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ÀBSTRÀCT

À Co-CRtsf seisnic refraction survey ras tlone in July

1977 in southern ttanitoba aurl Saskatcheran to ileternine the

structure of the Churchill- Superior bounclary, Data fron

tro reversecl refractioa profiles, one north/south in the

Superíor Province ancl one east/rest across the bouaclary of

the Superior ancl ChurchilL Provínces rere obtaÍneil.

Preli.nlnary interpretation of the rlata by Green et

al. (1980) suggestetl that tbe caust beneath the north/south

profile is sinilar to previously publishecl crustal uoclels

for the Superior Provlnce, rhile that of the east/rest is

typical of Churchilliaa crnst of eastern àlberta anil

saskatchêTâor

In this thesis, ritb the aitt of such data processing

and interpretation Bethocls as banilpass anil polarisation

filtering, Herglotz inversion, raï tracini a¡cl rKBJ

syntbetic seismogran noilelling ' a ctetailed atralysis and

interpretation of the cla+-a ras perfornecl, The results

inrlicate that for the north-south profile, the crust is
ilivittecl into f our laterally honogeneous laye rs, rith
velocity graclients both withln anil be+-reen layers. the

crust under the east-rest profile coatains fault structures,

t



layers of decreasing veloclty aad

?ron thls stutly, the bounilary 1s

ertent, narkecl by upper crustal
crustal velocity chaages.

lateral velocity changes.

a region of finite lateral
rliscontinuít,ies anil lorer
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Chapter I

INT RODI' CT ION

In Jüly 19?7, the consortiun for canaclian crustal

Stuclies (COCRUSI) currently conposecl of geophysicists from

tbe Earth Physics Brancb ancl the Unlversities of llanltoba,

Alberta, gestern Oatario, Toronto ancl Saskatcheuan;

con¿lucteil iÈr s first corporative seisnic survey in

southvestera Uanitoba, The obJective of the survey ras to

obtain infornation on tbe nature of the bounilary betreen the

Churchill anrt Superior Provínces of the Canaclian Precanbrian

Shield beneath the Pbanerozoic cover.

this bounclary ls associa tecl rith at least t ro

econonically inportant types of cleposits. Tn the outcrop

area to the north, coPPet - aickel ore is minecl fron the

Thonpson ilickel Belt near the bounclary. fn southern

ttanitoba, tbere is an accunulation of oil ancl gas in the

Phauerczoic sedineatary rocks overlying tbe bounclary.

Bet.ter unclerstancling of the structural anil stratigraphic

relationships rithin the transition alea rí11 aicl in

erploration activities in the region anil rill also give

insi,ght into the tectonic Processes rhicb eight have

occurre:l in the early history of the Earth.

1-



Flgure 1.1 - The Churchlll and Superlor Provlnces of

the Canadlan Shleld
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Si¡ilar seisnic rork have been clone in areas farther
east, in the Superior Province, by HalI ancl HaJaal (1969).

Nunerous geopbysical a¡tl geological stutlies have been

carriet out in tbe boundary area to tbe north. Hosever

prior to this seisnic experiueat litt1e seisnic rork has

been clone in extencling the bounilary into southern ttanitoba.

À prelíninary analysis of the clata gatheretl fron this
suryey ras done by Green et al. (19801 , in aclclitíon seisníc

notlelling basecl on velocity tlepth nodeLs derivetl by cEeen

vas carrieil out by Leranski (1979) anil tau (19791 .

Is this tbesis, an attenpt vill be nacle to interpret
the sane set of refract ion ilata usi.ng ItergI-otz type

inversion, HKBJ synthetic seisnogran noclelliag and ray

tcaciug i.n orÈler to obtain a nore accurate picture of the

seisnic ancl tectonic Dature of the bounclary zone.

The general geology of

sunnarisêü as follors :

the surveï area tray be

In the proyince of üanitoba the Canadian Shielil lies
exposecl as shorn in Pigure 1.1 . ?o the northeast antl

southresÈ it is burLetl under the paleozioc cover of the

Huclson Bay Lorlantls ancl the I¡terj.or P1ains respectively.

the Shield area in uanitoba is cllvlctecl into tro ua jor

geologic provinces the Churcblll Province Ín the northrest

anil the superior Prosince in tbe southeast. ft is the
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boundary betreen these tro proviuces

this thesls.

5

vhich is of coucern in

There are several theories as to tbe origin of the

boundlary betreen the Churcblll aacl Superior Proyiuees. One

hypothesis chanpioued by cibb (19751 proposes a collisíon
tTpe foraatj.on. He suggesteil that the Slave antl superior

protocontinents rere separatecl by Aphebian seas ancl

eontinental fragnents rhich at that tLne constituteil the

Churchill Province. Subseque¡t convergence of the tco

protocontinents leil to the lluclsonlan orogeny, the fornation

of the Churchill PlovÍace and coalition of the the cburchill

ancl Superlor Provinces.

In the nortb uhere the bountlary is exposed, the

regional geology has been stuclieil extensively. In the

vicinity of the bounclary, the area can be conveniently

tlivlrleit into blocks of sinilar geological trenil viz. ¡ the

Superior Block, the PÍkritonei subproyince, tbe llabovclen

Subprovince ancl tbe Cburchill Block (see Figure 1,21 .

In tbe northrest, tbe Superior Block is conposed of

Layerecl felsic gneisses, anphíbol1te ancl foliaterl granitoicl

trasses. 1o the south, there are easterly treniling Àrcheao

greenstone belts r cross -cut by east northeasterly trencling

faults. The adJacent píkvitonei subprovince is underlain by

granulite facies gneisses anil nl.no¡ anounts of anphibolites.

The labortlen Subproviace chich 1s also referrecl to as the



6

Thorpson l{i,ckel Belt anrl the Thoupson Ëoak ulckel Bel-t is
conposeil of predoainantly uignatic ancl layereô, cataclastic

felsLe gneisses. erayvackes anil shale - clerivetl gneisses

uaclerly the churchl11 Block in the region adjacent to the

bounclary ôE€âr

The character anil position of the Chqrchill
Superior bountlary is another area of controyersy. Believeil

by some to be a sbarp contact, it has been variously

positioned betreen the Churchlll and Superior Blocks. Bell
(1971) suggesteal t he contact betryeen the Pikuitonei ancl

flaborclen Subprovi¡ces is to be considerecl as the Churchill -
superior boundary. Reviev of the the geologlcal

relationships in the region by lleber ancl Scoates (19?81 has

leil to a relocation of the bounclary contact, leber ancl

Scoates (1978) proposed that the Haborclen and Plkritonei
Subprovinces are sufficiently sinilar to the Àrchean terrain
of the Superior Province to be consitlereil part of the

Superior Block. The Churchill Superior bounclary, bÍ their
reasooing, tberefore lies at the contact betreen the

llabovclen Subprovitrce and the Churchill Block.

A sharp contact betueen the tro geologic provinees

cloes not aeet vith unaninous approval. There are those uho

suggest that a graclatlonal transitios is tsore in keeping

rith the postulated node of fornation ancl the geological and

geopbysical finclings. They propose that the bounrlary is a
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PERIOD

Quarterna¡y

Tertlary

H
N

E

Sotl alluvlal depoÊItE, aanaÌ (lunos,
bog6. Blacla1 clePosltB

Cretaceou.s

BASIC LIIHOLO]Y

thale, aand.etone, llgnlte

Ju¡raslc

Ea¡¿l grey stllceous aha1e. bentonlte
beds, non-calcareous 6haLe' calcareous
shâ1e, llnestone bedE, Êanâ, shale.
sandstone, clay and l15n1te

lrtasslc
Pernlan
Pennsy lvanlen

I

Hl6slBBlpp1an

Varlcoloured shale, Ilnestone'
gypsu-E, snhyl¡1te' doloElte

H

N
r

Í

Devonlan

Dolo¡olte, anhyd¡lte, llmestone, 6hale

S I lurlan

LlDestone,anhydrlte' dolotrlte' ha1lte'
ehale

Ordovlclan

hÊ

Canbrlan

DoIoElte

Tab1e 1.1 Basic lithology
Mtanitoba ( Mc

DoloElte, calcareous sha1e, lllnestone

Clauconltlc aendltone

Pr6oåEb!1an

of southvÍestern
Cabe, L963).



9

zone of finite lateral extent e¡rcotrpassing both tbe tlaborclen

antl Plkrítonei Subprovinces.

Further sout h the bouoclary clisappears uncler the

Paleozoic coyer of the fnterior Plains. The geology of

southrestern ttani.toba can be iliviilecl into tro parts, the

Precaubrian baseaent anil the Phanerozoic seclinantary

geology. The Pha¡erozoic sequence i-s tbick antl the narinun

clepth is approrinately 2 kilonetres. It is conprisecl of

OrdoviciaD, SiIurian, Devonian, tlississippian, Jurassic and

Cretacecus strata (see Figure 1.31. Tab1e 1.1 gives the

rock types associ.atecl yith these seguences.

Little is ksoun about the Precambrian rocks

underlying the serlinentary cover, Correlation of clianond

drill infornation ancl oilrell logs by Boclhan ancl Honeniuk

(1970) have led to a tlivisio¡ into seyen broail categories of

rocks. Figure 1.4 gives the basenent geology as tleduceðl by

Boclhaa anrl Honeniuk {1970},

The tbick seclinentary cover prevents ride scale

nappi-ng of the basenent geology in the south. ID ortler to
clelineate the posi tion of tbe bounrlary in this area

geophyslcal nethocls flere useil. creen et al. (1979) obtainecl

a tentatiye eastern and restern linit for the boundary by

correlating the trenrls in the Eagnetics aadl gravity

establisherl in the ¡orth rith t,hose in the soutb,
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fith this postulatecl bounclary position ln aincl, tro seisnic

lines , a Dorth - south anil an east - rest (see Figure 1.5

), cere shoÈ iu orde¡ to cleterulne the change ln crustal

structure fron the Superior to churchill Province.

fn the folloring cbapters a brLef clescription of the

seisnic survey proceclure anil a iletailedl lnterpretation of

the ilata ale given.



chapter II
rNE RETRÀCÎIOI¡ SUEVET

f he refraction surYey conprisecl of tso 2'44 km

reversecl profiles; one in a uorth-south clirection frour

latitucle tt9.6356 degrees to latiturle 51.7983 degrees north

aail the other an east- rest line f ron longitutle 100 . 00 66

ilegrees to 103.3251 clegrees rest (see Figure 1.5). In an

attenpt to obtai¡ infor¡atio¡ ott tbe gross velocity

structure oyer an area that iaclucleô several fault blocks'

the aorth/south profile ras locatetl entirely in the Superior

provS.nce. The east,/uest li ne traversecl the Su perior

province, the bounôary zone antl the churchill province. The

clepths to the erustal ctiscoutinuities sboulil be obtalnecl

fron analysls of tbe clata obtainecl fron this profile.

2.1 SErSürC E!lßRGr SO{'RCE

À total of eigbt shots rere detoaatetl, rith a snall

and a large shot at the enct of each line. the charges reEe

nacle up of 60f geogel. These rere ôetonatecl in drillholes

about 15 to 37 tetres tleep and 13 to 15 inches ln cliaueter.

the size of the charge for tbe snalle¡ boles varl.etl fron'362

13



1¿l

to 363 kLlogra¡s aad that for the larger cbarges frour 816 to

1119 kilograns. the signifS,cant range of si,zes for the

larger shots Tas a result of the syupathetic cletonation of

charges prinerl for a ssaller shot rhen shot 3 cas firetl.

The total shot sizes, l¿titude, longitucle ancl

elevation of the shots are coataineil in Table 2,1 . The

accuracy of latitutle, longitucle antl elevation at these sites

are approxinately 10.0005 ilegraes, t 0.0005 clegrees antl t I
ûetres respectively. 111 shots rere firecl sucessfullY

cluring relatively guiet periods of the clay.

TÀBIE 1

Shot Paraueters

Shot

N Large
N Snall
S Large
s Smal1
E Large
E sea1l
fl targe
fl Snall

Sho

1

2
3
4
5
6
7
I

t * Charge SLze
{kgl
8.t 6
363

1 119
362
816
353
816
363

Latitucle
(clegrees)
51.8216
51.8217
49.6217
49,6213
49.6215
49,6215
49. 6449
,t9.6tt56

Longituile
{clegrees}
99.94?3
99.94?7
99.97 16
99.9716
99.9? t6
99.9726
10-3.3380
103.3376

E Ieva ti on
(n)
256
?56
tr12
472
472
ttTZ
472
472

2.2 8EE BggEIggE À83À!

The tecelvers

the University of

usecl in this suEYeY

loronto antl tbe Eartb

rere suppliecl by

Physics Branch,



Ottara. A vertlcal 1fl2,

15

north,/south andl east/test

horizontal seis¡oneters rere set up at each of six sites by

the Ealth Pbysics Branch ¡ rhile the tlniversity of Toronto

f.nstalleâ 1Hz raôial horizontal seisnoneters at the

renainlng in-line reeortling sites and a vertical 1ãz

instrunent at a Eenote slte about 0.6 kilonetres arayr Bith

this arrangenent. ít ras hopecl tbat sone iufornation on the

apparent velocity of P-¡raves couLil be obtainecl. Ihe

coabinecl equipnent alloce¿l f or recorcling at seventeen

tlifferent positioas along the line.

The receivers on the nortb/south profile rere locatecl

besiile ninor gravel roails vithin 9 kilonetres of the

tlani.toba Higbray Nunber 10, its northern continua,tionn

Highray llunber 20 ancl a gravel 
- roacl leacling tc take

tinnipegosis. The east,/rest profile flas set up along ninor

roacls soue 6 kilonetres fron tlanitoba Highray llunber 3 and

its resterly extensioa into Saskatchetan llighray tlunber 13.

These recorcling si.tes did not cleviate by Bore than t
4 kilonetEes fron a straight line. The latitucle, longltucle

anil elevation of the receive¡s are given in Table 2.2 (a)

ancl (b). The accuEacy of the absolute latitutle, loogitucle

ancl elavatio¡ are t 0.0005 clegrees, ! 0.0005 clegrees ancl t
I setres respectJ.vely.
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2.3 FIEI.D PROCEDI'R E

the placing of receiyers aloag roaclrafs neant that a

consiclerable ano[at of ¡oi.se f¡on vehicular traffic, farn

equipaent a¡cl sone riad generatecl geophone notion roulil

hanper the recorôing of the true signal. fo avoiil this
problen, recorrting as rlone in the early norning ancl late

eveniog, rhen these effects rere less severe.

the seis¡oneters cere laiit out on one half of the

northTsouth profile ancl during separate tiue rindors, the

snaller shot ras fired at the entl closest to the spreacl ancl

the larger shot ras detonated at the farther en,il. the

lnstrunents tere novetl to tbe other half of tbe profile ancl

the procedure ras repeateal. To tie up the signals ¡ecordecl

fron both halves of the line, the central receiver flas kept

stationary tluring shootiag. The rhole proceclure uas

repeatecl for the east/rest profile.

the ïrv radio tiue signal ras used for conparing the

sbot and receiver chroaoneters. so synchronization betreen

then cas to better than 30 nicroseconcls. the clistances

betreen shot poiots rere approrinately 245 kilonetres for
tbe northTsouth profile ancl about 242 kilonetres fcr the

east/uest profile. The clistaaces betreen atljaceat receiver

stat.i,o¡s rangetl betreen 2.4 anil 16.2 kiloeetres, vith an

average value of 7.7 kilouetres.



Chapter fII
DICIÎAL PROCESSING OF lHE DÀÎâ

the rar ilata for each of the ncrtb, south, east, ancl

cest shots is pre sentetl as anplitutle- correctetl record

sections of vertical loca1, horizontal and reuote vertical
component traces. Elevation corrections have also been

applietl to the rlata.

The rar data for each of the elght shots for the

local vertical type receiver is shorn in Figures 3.1 (a),

(b), (c, anil {ð). The data guality varies fron yery goocl to

poor. A consiôerable anount of noi,se at a¡rl before onset of

the signal ls visible on sone of tbe traces, naki-ng it
itifficult to recognl,se the first breaks. Exanples of traces

rhere tbis situatíon occurs are traces 1011r2011'3011 anil

4011, on the nortb shot. fn other tracesr for exanp3.e

110410120t+1, anil 16041 fron near the south shot point the

energy cas suffícient,ly large so as to overload the systen,

causing squaring off of the raveforn. Àt sone locations

aloug the profile !o signal ras recievecl due to

nalfunctioning of the particular channels so that records

are nissi,ng.
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28

the clata f rou the east,/vest anil north/south
borizontal antt reaote verti.cal receivers are of sinilar
quality as the local verticar data, but because of the

scarcity of receivers for each type signal detection there

are Eatry nore gaps in the clata recorded along each profiLe.
For nuch of the subseguent processing it is the loca1
yertical tlata that rill be usecl. use rilI be nacle of the

borj-zontal clata in one of the fíltering nethocts to be

di.scussecl later ia this chapter. Figures 3,2 to 3,4 shor

the rar ilata for each of the receiver types.

Source cleconyolution is a very usefuL tool Ín seisnie
interpretation as i.t sinplifies sei.smic sections anrl so

allors for better recognition of first arriyals ancl

secon,:lary eyents. Past Àttempts to cleconvolve seisni.c clata

fron the superior Proyince haye yeilctecl unsatisfaetory anil

iliscoura ging results. Tbe conplexity of the seisnograns

obtainetl in this project and the erpecteil conplerity of tbe

subsurface in this region ctiû not learl the author to expect

any frui.tful results fron source deconvolution. so no

attenpt at decoavolution ras Eade. For the purpose of

synthetic seisnogran eottelring an approxi.nate source

function ras convolvecl rith the lnpulse response to give a

nore realistic seísnogran.

The datasets rere filterect using Butterrorth banclpass

and polarisation filters in orôer to increase the signal to



su
P

tn
l0

n-
ci

lu
nÛ

rï
LL

 
t.x

f' 
19

77
 0

B
S

tn
vt

D
 D

fìT
fr

 t
-Ú

ß

;.;
f ö

ily
^,

,r
il^

¡v
;tx

;$
¡n

c;
*l

;ç
:J

ffi
*

4/
1,

¡,
,1

/!

o Þ 0.
 0

fì

F
lg

ur
e 

).
3 

(a
) 

- 
R

ec
or

d.

( 
n/

W
 h

or
lz

on
ta

l

. 
'it

i0
T

3.
 I

3ô
B

3i
:

29
02

3.

27
02

3.
2{

ì0
23

.

3ä
B

3T
:

;.¡
\n

^

^l
\lt

^¡
^û

.5
/1

.^
^,

À
^.

Á
\_

.¡
-.

.4
-*

-1
.¡

^+

Ifl

R
N

D
 2

tU
r4

r-
^^

"

-=
]-

-
rl 

. 
n0

 
rr

. 
0r

ì 
G

. 
00

 
?.

 n
0 

B
. 
0n

 
9.

 n
tl 

l 0
. 

nn3ð
'8

3 
3 

:

I 
H

Ð
13

,

r 
Ê

8î
3:

l[t
]l1

:
r3

01
3.

l2
0l

 3
.

11
01

3.
,

10
u1

3.

r-
xl

6.
50

 (
5[

cr

se
ct

lo
n 

fo
r 

th
e 

no
rb

h 
sh

ot

^^
.\,

^ú
úv

^v
4d

-\
^¡

4ú

).

^"
4¡

'.^
-¡

\"
 7r

)

"ì
rÀ

.^
/\^

\"
 6

0
* 

z\
.¡

r^
Â

^^
 5

 0

3. 3. 3. 1. d. -1
 .

.J
.

Ì\) \o



S
U

P
tn

 t
0n

-c
lll

_l
tìc

lll
 L

l_
 t,

xl
' l

u 
i i

0 
rü

[n
$,

lì/
}{

f{
{,

* 
{n

]¡
,fi

 ,.
(,

!!-
--

-r
--

 
*.

.\-
, 

¡J
^V

^v
-W

,\,
1,

^1
41

1Â
,æ

.+
 

\..
r

0t
i'-

ìil
ìv

tD
 t

)H
rR

 t0
rì

 s
. 

3i
l0

IS
 3

 H
rJ

D
 u

o cr o o

*-
-i-

u

o o ct
0.

 0
0

F
tg

ur
e 

).
) 

(b
) 

- 
R

ec
or

d

( 
n/

w
 h

or
lz

on
ta

l

50
r.

t3
 .

--
'--

r'.
--

 
_ 

-l-
-_

- 
_ 

t_
__

 
__

 
r 

__
_-

'--
--

r'-
--

--
- 

t 
- 

- 
_l

-'-
--

--
_'

"1
3.

fr
ì 

rl.
nn

 
.,,

0n
 

Ê
.în

 
/.n

n 
f¡

.il
fr

 
fì.

nn
 

l[.
nn

. 
ï 
_x

/tì
.I,

tì 
r.

ìf 
(.

ì

60
q 

3.
70

q3
.

,'u
" 
r'ç

.{
rr

zr
.-

¡,
1^

,t-
,\f

""
r.

.^
1¡

r,
,! 

V
/r

, 
v,

!\ 
".

,y
+

¡¿
.

. 
t¡

vr
n'

W
'r¡

rv
ïft

f 
Ïl"

r"
fû

v 
w

.u
úf

 t
vü

' 
d

90
q3

.
l0

0r
+

3.
t 

10
rl3

.
I 

20
r.

t 
3.

13
0q

3.

IU
B

[3
:

I 
B

B
H

S
;

18
03

3.
18

83
J:

33
Ð

33
,

3û
83

3:
25

03
3.

2G
03

3.
27

03
3.

e3
03

3.

iîr
ìit

:
'f 

[[i
l,f

^n
^Ì

^ù
í^

,,S
;ft

t¡
,,n

1'
i^

ç:
r:

tr
tii

ffi
 tí

$Í
þ:

tr
^i

^^
W

fi^
^ï

H
ï

se
ct

lo
n 

fo
r 

th
e 

so
ut

h 
sh

c¡
t

).
\¡

) o



S
Ll

P
tl-

ìl 
rll

lì-
Ll

tlL
ltì

C
il 

I 
LL

 tX
t' 

I 
lJ

;'7

x

tlt
i5

t.t
ìv

tD
 L

ltt
T

n 
r0

n 
[.3

il0
I5

 5
 fì

in
 G

"4
^A

/'"
""

^v
\¿

^w
,.r

t¡
,r

.,r
tn

n-
4A

/^
nv

rr
r\

¡\
rr

nv
W

 3
00

s 
3 

.

F
tg

ur
e 

).
3 

(c
) 

R
ec

or
d

( 
E

/w
 h

or
tz

on
ta

l)

åI
H

ã,
r.

10
6 

3 
.

50
61

.
60

63
.

se
ct

lo
n 

fo
r 

th
e 

ea
st

 s
ho

t

I

25
05

 3
 .

2r
ìtì

53
.

27
05

3.

\¡
) P



S
U

P
tn

 I
 0

n-
C

tlu
nc

l 
I 
I 
LL

 I 
X

l I
 r

) 
,' 

/

,fi
 *

fif
i t

 Í^
l,i

l ^
fi 

, 
[ 

ì 
/J

 n
 : 

i ;
 ^

:;]
]ix

] ]
â-

ry
n-

 ;;
,

o o

x
o

¡o ?o

0D
:il

_f
ìv

It)
 I

JË
ìT

fì 
t 

rlt
ì

00

F
lg

ur
e 

3.
3 

(d
) 

R
ec

or
d 

se
ct

lo
n 

fo
r 

th
e 

w
es

t 
sh

ot

( 
n/

'rt
 h

or
lz

on
t'l

)

hJ
. 

:ll
 lt

il 
ij

,l 
tr

' f
ì 
li 

:ì 
:

2 
7n

tr
3.

;'i
,fr

ii,
?.

25
08

 3
 .

lìN
t)

 iJ

G
07

:ì.
.c

-,
0 

7 
3 

.
ttt

)il
.

.ìt
l 

/.1
.

;r
n 

i:.
ì 

"
Ir

J 
/ i

.
I

I 
rì

. 
rì

tì

\^
)

N
)



su
itf

ìtu
n-

ci
lL

ln
ci

ltL
L 

t_
X

p 
t9

77
 0

ti:
ìt 

tr
vt

. 
t.ì

 D
il 

t 
F

t 
['ú

t,i

F
lg

ur
e 

j.l
+

 (
a 

) 
R

ec
or

d

( 
N

/S
 h

or
lz

on
ta

l)

tJ
. 

5i
l0

T
3

? 
I 
rì

2U
lrl

ùi
rl.

2î
n2

l.l
.

2 
70

,ìt
-l 

.
2ß

0;
lq

.

F
ìII

D
 ?

se
ct

to
n 

fo
r 

th
e 

no
rt

h 
sh

ot

6r
l

5u U
n ¡lì llt

r_
l 
.

tl 
.

il il: rl.

u) \¡
)



S
U

P
IN

IO
N

-C
IIU

B
C

H
IL

L 
E

X
P

 T
97

1

x
o

=
o

=
o o' o Þ o

O
B

S
E

N
V

ID
 D

R
T

R
 F

O
ß

@ o o o o o o Þ o o 0.
 0

0

S

F
tg

ur
e 

).
t+

 (
b)

 -
 R

ec
or

d.
 s

ec
tto

n 
fo

r 
th

e 
so

ut
h 

sh
ot

( 
t¡

ls
 h

or
lz

on
ta

l )
 .

. 
S

H
O

å8
$$

:
50

qq
.

60
uq

.IS
3R

N
D

q

2.
 O

O
 

3.
 O

O
q.

on
 

s.
on

ï-
xl

6.
50

 r
S

E
C

r
.0

n

26
03

r1
.

27
03

q.

29
03

q.

3?
B

3t
:

\, 5



x

L 
t_

xr
IJ

o o o ¡ o o 0.
 o

0

'. 
.v

"4
, 

,^
w

.&
-w

.¡
.-

.. 
Ã

¡"
-¡

F
lE

ur
e 

3.
4 

(o
) 

- 
R

ec
or

d 
se

ct
lo

n 
fo

r

t.
ilt

0I
:i 

lr 
F

ilt
tJ

 ü

1[
ìr

iq
iil

8l
l

rl0
tir

J
ln

tìq
[:ì

0t
ìtl

7i
J6

rt
B

0 
6r

l
90

6r
1

l0
D

tì
r 

10
6

I 
20

6
I 

30
6

I 
tl0

6

I 
ãÐ

E

fv
w

 v
v\

/v
'v

../
ï

r^
 r

4_
m

 r
M

ru
tlì

_m
M

jlv

1.
 n

il

: rl. q. q. r.
l .

r_
l 
.

üt

N
,/S

 h
or

lz
on

ta
l) 

.

V
V

\N
rf

lrr
^r

,^
--

^r
uA

,ô
.¡

w
^V

 \
ul

\ 
,l\

r"
\r

-r
 3

 0
 0

 5
 tl

+
ç'

A
11

{,
ftt

h

)q
îff

x{
td

l::
:lr

':T
;r

'li
iri

'.'
',,

'.ì
'n

 
rli

ii'
 

-iì
,.,

,n20
0i

r 
Q

2l
 L

t5
rt

2l
l0

:; 
rl

23
05

q
2r

.l(
t5

rl
25

05
r1

2[
ìr

ì5
tl

2 
i t

ì5
rl

fh
e 

ea
st

 s
ho

t

u) \¡



su
rt

n 
t0

n-
ci

lu
nü

il 
Lt

 Ix
p 

t9
 7

 7
 0

t_
ìi;

t.r
ìv

t_
 f]

 t)
rì

t-
^-

Jì
.n

i,

fF
l t

uì
tì 

N
. 

3i
l0

T
5 

7 
F

N
D

 r
l

o o 0.
 o

0

F
lg

ur
e 

).
4 

(d
) 

- 
ile

co
rr

l

( 
W

/S
 h

or
lz

on
ta

l

r'.
 n

n 
¿

'. 
nn

 
lli

io
--

.i 
irr

i- 
-' 

;.1
 n

,; 
--

 -T
;,n

 -
--

 il;
;

I 
-X

16
.5

ft 
f 
1ì

tc
l

ffi
iü

E
i

rf
fim

t
vþ

dn
¡¡

\ 
I 

10
7

,¿
r/

|¡
_,

,1
¡ 

tl 
"^

--
 1

¡"
rt

{t
r\

",
nÇ

 1
00

7

Iii
íii

.\A
^.

-:
\^

,-
\,/

\.Â
. 

.1
 r

-,
^-

 -
,1

,A
w

^\
-^

.!\
-\

^ 
_ 
- 

¿
 I

 I 
! 
ll

lV
W

t-
 -r

,1
Â

rv
^,

"!
./-

w
/u

1 
^.

v^
_.

"r
^ 

-U
.^

u/
¡ 
r.

rt
 

I 
t 
t 

7 
t¡

23
08

q
22

0 
B

q
2l

 rl
B

q
20

08
 q

se
ct

lo
n 

fo
r 

th
e 

w
es

t 
sh

ot

l¡"
V

fu
r¡

,n
^ 

9r
-l7

rl

).

tl u ri q rl r.
l : :

B
0 

7r
l

10
1t

)
G

07
r-

l

-l tn
_ 

nr
t

\¡
) o\



37

Doise ratio. In addítion particle rotloo clisplays are also

obtaineil to aitl Ín irleatification of late arrivals, the

folloring sectlons provide a iliseussion of the theory of

these filtering nethocls and the results of obtaíneil fron

their üsê¡

3. 1 EgE .EgrgEBgg8!,r BÀrggÀgg SILSEE

the ideal banclpass filter 1s one vith a response of

unity in the clesirecl banclpass region antl zero evecyrhere

else. The inpulse response of such a filter contains an

infinite nuuber of coefficients and in practice it is
necessary to truncate it to a certain nunber of terns. this
truncation procluces oscíllation ancl oversbooting knorn as

t.he Gibbs effect a¡d leails to serious rlefects and errors

when filtering. Several nethocls have been clevisetl to

eli.ninate this uarantecl effect. The ueÈbo,cl proposecl by

Buttervortb (19301 has achíeverl great popuLarity because of

the closeness of the filter to the fuleal case.

the ideal sguare response of a lorpass filter ras

approxinatecl by Buttervorth to be of the forn:

2

/ 1 rrL)/ 24
/f s¿

-12 =rhere nor¡alj.serl freguency
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Bï using tbe appropriate frequency transfornations the

bandpass filter response can be clerivecl fron the lorpass

resPoûser

The Laplace tra¡sfora of the transfer function for an

unnor¡alisecl Butterrorth filter of dlegree 4 ls given by

rhere s = tbe Laplace transforn va¡iable for
nornalised frequencï

h4;'rc¿ = coefficients obtainetl fron tbe pole

positi.on of the corresponrling lorpass

Butterrortb filter of clegree 4

Using a biliuear z transforn clevelopecl by colclen and

Kaiser (1964) for converting tbe eo¡tinuous transfer

function to one to be useil for sanpled data, the erpression

for tbe z transfors of the Butterrorth bandpass filÈer is

¿/ (z) 
=

2r
(t - 2 /

Qczt l3rczs B"( 2) '3r( 2)
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tbe sanplingrhere B¿ is a functLon of

iute rYa1.

Pron trying several ôifferent banclriclths on the ilata,

it ras seêû that nost of the energy is coucentrated betreen

1 anil t hertz . In oriler to obtalî as little ilistortion
of the signal as possible a 1 to g hertz bandpass filter ras

used rherever i.t ras feasable.

the ðata fron the north shots 1 ancl 2 together

rith that fron shots 7 ancl I vere filÈered usiog a 1 to

t he¡tz baoðgass filter. lbe recoguitíon of firstbreaks
ras considerably inproveil in the case of traces fron the

northern shots. Eve¡ for the suite of seisuograns for the

restern shot yhere the lor signal to noise ratic natle

distluguishing f irstbreaks of f the rar clata ôiff i.cult,
application of the filter uas aD inprovenent.

For south sbots 3 ancl 4 r a tt to 10 hertz

banilpass filter ras useil vitb only a uarginal inprovenent in
the records. Filtering of the seisnograns froo the east

shots 5 anrl 6 rlth the sane filter yiekletl sínilar
results. The data obtainetl fron both these pairs of shots

rere of generally poor quality anil suggest sone peculiarity

in subsurface character in tbe region of the sbot points.

the filteretl rlata for each of the shot pairs 1s given in
Pigures 3.5 {al to (dl .
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3, 2 8q!ÀEIsÀ3IgE, EjISIEEI!,g

Ihe Don-lisear polarisation fiLter is appliecl to rtata

to lsolate conprasslonal phase pulses. To cto this the

vertical and horizontal conponents of tbe signal äer-ectecl

fron the coaresponcling receiver types along the profile are

cEoss-correlatecl. The ctoss-conelation coefficients being

given by :

t- ar'/2

vertical conponent of ground notion

horizontal conponent of grountl notion

t = tine at the centre of the record

segnent of length r

7 = lag

the SV notion is eliafnatecl by ensuring tbat yhen

z.Ê is negative for f = 0, the cross-correlation

C ( Z I is zero. The cross-co¡Eêlation coefficieats are
tre.,t

then convolveil rith Z anil R, tbe output roultl then contain

precloainantly colpressioaal notion.

rhere Z=
R=

Further eshanceaent of

coupressio¡al rotío¡s is done by

lag autocorrelation function.

the largest of the

co¡volving rlth the zero
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forThe output is
plottLng.

the¡ DorÐallsecl to raxínon anplitucle

Tbe polarisation filterecl ilata for shots 1 and 2

using tine ri¡clors of y = 41r 11 ancl 21, are shorn in

Figures 3.6 to 3.8. the use o1. a value Í = 21 , gives

auch nore clearly clefineil firstbreaks aad it is this value

tbat rill be usecl throughout tbe the renalntler of the

analysis, Note tbat prior to polarisation filtering' the

ilata ras bantlpass filtereit rith Butterrorth filters of

respective banclridths to separate out the signal.

Figures 3.8 to 3.11 shor the polarlsation filtered
ilata for eacb of the profile lines. on sone of the traces

tbe conplessÍona1 phases ar€ acconpaniecl by suall anplituilet

short perlocl noise. This is ¡esidual noise not renovecl by

bantlpass filtering. In general, the polarisation filterecl
clata provecl useful i,n ileLineating seconclary arrivalsr âs

tbese rere far Eor€ visible here than for the banclpass

filterect traces. fn a fer cases horever the application of

the polarisation filter cancelleil out tbe signal. this is
especially apparent iu the case of traces 2061 to 5061 for

the east shot and traces 27081 to 25081 for tbe rest sbot.

This cotses as Do surprise for the signal to noise ratio for
the east,/Têst lines ras lor to begia cith. For these traces

the first arrivals and secondlary events rere chosen on the

basis of the banclpass filterecl data alone.
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3.3 PÀRÎICI.E üOÎION DISPLÀIS

Parti.cle ¡otion clisplaTs are plots of horizontal
yersus vertical grountl notion as a function of tlne. The

sections are divicled into 0.5 secontl intervals for ten

secon¿ls of data. the beginning of each pIot, vhere

d.iscernable, is signifietl by a nunber 1 ancl the encl by the

nunber 2. If there is only s1Íght grouncl notion then the

beginning of the plot antl the end are alnost coinceclent. A

large anou¡t of vertical grouncl notion shors up on the plots

as large auplitucle ¡ectilinear vanderings; cith large

anounts of horizontal uotion the plots take on a more

elliptical shape.

The particle notion tlisplays for each of the profiles

is given in Figures 3.12 {a) to (d). The presence of large

anplitucle signal at the tail encl of the traces anil the fact

the the anplitucles cere aLl oormalisecl before plotting i¡

sone instances causes the first arrival to appear

ì-nsigoíficant as conparecl to the rest of the section. The

complexity of the sigaal ancl the variable nature of the

subsurface through rhich it propogates nakes correlation of

particle Lotion plots fron trace to trace unlikely. So in

generaL tbe partieLe aotion traces provicleil no adclitional

help in the tleter¡ination of first arrivals an<l secontlary

eYents.
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fn surlary, appllcation of banclpass filters on the

rlata greatly irproved the .general appearance of seisnograms

ancl nade for easy recognition of fírstbreaks. polarisation

filtering siaplffiecl the coaplex p raye signal and so

alloced secontlary arrivals rhich rcre not as easàly

recognisetl on the rar or bandpass filtered traces, to be

clistingulshed. No ney infornation cou}cl be galnecl fron the

partiele ootion ilisplays, they dld horever serve to
reinforce tbe fiadings of the previous filtering nethocls.



Cbapter IV

P8EIITTHÀRT TìTTERPBETÀTION

Prior to tbis study a prelLninary interpretation ancl

analysis of the clata ras tlone bI Green et al. (1980). This

analysis ras based on first arrival picks fron rar antl 4 -
l0 hertz filterecl tlata using uni,forn velocity layers. The

results of this prelininary veloclty - tlepth tleternination

sill be <lealt rith in this chapter.

The travel tine curves horever, are of funclanental

inportance si.nce al.1 subseguent analysis is basecl on

infornation obtaíned fron then. nlth this in uincl, and the

fact t,hat ptocessing of the tlata has allorecl for better
recognition of events, a secoacl interpretation naking use of
the satse n layer classical aethocl fron further proeesseil

ilata ri11 be given. Tbe sinilarities ancl clif ferences

betreen the nodels derLvecl fron thls antl the previous stucly

vi11 be iliscusseil.

4.1 SBELIËIIA3I gE.tgçItI : gEgrg !gÐE!s

Figures 4.1, 4,2 shor picks of first arrival ti¡res

for eacb of the shot pairs as tlone by creen et al. (1980).

Least sguares fitting of the travel tines anil tll.stances tas

usetl to obtain apparent velocities antl intercept tiues.

64
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The first, arrival clata for the north - south profiles

intlicate a four layer cr¡st. The fi¡st travel tine branch

yielcls an appareut velocity of 5,93 kç,/sec for the north ancl

5.98 kn,/sec for the south prof ile. The seconll ancl third

branches of the profiles haye veloci,tíes 6. 20 ancl 6.65

kn/sec and 6,21 6.45 knlsec for north ancl south

respectlvely, Tbe fourth travel tine branch is less yell

ilevelopett and several first arrlval picks are possible. Ar

apparent velocity of 1.96 Rn/sec uas rleternineil b¡r Green et

al. (1 980) for this eYent, Horlzontal plane layereil

calculations basecl on these apparent velocities ancl least

sguares intercept tines rere carrieil out. Tab1es 4.1 (a)

and (b) give the results of this calculation for north ancl

south liaes,

Reverse profile analysis on the north south ilata

ras clone after slíght acljustnent to the travel tines. these

alterations rere requiracl in order to satisfy the co¡rlitions

for reverse profile analysis. Oipping layer analysis of the

north-south liae gavÊ a five layerecl crustal section rith
tuo of tbe four interfaces ttipping to the south. Pigure 4,3

gives a tliagranatic representation of the model.

The east - rest profile lies directly across the

Superior Province ancl bounclary

uagnetic and gravity stuilies oa

a couplex subsurface structure

regj.on. the first arrLval picks

zone. Eviclence fron the

the bountlary, indicate that

is to be expectecl ln this
support thEse erpectations.
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fn the analysis by creen

74

et al. (1980), the crustal
st¡ucture fron the rest- east profile shoreil a five layereit

crust uhere as for the east - rest profile the travel tíne
graph inili.cates a si¡ layered crust. The ertra travel tine
branch occurs betreen*40 kn to ^40 kB. Further conplerity
is indicatecl in the seisnograus at greater offset. The

presence of a cliscontinuity ia the seisnic section betreen

161 kn and 204 kn is evidence for sone 1or velocity zone ancl

/ ox faulting in t,he subsurface in this area. The apparent

velocities for the eastern anil restern proflles vary from

3.43 to 8.21 kn,/sec. Horizontal plane layer calcul"ations

revealecl a rlepth to the Riel of approxJ.uately 37 kn and üobo

depth of approxinateJ.y 47 kn (see table 4.1 (cl a¡cl (d) ).

Beverse profile calculations on thj_s line could not

be carriecl out for clistances snaÌler than 90 kn because of
tbe iliscrepancy in the layers nentionetl iu the preceecling

paragraphs. For distances greater than 100 knn reversecl

profile analysls ras be done rith slight aclJustnent to the

travel. tines. the ilipping layer aodel for the east - rest
profile is shorn in Figure 4.4. It is a composite of

velocity cteptb infornation obtained fron both t he

unreyersecl ancl reversecl anal!¡ses.

The results for the the secontl analysis naking use of
the further processedl recortls ancl those frour the previous

in-terpretation are broadtly sioilar,
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80

Yelocity rlepth rllstributions' basetl oB the first arrivat
p5,cks shorn in Figure 4.5 to 4.8r are Eore or less the

sane, altbough there aEe sone areas of cliserepancy. The

dips aadl deptbs of the najor lnterfaces are very nuch

sinilar.

the areas of dl.screpancy are :

(11 the presence of the 6.21 knlsec layer in the north

soutb profile. Fron the travel tine plcks ln the

sacond analysis there is little eviilence for the

presence of an ertra layer. ås a ¡esult of the

exclusion of the 6.21 ktslsec layer, the clepths to the

ileeper interfaces for the aorth south notlel cliffer
fron those of the previous interpretation. these

tliffere¡ces arÊ seen rhen the clipping layer noclels fron

the present iaterpretation {see Figure 4.9t ere

couparecl cith the previous onet

(21 the lnclusion of a 6.22 ktr/sec layer in Greenrs

east to uest noclel. This layer is ¡ot apparent froo

analysis of the processecl dat-a. the effect is again to

yary the rlepth to the Riel ancl lloho iliscontinuities in

the tro noclels.

FEoE the above, it can be seen tbat the clata lencls

itself to a variety of interpretations, The true uoclel nay
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be a noôifleô versíon of one or both of these

interpretations or sone net velocity depth structure. ft
nou renains for ray tracing a¡ö theoretieal aoilelllng
techniques to resolve these areas of cliscrepancy in the

di.fferent norlels aod provicte a sultable solution of the

structure of the subsurface in the churchill - snperior

bounilaiy zone.



Chapter v

ÏIIlERPRETÀTTOH

fhis chapter is divitletl into tro parts. fn th: first
part t a brief cliscussl,on of the interpretation Èechnigues

usecl in obtainíng the fÍnal best fit velocLty rlepth

profile is given. These interpretation techniques incluile

travel tine inversion, synthetíc seisnogram aaalysis ancl

travel tine fitting using the ¡IKBJ nethod ancl ray theory

ne tboil respectively " The secontl part of this chapter

proviiles a cletalled comnentary of the steps leaÉlÍng up to

the final crustal aoilel-s. ft gives the veloclty depth

noilels obtainecl fron inversion of the observecl travel tines

ancl tbe synt,hetic seisnograns anil conputeil travel tinre

curves rlarivecl fron these aad vari.ous other noilels.

PÀBT T

5.1 ÎRÀYEI, rIüE rlvERsrolr

The lnversi.oo problen

of noclel cfoss- sections to

there are tro general Dethoils

by a t,rial antl error nethocl

involves the findlng of a set

fit all the given observations.

of solving the problen, either

or through ilirect inversion.

82
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The trial a¡cl error uethocl findls cross-sectious for rhich

the theoretlcally calculatetl properties of raves are ín

agreenent uitb the observations. Direct inversion provides

a nathenatical solution of sone function that characterises

the propogatLon of the taves. rith the trial ancl error

nethorl it is possible to analÏse not only seisnic data but

also othe¡ types of data for exanple poteatial fielcl cr heat

flou data. the di.rect uethotl 1s less versatile but saves on

eonputation tiue.

Ehe reicbert-flerglotz inversion Bethocl is one of the

clirect inversion nethocls. A brief account of the

¡tiechert-Herglotz-Batenan solution aacl the extension of this

solution by Geryer ancl ilarkushevich (1966t 19671 to inclutle

iuversi.on of a finite nuaber of los velocity zones is given

in the follorlng paragraphs.

5.? gEICRERI-HERGI.OTZ-BÀ18lIÀN INÎEGBÀL
--------E--

this clerivation follocs that given by Grant anil tlest

(1 965) . FroE Figure 5.1 (b) the equation relating horizontal

clistance anil depth increments is:

rhere Lo =

clx = tan iod.z ......(1)

angle chich turning ray nakes cith the nornal

Rerriting tbis eguation in terns of

ax = d,z (sÍn io /

ray

cos

paraneter, p ,
i)ê



8¿l

(a)

(b)

v lzl, t(zl

Flgure 5.1 - Bay.path 1n verttcally
lnhonogenous medlun.
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tlz p v (z)

1 - p v(zl

-z
-22/

=.P/
-/

u.€) ¿€

?/ ,/ - .P2 a (7 )

fron figures 5. 1 (al anrl (b) ,

= 2.2A

a

rhere ¿--is the naxinun depth of

By changing rariables

;V / z,- ) =,?'(".- ) " / aç )

rerriting equation {21

u /f/ 4ç
/ -.p'rr-1 ,t"lçl

penetration of the Eâfr

/rq) ' ê,//zp

,/rg, =

rt,
/ €/./ ---f_.t-

(3)

rhere ç', 1ft aaa 7o= 1/ v (01'lv
Fron Àbalts lategral eguation

4.2 a ¿ 4¿ /
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the solutio¡ of rhich is

..4 ¡ 2t

the solution of equatlon (3) is as follors:

4
42

rhich beeones

z /Z/

This solution horever assunes

continuously rith rlepth. GêrveE

19671 exteucletl this solution to

presence of finite numbers of lov
solution places bouncls on the depth

the loc velocity zone obtainecl.

,/

.A

7
,/ a-?/-r/=,r-/

?-

that velocity lncreases

and tarkushevich f1966,

take into account the

velocíty layers. This

extent anrl velocity in

The corputer algorf.thn HRcL?z uhich perforns the

inversion a¡cl is applied in this research, rakes use of this
nodífled solution and proöuces velocity-ilepth profiles fron
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values of Eay paraneter, at/ax ys distance. Because of
the rirlely spacetl receiver clista¡ces for the observed clata,

snootheoing of travel tine graphs had to be rtone in orcler to
obtaia nonotonically ttecreasing ray paraaeter values ([c
llechan , 1972r1979a, 19?9b) .

s.3 3EE !ÃgJ gEgËgg

IDprovenents in instruneatation vitbin the last ten
years have facilitatetl the use of synthetic seisnograns as

an aid in seis¡¡ic data iaterpretatioo. various techniques

bave been ilevelopecl to conpute theoretlcal seisnograRs, or¡e

of the lore recent of these being the rrBJ nethocl. This

nethocl ras ileviseô bT prof. c. H. chapnan (19?gl ancl ores

its popularity to the fact that conputation tine 1s far less

than that for other nethotls.

In tbe evaluation of synthetic seisnograus by this
nethotl, the rKBJ approxinate solutlon of the raye equation

is assuned. This assunption is vali.il as long as the

frequencies are suffieieotly higb conpared to the veloclty
grailients. The rKBJ approxioaÈion is

Â

y /-r,?/ t ,l -gz,- (d) ¿æf¿ ar t rfr/ t(ff,

-7t2// , 
(7,e) de

rhere

lrFl =
ze



o ¡ár -tc) ' *:* t-..?/ /n-.,t¿Ç ,4

/-nf-^a,- /t---U/*4,
rhich recluces to

88

l(pl= verticat sloraess lntegral
^t"'

U = Èhe Fourier Transforu of a rith respect

to frequency {r) a¡cl horizontal rave slocness (pt

n (pl = a functio¡ of the source ancl receiver

clirectivity ancl transaission ceofficients.

fbis approxlnatton is useil in the inverse transforn

of the rlisplacenent fielcl

Êa,ol-¿¿(â¿.2) = / iat/
-al t =.cv.,.) '/a'a/r*r/

3¡t¡= source function inclurting the transforu

function of the geophones

êâ /' r' -?l

Thls solution is valirl for reflecterl, direct and turning ancl

beacl ravesr
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5.4 tEE EåI IBAgtrc ËElggg

rhe interpretation of tbe previous chapter lnclicatecl
a rtipping subsurf ace strata for both east,/rest ancl

north/south 1inas, in adtlitlou there is eviclence of rateral
inhonogeaeity in the bounrtary Zo¡ê¡ The flKBJ nethod assunes

horizontal layering aacl lateral hoaogeaeity a¡d cannot

arlequatery noclel these details of the subsurface. ihe ray
traciag netbocl ls one nethoct capable of ctoing this.

there are several approaches to calculate the travel
tines of rays tbrough 1aterally ancl vertically inhonrogeneous

nedia. üany of these teehnígues horeyer, are complex andl

have the disatlvantage of taking up excessive anounts of
conputer tiue. For the purposes of this thesis, because of
the nunber of Eodels rhich rere going to be triedl â

simpler, nore efficient neans of conputing ray paths anct

travel times ras sought. Tbe uethotl rlevelopecl by Hhittall
and Clores (1980) ras chosen.

Íhe rhittall-clores aetbod uses plane interfaces rith
any speeifled anount of dip. Yelocities at bounclaries

betreen layers are constant ancl noD-zêro rith linear
graclient perpenclicular to the tlip clirection. Às a result of
thi.s, the raï paths are circular arcs, the eguation of vhich

is given by:

RHo = voIIT ( cRÀD * sin (f0Ûrl )
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rhere rBHOr is the raclLus of tbe circle

tvoltrr is the velocity at the bounclary fron rhich the

ray depaits.

f cRADr ls the grailieat in the layer

rfOUTt is the angle of departure of the ray

Feasuretl rith respect to tbe graclient.

Once the ray path is found tbe intersection of the
ray rith the nearest bounclary is obtainect. The verocity of
the ray at the point of intersection is ileterni¡ed by the
folloring relatio¡:

f = V(0) + GRAD'rcos(I)*Z

rhere v (0) ls the velocity along the nearest overlying
bounilary I is the dip

7' is the yerticar distaace to the boundary fron the
point in question.

snell t s lac i,s tbea used to coapute the angle of
iut.arsection of the ray on the nert bounclary.
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the travel tine is calculateô fron the eguation:

dt = 1/GRAD t ( arctaah (cos (IO0T| ) arctanh (cos (IIH) l )

rhere dt is
bounclaries anil

next bounclary

the t,ravel tlne betreen the t ro

Ifll the ray-intersection angle rith the

By the above nethocl travel tines anrl disÈances for
all surface arriyals are calculateÉl. Because of the lor
probability of criÈicalry re.fracteil rayes inpinging on a

boundary at the precise critical angle, in nost cases true
crlticarly refracterl raee travel tines are not calculated.
rnsteail the travel tines f or pseuclo-headuaves are

calculatetl, these pse.udo-heaclcaves are raves vhich are

lnciclent 
.on 

the boundary at an angle rhich is rlthin a snalr

range of the critical ang1e. convertecl phases, nultiply
reflectetl ray paths anrl subcritical reflectecl events are not

conslderecl.
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PÀRT IT

s.5 lEIgUEB&,gEBglgSE rgg¡ggro! ÀuD gEEg lggEtt_r-Eg

riechert Herglotz inversion of the north-south ancl

east-rest profile data procluced the results shorn in Figures
5.2 (a) to (ô). sooothly increasing verocity ctistributions
characterise both profiles. Depths to the tloho of betreen

40.0 to 57.0 kn anö velocities of 6.9 ancl g.4 kn,/sec are
ileterninerl for the north-south line¡ rhile for the east-rest
line the calcurated ctepth and velocities are 65.4 kn, g.06

knr/sec ancl 55 kn, 9.26 ku,/sec respectively. rt shoulcl be

noted that a sinilar type of snooth velocity variation ras
preclictetl by Lau (19?9) fron synthetlc seisnic noclelling.

The large receiver spaciug usecl in ilata collection
neant that there uere feu ilata points rith rhich to
deternine ray paraaeter, p. Therefore considlerable
snootheni.ng of the ray paEaneter vs. clLstance curre hail to
bE done, placing seeere linitatio¡s on the inversion
technigue. The i¡verteil noclels, therefore i.uclicate only
broail trenils in the velocity ctistribution rather tha¡ the
cletailed velocity structure.

The ilKBJ ¡Ethod at thls stage of developnent, assutses

horizontal layering. ?he large dips suggestecl by the
prelininary reverse profile calculatio¡s erininate the use

of this nethoil for obtal¡ing accurate approxinations of the
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shot.
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observecl seisnogrars. Borever, after initial velocit¡r-ilepth

todelliog ras rlone using ray tracing, the rKBJ nethocl ras

used to astablish alplitutle relatlons betyeen refractecl ancl

reflecteil events for the final ¡ocle1s.

5.6 IgggBCBEEâEIg! gg IEg lg3EE=Êgglë eåI!
Bay tracing results for the north,/south profi.le using

thc authorf s three layerecl uoclel are shorn in Figuras 5.2

(al and (b) , Figure 5.3 (a) shors the ray tracing results
for tbe northern shot ancl Figure 5.3 (b) shor the results
for a shot at the souttrern eact of the profile. fn each of
these figures and all other ray tracing cliagrans to follor,
the botton iliagran represents the velocity-ilepth norlel for
rhich the calculatecl ray paths for near critically refractecl

ancl reflect,ed events are sholn. The verociÈies, noû-zero

vel-ocity gradients anrl ilepths to interfaces are given for
each layer. In the top ctiagran the calculatecl travel t,isres

for the refrectecl ancl refractecl events are shorn as rrs antl

dianonds respectiveLy. The observecl first arrival tines are

plotteit as cLrcles Joinecl together by lines,

Fron tbe lack of fit of the calculated ancl observed

ilata for Èhls original three layer notlel ancl uoclifiecl

verslons of this lortel betreen 60 kn to 120 kn, tt ras

coacluclecl that a three layerecl crust ras insufficient to
noclel this dataset. À rore eonplicatecl crustal nottel yas

needed. ls a first approrination, the four layer eoctel by
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kmrsec

Flgure 5.3 (a) - Ray traclng results for the prerlnlnary
three layer N/S nodel (north shot).
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FlEure 5.) (b) - Ray traclng results for the prellnlnary
thrce layer Nr/S nodel (south ehot ).



100

6reen et aI, (1980) ras trietl. the results of ray tracinq

using this todel are shorn Í,n Flgures 5.4 (a) aud (b) . Even

tbough there Ias inpcovecl corresPon clence betreen the

computert and observecl travel tiues, there still existecl sone

cliscrepancy in the fit at the 60 to 120 kn cÌistance and for

the cleeper arriyals, Other velocity-ôepth Bo¿lels Tere tried

ancl by a process of trlal and error a final best-fit noåel

cas attaioetl.

The final best-fit noclel for tbe north/south profile

is shorn in Figures 5.5 (al ancl (b). It ís a four layered

crustal noilÐl conprising of a thj-n ( 0.39 to .97 knì ¡ear

surface layer of .velocity 3.46 kn,/sec untlerlain by layers of

heterogenous and horogeDous oateri,al. Beneath the near

surface layer is an internediate uPPeE crustal layer of

velocity 5.80 ka¡sec extendiag tlorn to a clepth of 8.3 km in

the aorth ancl 3.5 kn in the south. A heterogenous layer of

íncreasing velocity unde¡lies this 5.80 ka,/sec layer.

Velocities ln this layer increase fron a value of 6.22

kn,/sec at a rate . of 0.005 kn/sec/kg tloyn to the lorer

interface. Tbe lorer crust shors less differentiation

althougb there is heterogeneity indicatetl by the high 0.C15

kn/sec/ks velocity graclient. Yelocity Lncreases fron a

value of 6. ll5 knlsec at the uPPernost interface to a value

of 8.00kû/sec at the l{oho. DePths to tbe ttoho cliscontinuity

Eange fron 37.0 k¡ in the north to 113.0 kn in the south.
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lmlsec
km

E.3

22.7

Flgure 5.4 (a)
prellnlnary - Ray traclng

four layer N,/S
results for the
nodel (north shot).
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Flgure 5.4 (b) - Bay traclng results for ühcprellulnary four layer N/S nodel (south shot).
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rn general the fits of the calculateil eveots rith
those pickecl fron the observeô clata is goocl (see Figures 5.5
ancl 5.6). one erception is late arrival altuclecl to ia the
polarisa+.ioa filte¡erl traces for the north anit south shots

(see Figure 5.71. This eveot, beginniug at a distance of
120 kn a¡cl at approxinately 6.0 seconds (redlucecl tiae),
coulcl not be preclicted by the final nodel. Atte¡pts at
obtaining this late arrival led to the i¡trocluction of
sub-üoho interfaces at ctepths of betreen 3,0 6.0 kn

beneath the tloho. The htgh degree of curyatrre of the
reflection event coulit ¡ot horeyer be approxinatecl by the

reflections off these interfaces. rt shoulcl be notecl here

Èhat even though the late refleetion is seen on the
polarisation traces for the north,/soutb shots, it is not as

easily iclentlfiecl on the banclpass filtered traces. rt
rell be that this event is an artificlality created

cross- correlation ptocess during polarisation filtering.

Bay

by

Fron the final ¡orth-south nodel an average

velocity-depth structure r": createcl to ge¡erate true
anplituile flKBJ seisnograus. The resulting iapulse response

syntheti,c sef.snogranis glven i¡ Figure 5.9 (a). Figure

5.9(bl shors the result after convolution uith an

approxíaate source function. The clark lines are eyents
picketl fron these calculaterl seisnogtans. Si.nllar variation
i.n anplltude of the preilictecl aod observecl arrivals are

notetl rbe¡ Figure 5.9 is conparecl ritb Figure 5.6 .
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lt

8-3

t6-7

Flgure 5.5 (a) - Ray traclng results for thef tnal N,/S nodel (nortf¡ shãt).

lm rrcc
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Flgure 5.5 (b, - Bay traclng resutts for theflnal N/S nodel (souttr shót).
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The s¡all anplituile of the preclicterl uoho refraction is in
agreeneat rith that fonnil i¡ tbe observecl clata.

5.7 IEgE3B3E3ÀEI9! gE 3gE EÀSEISS,3 åIlE
rith the velocities ancl depths fouacl ln the vicinity

of the scuth shot as a control for tbe eastern side of the
eastTrest profile, noilelling of this line ras attenptecl.
t{unerous velocity-tlepth clistributions tere tried in orcler to
natch the conplicateil traver-tine curyes, The fínal
best-fit noclel obtained fo¡ the east-vest line is shorn in
Fi.gure 5. 10 (a) ancl (b).

îhis final east/rest nodter inclucles a thin surface
lor velocity layer ( 3.50 kn,/sec at a clepth of 0.97 - z.oz
kn from east to rest ,. underlying this layer is a layer of
velocity 5.98 knlsec. To account for the 0.5 seconcl

¡reclucecl t5.ne) cli.fference in the arrivals for the east shot
at a rlista¡ce of 160 kn, a fault ras l.ntroducecl at the
seconil interface. The cliscontinuity betreen the lorer ancl

upper crust features a region of overlap. The overlap ras
reguirecl to uodel first arrivals fron the restern shot
betreen 130 190 kn and the eastern shot betseen 150 - z1o

kn . Beneath this discontinulty lles a beterogenous locer
crust. the velocity and grarlient in the eastern portion are
hígher than in the rest. the increases in velocity fron
6. 49 kn,/sec in the rest to 6,5 knlsec in the east dlorn to
7.83 krTsec at the crust-Eantle lnterface best, flt the
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obseryecl data. rhe toho discontinuity for thls uoilel is
resterly dipping at a rlepth of 4l to 45 kn .

rhe lack of traces at cruclar positions along the
east/vest profil-e rakes the slnilarities betyeen the
observecl events (see Figure 5. 11) anct the predicteil events

less obyious than for the aorth/south line. Honetheless a

reasonably goorl fit ras obtaiaeil .

rKBJ noilelling on this proffre vas not attenptect
beeause of the conplex nature of the nirt-crustal lnterfaces.



ehaPter vI
coltcLttsloN

Tbe final rodels derivect fron thÍs seisuic souniling
suryey are shorn in Figures 6. ! and 6.2. In this chapter
the salieat features of each of the noilels rill be ilescribeit
and coutparetl to the results of other stuclies dlone in areas
to the east in the superior province, to the uest in the
churchill province ancl in the bounclary zone to the north.
The geclogical significance of the east,/rest crustal
structure in deternining the positiou and nature of the
bounclary betreen the cburcbill and superior provinces is
also discussecl.

6.1 IEE lg8rH¿gggg! gg¿E!

The nost striking charact,eristícs of the north,/south
crustal norlel {see Figure 6.lt are :

(a) a thi.n sedinentary layer of ayerage velocity 3.46

km/sec,

(b, the lateral houogeneity exhibiteil in the layers,

(cl the gratlual lncrease Ln

layer ancl betreen layers,

velocity both rithin each

118
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{d} the lack

lover crust.
Yelocity dorn

of differentiatlon
Insteatl there is a

to the ltoho, and

120

i¡to la yers in the

grailual increase in

kn in(e) the itepth to the üoho discoatinuity is 31

the north and 43 kn in the south.

rn the publicatíon by creen et al. (19?9) r ôn attempt
ras nade to extencl the superior subprovince belts restyard
fron nortbrestern ontario i.nto üanitoba. Àccording to their
extension, the north/south survey area lies rell rithin a

single subprovince {the Granite-Greenstone subprovince) of
the Superio¡ province. The lateral honogeneity in the
north/south crustal noclel vith dips as shorn corresponcls to
these norlels. The graclual i¡crease in velocity rith <lepth

proposetl by this research corresponils to the preilictions of
prelininary nodelring ctone by Lera¡ski (19?9) ancl Lau (1979)

on the clata. Levnaski ancl tau using reflectivlty nethocl and

¡f KBJ notlelling respectively, found that the grartually
increasing veLocit¡-depth structures rere nee<led ia orcler to
cluplicate the charateristies of the observed seisnograps,
eyen though they assunecl a ftat layerecl Earth.

As bintetl in Green et ar. (1980) frou bis prelinlnary
interpretation of the north-south prof,ile, there i.s no

evidence for a dlstinct layer of 7.1 kn,/sec velocity in the
lover crust.
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rnsteail of dl.fferentiatlon into tro rllstinct layers, tbere
is an iucrease in velocity in the rorer crust dor¡ to the
lloho rliscontinuity. si¡ilar velocity grailient in the rorer
crust ras proposed by HalI ancl HaJnal (l973l a¡d by rright
a¡d Fest (9761 for the Superior province in ¡orthrestern
Ontario.

üereu anü HuDter {1969) clecluceil a rtepth of 30 - 35 kn
for the iloho discontinuity in the superior provincerin
northern uanitoba and ontario. This is in cl0se
corresPonclence to the 37 to 43 ku depth iterive. in the
present analysis. previous rork ilone by lfall anq Hajnal
(1969) for a survey area rithin the superior province anÈr

so$e 500 kn northeast of the present suryer ilecluced a

southrartl Èhickening of the lorer crust. À sinilar lorer
crustal tàickening is proposecl fron the present north- south
noclel.

6r2 sg,E Eè.S3¿sEsg !gÐE&

The naJor features of tbe eastr/rest noctel are:
(al a thia serriuentary layer of verocity 3.46 kn,/sec,

(b) the presence of lateral inhologeneities in the
second andl third interfaces. These take the foru of a

fault rith a vertical displaceuent of, ryz kn clorn fron
east to rest at a Bean itepth of 5 kn and a r thrust
faultt Èype overrap feature rhich seens to indicate



lateral toyene¡t of the restern oyer the

at a rlepth ranging fron 15 to to 20 kn,

(cl the prosencÊ of
crust betreen 4ka and

123

e.astera block

lor-veloelty zone in the upper

kn depth,

a

23

(d) a basin type clepression at the base of
cr ust,

the upper

(e) lateral inbonogeaeity Ln the locer crust ancl

{f) the clepth to the üoho of rtl to 45 hn fron east to
uest.

rt is interesting to note the close corresponcleoce of
the position of the fault structure on the seeond interface
and the lorer crustal velocity iliscontinuity to the position
of the f ault pre<lictecl by creen et al. (1979) fron the
nagnetie anonaly nap of the êEêêr The positon of the nargin
of the overlap structure on the third interface is also
spacially crosely relatecl to the previously prcposeil

position of the bounclary zonêr

These tro points strengthen the coaviction that this
east,/íest nodel nay be truely represeatative of the crustal
structure in the churchill-superl.or boundary anil that it is
further eviclence chich can be usecl in rleducing the teetonic
relationship rhich !aï have exl.sted betreen the chnrcbill
anil superior provinces in the early htstory of tbe Earth.
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seisnic ¡easurenents across the bounclary area to the
north shor the crust thickens rapirtly fron 30 - 35 kn in tbe
suPerior Province 40 - 45 k¡ beaeath the Churchill provLnce.

A clepth of 45 kn for the tloho cliscontiauity ras also rteducecl

by chantlra and cuaaings (19721 fron seisoic cleep sounding

beneath the ChurchilL province (see ?igure 6.3).

The good conparision of the yelocity-ilepth structure
of the srift current moclel (see Figures 6.3, 6.9) rith the
vestern sicle of tbe €ast/uest uorleL as far east as the fault
discontinuity, suggests that the eastern línit of tbe
cburchill province is in the vicinÍty of the fault. There

is also good corEespoailence betreen the crustaL structure
derivecl for thc southern encl of the north/south profile anil

tbe eastern end of the easÈ ¡uest profile up to the overlap
region. rf this region of overlap is taken as narking the
restern linit, of tbe superj.or province, the bounilary area

fron this seisnic analysis is less extensive tha¡ assuned by

Green et al. (,1979) anct is shifted sone 60 km east, toraril
the superior provi¡ce. Tbe boundary Ínclicatedl fron this
i.nterpretation is seen to be an area of finite lateral
extent i.n rhich crustal defornation has taken place anil is
characterisecl by upper crustal disco¡tinuities and lorer
ccustaL velocity changes.
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