET)GO TO 100
IF(FYY(1).LT.0.)GO TO 999
IR=IR+1
FDIST(IR)=FYY(1)
CALCULATE THE TRAVEL TIME OF THE RAY
DEX1=N-1 ,
60 NA=1, INDEXT
PATH(NA) SQRT ( (X(NA+1)- X(NA))**2+(Y(NA+1) -Y(NA) ) ==2)
TPATH{NA)=PATH(NA)/V(NA)
60 CONTINUE
DO 70 NN=1, INDEXT ‘
PPATH(NN) =SQRT ( (XX (NN+1) - XX(NN))**2+(YY(NN+1)-YY(NN))**2)
TPPATH(NN)=PPATH(NN)/V(NN) . -
70 CONTINUE
.TSUM=0.0 :
DO 80 IP=1,INDEX1 o \
TSUM= TSUM+TPATH(IP)+TPPATH(IP)
TTSUM(IR)=TSUM
80 CONTINUE
RTSUM=TSUM- (FYY (1) /RVEL)
RRTSUM(IR)=RTSUM
CONST=1.0%0.01745 /
FIND OUT THE CRITICAL OFFSET OF THE HORIZON N :
IF(V(N-1).GT.V(N))GD TO 18
~ IF(ABS(PHI(N-1)- ARSIN(V(N 1)/V(N))).LE.CONST)GO 70 52
19" WRITE(S, 22)FYY(1) RTSUM, TSUM
22  FORMAT (' -~ 3F7.2)
GO TO 66

m-——90 < -
O——a—~Z

OCII NMI a2
O Ow. <p
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—
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52  WRITE(6,23)FYY(1),RTSUM, TSUM

C

23 FORMAT(‘CRITICAL",3F7.2)

66 CONTINUE - ‘ ,

77 FORMAT(’0’,’ NUMBER OF RAYS TRACED',bIS5//)
PLOT THE RAYS ,
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‘\CALL PLOT(SHOT*OFFSET/SCALE,0.0,3)

601

602
100
999

800

801

DO 601 IA=2,N
CALL PLOT(SHOT*Y(IA)/SCALE -X(IA)/SCALE, 2)

CONTINUE

‘LX=N

DO .602 ID=1, INDEX1

LX=LX-1

CALL PLOT(SHOT=YY(LX)/SCALE,- Xﬁ(LX)/SCALE 2)
CONT INUE

CONTINUE

CONTINUE

WRITE(6,77) IR

DO 800 IL=1,IR

FFDIST(IL)=FDIST(IR-IL+1)

CONTINUE.

" DO 801 ILL=1,IR

FRTSUM{ILL)=RRTSUM(IR-ILL+1)
CONTINUE

FFDIST(IR+1)=0.0
FFRIST(IR+2)=-37.5

FRTSUM(IR+1)=0.0
" FRTSUM(IR+2)=1.5
“"CALL LINE(FRTSUM,FFDIST,IR,1,0,0)

300

CONTINUE
CALL PLOT(O. 0 0.0, 999)

STOP o

-END



