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fldepth and a more gradual 1ncrease to 7.0 km/s’ at 17 km'
:f'depth D15cont1nu1ty of the travel t1me

'?t proflles has been 1nterpreted as ev1dence“

L - N B Y . g M N

R S ." ‘ A‘BsTRAc'r

Refractlon data along the strucmural ax1s of Vancouver

Island were recorded as part of the 1980 Vancouver Island
- - \

_' Selsmac Progect The refractlon line- extends about 330 km-

from the southern to the northern end of the 1sland TheSe S

partlally reversed data were 1nterpreted by\the analy51s of”.

"f1rst arrlvals 1n terms of a horlzontal plane- layered model

and also u51ng a WHB 1nver51on of travel tlmes. Synthetlc

St

' selsmograms wege also computed Ain an attempt to match

poss;ble Moho reflect1ons S
Interpretat1on of these data suggests an- 1ncrea51ng

'veloc1ty from 5 30 km/s at the surface to 6.5 km/s at 5. km .

‘(_: @ A
turv% on’ the Fuca

-

f’a low veloc1tY',

‘fzone in. the lower crost Although/probable Pn arrlvals fromdt

:ip §5the Moho were observed 1ts depth and shape remaln;‘

"tdfuncertaln. However,van 1nterpretat1@h that f1ts the observed

ﬁrefractlon data from the crust and reflectlon data from the

1a Moho deoth of 44 km and a

L9

;73mantle veloc1ty of 8 0 km/s Lateral var1at10n of s

“=th1cknesses lS 51gn1f1cant beneath the central part of

ﬂVanqouver Island @he ana1y51s of flrst arrlvals based on e

:'-wthe 11m1ted refractlon data makes the 1nterpretat10n
o somewhat arbltrary,'thus the proposed model 1s only

"-‘speculatlve at the present tlme. 7 L mb '.f S

\ i
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earth has been one of 1ntensrve research 1n geophy51cs over.,‘

1‘g'the

B R RETEE PE INTRODUCTION ST |

’_The' study of transm1551on of elastlc waves through the‘“dh

past’ few decades., Selsmology prov1des the tools for‘

studylng .thé structure- and comp051tlon of*'thel earth s

ualnterlor Selsmlc ev1dence has shown that the crust of thefflf\

“>>the

°

earth 1s about 50 km thlck under contlnents and 5 km under‘_'v

ocean5°i;ag dlStlnCt worldW1de d15cont1nu1ty called thef

;"Moho (the- Mohorov1c1c d15cont1nu1ty) 5 wthh has’hfthe;_r

’”L'characterlst1cs .:of strong selsmld~-veloc1ty ’variatrons; ﬂ- 5

| d1v1des the crust from the upper mantle.

K

ke
w"

’fIn' Canada,, deep crustal studles started"i' 1947f'

(Hodgson 1947) Recently ten groups from Unlver51t1es ;and:f

Government» have carrled on a long term selsmlc program tof“ ‘

study the crust and upper mantle OVer dlfferent’;reg;onsi771~”h

Some examples :ofv'thé studles that 7were~ done 1A¢iﬁa¢a:,
Cummlng and Kanasew1ch (1966)' f Rankin;i‘ Rav1ndra i\and

lﬁa Zwlcker(1969) Mereu and Hunter(1969) Overton (1970)
Barr(1971)'-- Hales lah‘hr thlon (1973) f Berry .;andrauhx

Forsyth(1975) Cumm1ng,:Clowes, and Ellls(1979)

A rev1ew of the publlshed 1nterpretatlons leads fto:ja_i

genera& crustal structure an Canada (Berry,1973)

ol

~§Moho d15cont1nu1ty) vary from a value p0551bly as low as" g

v-pnf veloc1t1es (Compre551onal wave veloc1t1es under thegv"“

';7‘ km/sec under Vancouver ‘Island to 8 6 km/sec ande:,
fihlgher in the extreme eastern part @f'th shleld 1and’

fisome parts of Atlantlc coast



‘i?\ Large. areas of Canada haVe a. crustal thlckness of 30 40
.""\ o
‘I\km w1th Vancouver Island,uthe southwestern Pra1r1es, the

“ Lake Superlor_ ba51n and parts—of the eastern shleld oﬁf

s ".‘ L'
~ :

Quebec belng thlcker.fyr-'
v3;'_The Rlel d15cont1nu1ty, a’ deep intraFcrUStalr refledtorjh
‘iand somet1mes ;a refractor, 1s w1dely reported 1n thedi\

~vPra1r1es andnArct1c polar contlnental shelf It 1s not

‘seen ﬁin Hudson Bay, 'nbrj under Lake Super1or nor,intv”"'

Mar1t1me reglons.',-@“’:an s‘,li" R

ThlS '1nvest1gat10n 'ls part f° large;iscale selsmlc;p

"f:;program (VISP 80) whlch con51sts of both selsmlc refractlontf”w

LA

o dand reflectlon experlments .in';then reglon of VancouverV

fﬂ.Island Thewoverall objectlve of thlS SEISmlC program 1s"to' .

lbtfexplore pthei nature fof che’ crust and upper mantle in theﬁf

g tran51tlon zone from the Pac1f1c Ocean ithrough Vancouvertffif

dIsland to the malnland of Brltlsh Columbla

' /- S S
The present study has the follow1ng pUrposes.vgrf'
"iQuIDevelop crustal veloc1ty depth functlons for refractlonbVﬁ

e

data collected from Vancouver Island

m:}2j1;0t1lize e these "“Veloc1ty—depth °‘;fU6Qf50DS: f_fof,:-r

lnterpretatlon of Vancouver Island cruStal 'structure;f |

J;and provxde ‘a' control pdlnt ~on the cross refract1on,fb

; Sy
"[proflles wh1ch W1ll be 1nterpreted by others.~“ '

o e



2. BACKGROUND GEOLOGY AND GEOPHYSICS .

.‘-w~

;ﬁ2 1 Genera11zed Geology of Vancouver Island

Vancouver Island is located f the Insular 'Belt',of-;l

western; Brltlsh \Columbla. The Insular Belt is a serles of

'-lcomplexes of largely 1gneous (volcanlc) or1g1n belleved

TVL have, formed part :of:;an ‘1sland bc system in early

l&:yMe50201c tlme. They are probably allochthonous .(Monger and -

7"yPr1ce,l'1979) The events of mountaln bu1ld1ng 1n Me50201c53'
vtlme had a 51gn1f1cant 1mpact on the formatlon of Vaﬁcouver."

;:fIsland These eVents 1nvolved w1despread foldlng, faultlng,',Vf.l

h~the Coast Mountalns ,and the Intermontan@ Belt

Vulcanlsm on’ Vancouver Island v1n the form of basaltﬁc.ﬁ,nr

’,lava flows fwast exten51ve durlng th Me50201c age. As rd

'f'result thlck sequences of volcanlc rocks of oceanlc crustal =

o

”Tand 1sland arc type occur throughout the 1sland Er051on and

/f.

"d1fferent1al upllft contlnued to the :end bﬂythe Tertlarx

kY

cfperlod The complex hlstory of Vancouver Island has resultedll"

- /v'

ﬁ1n a great varlety of volcanlc, plutonlc, sedlmentary,v andv7'f”

_metamorphlc rocks whlch result 1n & hlgh var1§b111ty of near;

Irsurface l1tholog1es (Muller 1974 -1977) »However; these'w

i

rocks are ;n; general ff comparatlvely hlgh den51ty andn.

@

s Seg
_;veloc1t1es are relatlvely hlgh compared for example to the,
o A , g o

’t-pla1ns of Western Canada.;,'>'

r,ljand the 1ntru51on of bathollths 1n the Insular Belt 1tselfj[ff

7

_\.

--_lhlghly 1ndurated and as a consequence 'near surface »selsmzcﬂf



-Produced exten51ve 'diSturbanCeﬁViDtrfhe 0 5 t | T,fkmfiofjghh

A . 'S

X . .

2.2 Tectonlc Sett1ng of Vancouver Island ,Kf,‘ A

s ~

The essentlal features of plate tecton1CTEnv1ronment in

'fcoastal Brltlsh Columbla;vav domlnated by the relat1vef,_’“
f’mot1on of three ma1n llthospherlc plates._the large ‘Pac1flct
;and Amerlca plates, and jthe' Juan de Fuca plate.'A small
*h.northern part of the Fuca plate, whﬁch has ‘been named ;theijifz
?1}Explorer plate,' has been shown to be mov1ng 1ndependently |

-~)Flg 2 1 shows the tectonlc map 1n thlS‘ area.,lT,' dlstlnct3h'

: AR

‘?f_features are present along the contlnental margln' (Keen and-f“y'z

” "-‘Hyndman 1979) G S e SRR '?;;1

RN

~?.1;, From the southern end df the Vancouver ‘Island o. justmf

N

N

v:h’south ~of Queen Charlottle leands there 1s convergence{”i'v

\ .
w1th subduct1on of ocean crust beneath the contlnent

» : “

r2=5vFrom the Queen Charlottle Islands to \southern Alaska7ffn

RV s
there ﬂis’ca transform struke sl1p fault sep
‘® L : ' v
Pac1f1c and Amer1ca plates.

(SN

The motlon between the Juan de Fuca and Explorer plates

:occurs across the Nootka transform fault zone, whlch extends

A

*}_northeasterly from the' north end of the Fuca rldge to theg
:thontlnental shelf off north centnal Vancouver4 Island iThe”

. actlve portlonfbof‘,_h.ﬁ.fault- zonem‘about 20: km w1de, has?wi’

vvoverlylng' sedlments. Hyndman, Rlddlhough and Herzer (1979)@‘2"

']ffshowed that the magnetlc an maly pattern requ1red the fault

have a ‘strlke sllp motlon}_of about l3i cm/yr,_fwlthfffh

\

‘subductlon at the margln belng more rapld to the south'fthan :

;‘to the nerth of the fault zon%_

NG

~

ating the -
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. Figure 2.1 Tectonlc map of" western Canada show1ng the maln'
yllthosphere plate boundarles and relativé plate motions,. The -
dotted -line " is. the’ estimated northern- edge . of “the" Juan de -
-Fuca plate.; PszcPaul Revere': fracture- - 'zone; sz Sovanco
fracture . szone; PP= Pac1f1c plate- EPp= Explorer plate; JP=Juan

- de- Fucasplate' ‘AP= Amerlca plate. (modlfled from Keen_c ahd
,_cHyndman 1979) .Z__ T SR o
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Flgure 2 2 Structural sectlon along llne‘ CD: fn' Flg '2;1;*
f, Grav1ty ‘profiles - are. free ‘air over: sea and Bouguer over

~lahd; solid= observed dashed= computed. Den51ty,'1n, g cm"’
(after Rlddlhough 1979) . R A : v
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“?characterlzed by a deep. trench but ther

Most subductlon zones . in:

:‘trench 1n thls reglon With the ev1dence of a lack oﬁ a. deep

:geologlcal feature, and the absence of a deep trench wasp

-fearthquakes. a shallow group and a second deeper group.. "nV'

bmarg1n trench and deep earthquakes in thlS lzone, Rlddlhdugh

4

'probably due to h1gh sedlmentat1on rates and the dammlng

:offshore."‘

Compre551onal foldlng and upl1ft of Tertlary sedimentS-,

ar also con51stently observed along the coast reglons, and

,cohtlnental margln fits: the pattern of deformatlon closely
'Detalled exper1ments alonérlhe contlnental margln attempt1ng
locate—'mlfroselsm1c1ty,, have proved negatlve However,

there is a strong concentratlon of se15m1c1ty of; magnftudes‘

B . oY X . B ®

up. ’ :6'1dn.ith? Rlchter ‘scale fi the southern Georgla

;deeper .than normal most at about 50 km. Crosson (1972)

'earthquake Study// that there .were two dlst1nct groups of

a

o {1nc11ned zone,.-dlpplng at a. shallow angle and along whlch

’ concentratlon of earthquakes in the Georgia'_strait’ reglon

"*'1nd1catest,-that_é’oceanlc llthosphere :Imoyéé under"the{

'M'oceanlc llthosphere is supposedly subductlng, was postulated

to_ d1v1de 'ftheu“ twoﬂ groups"of earthquakes.“Thus hthed

-

&

.effect of. the Juan de Fuca Rldge ly1ng only 'aj‘fv‘:;100- km. .

'ihV detall : model rofﬂ 1mbr1cate.%thrust1ng , along ,,the,

“

>StrF1t Puget Sound area. "The- largerv eventST'generally are.

ther . regiiis - are
'is 'no‘ h  deep’

3(1978) suggested that the subductlon mlght be a very recent '

,Roger(1979l Keen‘ and Hyndman(1979) concluded from jtheh“'

W
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L continental' margin at .a shallow angle untll the reglon of
oL % 1
' Georgla Stralt and Puget Sound then dlps steeply about 10

‘ »

to 15 degrees ddwihto the mantle.- ” : L
\‘,f : Heat flow d grav1ty patterns prov1de addltlonal
e ev1dence of subductlon in thlS reglon. ‘The heét flow has the

characterlstlc pattern of a subductlon zone' a band of 'low

heat flow eﬁtends from the trench to the volcanlc arc, ‘and a

much hlgher than.normal heat flow extends for a con51derable
dlstance 1nland (McKen21e and Sclater 1968 Hyndman 1976).w
The low zone is produced by he icold oceanlc llthosphere
that sinks beneath the contlnent' the hlgh heat flow farther

o

1nland probably results from the 51nk1ng slab Ihe grav1ty

—

-anomaly 'exh1b1ts a: s1m11ar' characterlstlc pattern of two
palrs og low and hlgh bands, as shown in Flg 2“2. The ‘ma1n
‘ :1nlandf ~band reflects the establlshed axis of subductlon of 5
r\the Juan de{Fuca plate, the weaker band at 'the dcont1nental
margln appears in: part to ‘be produced by the effect of the
boundary between th1n oceanlc and thlck contlnental crust ) |
' erd1hough (1979) developed a detalled structural modgl’
from grav1ty data.vFlg 2. 2 shows hls model across northern g
f Vancouver - Island :pThe ‘ model "suggests that ocean1c"
llthosphere is descend1ng, bendlng and dlsappearlng near the.‘
base ofldthe .contlnental' slope, rand that the-crust undervl
_-Vancouvermlsland\is between jv - EofVBO ‘km depth 'and is -
iunderlalh by anomalous hlgh den51ty materlal to produce the
observed grav1ty 'fleld fOnj‘th'r whole, s ll geophy51cal

ev1dences ‘stron l upport the ex1stence of the subduct1on;
‘ 9 Y ﬁ

v

a

e -



"-zone,in‘southwest British Columbia{

>

- .
2.3 Previous Seismic-experiments«

f , _ . .

Vancouver Island has: been the subject of considerable

geophy51cal ".1nvestlgat10ns. . "The early‘ »‘structural

1nterpretat10n was based on the refract1on work of” Whlte and

Savage  (1965), and. time-term analy51s of the same data by

TsengA(1968) Whlte and Savage suggested an unusually th1ck

crustal sectlon; under Vancouver Island .with the Moho lylng;

at a depth of 50 km and w1th a Pn veloc1ty of 7.7 km/s.

_Tseng A obtalned | a - 51m11ar crustal th1ckness, vbut he'

1ntroduced an 1ntermed1ate layer at a depth of 25 km w1th a
”P wave (compre551ona1 wave ) veloc1ty of 7 1 km/s.

'Berry ,and F yth (1975) attempted to ‘reconcil'e their

data 'with earl1er‘-work  Their data .rndicated“va ‘major

d1scont1nu1ty 1n the travel t1me curve between the mainland

'coast"and Vancouverv Island. Th1s 'major discontinuity'is.v

“likely to represent a’ zone of scatterlng for se1sm1c energy

in that reglon. They also found a th1ckucrust of about 50 km

(

.‘and an . 1ntermed1ate layer at about 30 Em, under-'Vancouver

Island : Fﬂrthermore,. -analy51s 7of surface . waves by

|
oL

chken(1977) concluded that two"veloc1ty d15cont1nu1t1es‘

S

'ex15ted . at about - these  depths. D-He '1nd1cated.,that

lncons1stencies» between the model ‘values for Love and,

“JRayle1gh waves vere . suggestlve of upper mantle anlsotropy

Y



s

-However,‘lfrom the 'analyses of P-S cOnverslons of
”long—period'teleseismic P-waves recorded at’the southern‘end
égﬂ Vancouverv Island, Langston(f981) suggested‘thatgthere‘
were two Moho discontinuities in this region. The first Moho
was at,a depth obeO‘km,'in which the material atvthis-depth
‘-represented.a remnant of high densit§ upper. mantle, andn‘the
‘5second"was"atf a depth of _45~'km “in wh1ch the Moho was -
.interpreted~as'the subductlng -oceanic crust of the . Juan de
.“Fuca plate. A low veloc1ty‘zone between;zo.kmoandl45'km was
, also postulated to d1v1de the two Moho ﬁdiscontinuitles.ftlf
'the: low 'veloc1ty ‘zone ex1sts in this reglon;wlt would no
doubt create'difficulties 1n 1nterpretatlon of refraction
. work. V 5 | _ | BN
R1dd1hough(1979) prov1ded a summary of all selsmlc vando

grav1t&,r1nterpretatlons beneath Vancduver Island A feature
- of these 1nterpretat10ns' 'is ‘the presence -ofj ‘tVO,
, d15cont1nu1t1es,_;one near 30 km depth and one at between 40v'
‘to 50 km depth The crustal thlckness determ1ned by seismic
methods dis' 51gn1f1cantly dlfferent from that.deduCed;by
grav1ty data.: To reconc1le the confllcts between',»two
1nterpretat10ds, Rlddlhough suggested ‘that the subduct1ng
oceanlc crust of the Juan de Fuca plate‘ beneath 'Vancouver
“Island ‘was between 30 to ‘50 “km. The material of th1s'
‘subductlon zone has a spec1al feature of hav1ng hlgh dens1ty
‘and  low E P wave"-veloc1ty : Flg 2.3 shows the P-Wave!
veloc1ty depth 1nterpretat10ns proposed in a number of these

stud1es. The';w1de range of the 1nterpretat10ns in Flg 2.3
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‘ of “a

'structure under Vancouver Island..

Ly

. L “
\
suggests that either the data are ambiguous or there are
; i g - B . : oo
-significant " lateral variations in" ) structure beneath
. A . :
Vancouver Island. - S N

' The ‘seismic data éxistingvpripr to this pereFt do not;,

\

.define clearly‘;he structural characteristics of the crust

and upper mantle in this region. The_present study is part
. - - n////

. . . . . . P L
continuing’ investigation aimed at
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3. DATA ACQUISITION o

orogram on Vancouver Isiand, and 1ncluded‘workers from 'phe
"UniverSities of British Columbia, @lb{rta, Saskatchewan,
‘Manitoba and Western'Ontario, and the DepjrtmentofxxEnergy,
Mines‘ and Resources of .Oetawa The initial phase of the

- . .
experlment con51sted of/refractlon measurement’s undertaken

'In August 1980 the CO- CRUST -group conducted a field

in the‘ perlod August 9 to ,21: followed by a reflection . .

©

exper;ment from August 22 to 26.

e \

L The' data , fbér the" present ' study consist of/)h wo
- the Atwo“foutermost locations "N and F is approx1mately7330
km The centre of the refractlon 11ne is» located at A.

Inltlally 38 seismic systems were d;str1butéd along the 150

" km section. N A Shots A1, NT, and F1 were then detonated ~at—

e \
____’-’_’————”_’“ . - T - .
A,N,F - respectlveiy"‘Tﬁé- selsmometers werf relocated-along

M?”/‘180 km~ of the line A-F for the observatlonvo ots F2, A2,
'w:and N2 at F, [A N respectlvely.' 4
Each of these 51x p:

consisti ing _of a-

;//

to a shot at N recorded along thez northern' 11ne "N ~The
) charge 51ze rfor ;51x sho;s varled from 900 to 0 kg. The

12 -

N

es is’ ;eiecred 'by a name

ot p01nt de51gnat10n (N,A, or FJ)’ followed o

//iz/i/ﬁpm’er'iiﬁ f 2. refers to thﬁ'nor{hern prof11e° ‘~
2 to the southern proflle. Fo:‘example, profile N1 refers

refraction linesrfNAjand AF ianig 3.1. The dlstaac//between,/”
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' ElllS and Clowes\(1981 'P- 12)

wlfthree analog Each system has 1ts o_

o

0

' - ' ‘ L T e ,
dlstant shots were 1800 kg, the nearer shots,v 900 ,kg%\‘FOrf;vw“

"‘detalls of shot\p01nt1parameters, the reader is: referred to;_hf

Y

,\“' ’.

3 2 Data Characterist1cs On Tape B ;lfj'_'ﬂfffgrfa' o

SR

All 'refractlon data were recorded on magnetlc tape by‘"f"

elght dlfferent types of recordlng systems, f1ve dlgltal andfffb

,character1st1c galn'

~-and. frequency response to record selsmlc 51gnals over ,ag:.;

~la

*’p(,t,sband from 1 St 20 Hertz E1115 and Clowes(1981,p 20)

:dlSCUSSEd the detalls fd each system.h Each 'selsmometerfg*

S =

;recorded \at least 60; Secbnds, of 51gnals after the f1rst7

'.,~var1at1ons nf y

7'amplrf1ers.=:ﬂg

PO

'*farrlval of energy WWVB 51gnals were also recorded Aat both.f
';';the recordlng 51te and shotp01nt to malntaln tlme control

All f1eld data were redlgltlzed at a rate of 60 Hz w1th“_‘“’

ﬁnalog tape speeds taken 1nto con51deratlon.a

fihEach record conta1ns 7200 samples, and the flrst three data'ji

0

' ,-words: prov1de 1nformat10n concernlng recelver number, shothf‘

"

'e'“number, and orlentatlon-of the selsmometer The"data' were.

l,;wrltten v1‘ format (5E16 6) w1th block length of 1200.;

e

Tl

7rsamples (4800 bytes) Thus eachvevent con51sts of :6f blocksf’
data 'on the magnetlc tape. To convert all the data to aff%r:

:'3common ground veloc1ty, each recordlng has been modlfled byr~H

galn factor whlch reflects the varlous sen51t1v1es of thej-

A

'vrselsmometers and\ the ga1n settrng: :Qf7‘ the';-record;ng

B TP
fet



' A
Lk

“i

3 3 Instrumentat1on of the Unlver51ty of Alberta

o
g

1980 f;he, se1sm1c ,array . recordlng ystem ;og
Unlver51ty of Alberta had twelve channels to record selsmlc-
data and: two addltlonal channels to record shgt 1nstant fromiQ‘

fa‘ rad1o recenver and absolute t1me from WWVB All data weref

‘.recorded on a Perlpheral Equ1pment Corporatlon model 7830 9‘5"f'

G

d1g1tal tape recorded at a tape veloc1ty of 6. 25 1nches perlg

aﬁ!:second yleldlng a: transfer rate of 5000 bytes~ pen secondtlf

»

o

(Alsopp, Burke,vand Cummlng 1972)

The 1mpulse response of the recordlng 1nstrument .‘d_'

-

~se1smometer-ac' be; derlved from an S plane representatlon-pj

(chkgas 1973) The constants 1n the S plane representatlon } o

f bOth record;ng ,system' and selsmometer may be found by-l'f’

examlnlng the spec1f1catlon iof thelr c1rcu1ts"and the1r%f;s§;

components. Then these'vnomlnal valueS‘ may be adjusted."'

h;sl1ghtly §o that the amplltude and phase spectra calculatedlljf”

from the »spec1f1cat10ns match" th ampl1tude and phase“
spectra determlned experlmentally 'hé constants vinVchef.

S pl@ne jvrepresentatlon"vwerel derlved by G L. Cummlng“'

;*-vaccordlng to thlS procedure (1n Appendlx) F1g 3 2 and 3. 3h;‘“‘f

show the amplltude and phase spectra of the ampllfler systemu--~‘

;”_and tselsmometer- wh1ch were derlved from ,cheé. S plane}ryhvr

!.representatlon.';'ldf:'“l-; v‘}f"_j‘ﬂﬁ“/‘

The ampl1f1er has a flat response from 0.1 Hz to 50 Hz,{"."v‘_ .

L

and the -response’ﬂof_ the elsmometer lncreases.'as ‘the‘tfr“

J.Vfrequencyp.lncreases; Alsopp,l'Burke;‘ and1}cﬁhmingx (1972)d.54“‘

f_Showed thatftheﬂUv of A recordlng system w1th a bandpass of
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"-“2;ufThe;‘comb1natlon 'ofr.lnd1v1dual records‘;in’ the arrayff*‘

’;selsmometer.vf;'

"0 1 to 50 HZ coupled with' a' 14 b1t A o Df;conveﬁterw’would

o

‘,hlgh quallty recordlng f‘ selsmlc reflectgon/ refractlon

g'not a 51gn1f1cant factor 1n data analy51s.

Furthermore,vh‘the7" U.j“Of.;AQ dlgltal arraylyofferS;

‘x"

E recordlng fallure compared to a. system u51ng ay.51ngle>ffjfv»

. Ly

selsmometer j*fxb L m;.l‘i_ Ll

1mproves the 51gnal to n01se ratlo. The 51gna1 to n01se;if“

‘h."

%

T N 18

: prov1de the. w1de fre%yency response and dynam1c range for

v%519nals from the deep Grust {and that fhe,systemfhoiSE'Wasl

:gaddltlonal advantages by comparlson WIth jv51ngle”;channei '~:,f

'7‘13‘;Ah array fof detectors reduces }the p0551b111ty of

ratlo 1s 1ncreased by a factor of approx1mately N°5,_if;7

N is the number of outputs (Béth 1979) "f[f yva-?gg'*'

/*rthei nature Of the slgnalsv{:\g the apparent veloc1ty of

the selsmlc 51gnals along the proflle llne)

tf3r The array of statlons may yleld more:‘lnformatlon aboutv

+
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/4. DATA PROCESSING

-

.

04 1 Comments on Raw Datai
The refractlon data for the present ’study consist of

x‘~pggjlles,v Slnce we are 1nterested in only the reg1onal 7

: structure,. no’ correctlons were applled fof_ shot 51ze,

'>vreceiver elevatlon . and water depth for thls prellmlnary :

7

"‘1nterpretat1on.,0w1ng to equ1pment malfﬂnctlons,_ﬂ5‘ records’

z'from the‘ U. of A dlgltal array were found to be unusable

fand were edlted out' the amplltudes of twelve records from

'”jvarlous recordlng systems were also 1ncorrect up to an order-

,thls ,fwe' normallzed each trace to a max1mum amplltude ofrn

e

- of magnltude (Ellls and Clowes,' 1981 : p 23) Because :th f.*‘

unlty for plottlng purposes Furthermore,o when the- shots

fwere detonated all recelver channels were not turned 6h atg

'ﬁfthe same tlme. As a result the WWVB tlme is needed for eachﬂ_

e

o ;recelver channel to allgn them correctly w1th respect to the}'

dshot 1nstant.);;

’ f;}refractlon data are-'u

general some ~of the features present in the raw -

a

_fT; ~The- amplltudes of-jthé";nearest selsmlc “trace .fareh'“'

—

'ff51gn1f1cantly larger than the most dlstance ones,

'hm525f5Beyond 150 km from the shot the amplltudes of flrst_l

sarrlvals becomeesmall,and not dlst1nct from_,theb nolsef

.abackground j;7:*'“2'§,-'f‘:»d_,nf”;;‘\,'.jé‘ﬁ*,

L3 'Becauselvof, hlgh .noise;levels atflargetdistanoesﬁand‘ad,jr ;

aa
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small amplitude of Pn, only the profile'ﬂF1 shows;vthe_b

'flrst-arrivals.which'may be identified aS\atPn phase.

4. - A drscontlnulty in the travel t1me curve is observed on‘

nproflle F1 at 3. dlstance of about 210 km from the . shot
h-poxnt,‘ but ‘the dlscontlnu1ty of the reversed proflle N2
is not observed because}of the.hlgh nolse-levels.

v

.

4.2 Spectral Analysis . ; ;:ng B

.+ A seismic ftrace;.is "a time representatlon of ground L
motion -following - the uexp1051on ot Qgthe source The
apblication" 'ofy ‘the Fourler transform" converts 'the.

.tlme domaln measurements of the se smlc trace 1nto fre uenc o
} q Y.

/ .

"gdomaln‘ measurements thus the aAEl1tude for each frequency"'*
'_component can ' be evaluated through "the;» Fourler

~ ~transformation, A power—spectrum 1s a measure of the square

jogﬂthe_amplitude>for each.frequency' Knowledge of frequency,

Vamplltude,. and phase characterlstlcs 1s extremely 1mportant

-

de51gn1ng d1g1tal proce551ng technlques ’to‘ rmprove'

fiselsmlcv datau Béth (1974) prov1ded a comprehen51ve summary

"of theory and appllcatlons of spectral analyszs inh varlous'

“

7:9eophy51ca1 desc1pllnes°i . ‘; 1 : l:"‘ 'i> | /.‘

]

"ffTh f1n1te ,length 'of~ selsmlc ‘data represents-hthe”Td

«truncatlontx f the 1nf1n1te data by a rectangular functlon

'The d15cont1nu1ty betWeen the beglnnlng and the end of dataf;iﬁl

P

creates unde51rable side lobe " effects in vth \\frequency'f'

;hdoma1n, thus the power spectrum of the truncated data may be

|
1.

=
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 windovw is defined as :

'h of n.-‘

2

N . S ' L . -
negative at some . frequenc1es. -A 'Danlel w1ndow, wh1ch

repré€sents the closest 1nverse of a rectangular w1ndow in

I3

the ffrequencyi’domain“! is . useful to apply on’ data to

eliminate the undé51rable effect of the truncated data and

°

to reduce the varlance of the power estimate. Kanasewich

'f'(1975 P 96—105) presented “a 1detailed. discussion of the
'theory and the computatlonal procedure of Daniel' power

g est1mate and he recommended the use- of the Dan1e1 spectral

est1mate when the data set had 100 to 4000 samples.

In _the tlme domaln (or lag domaln if we calculate ‘the

vpdwer spectra W1th.the autocovarlance,functlon)‘ the "Danlel”

o

W(k)=sin(ak/m)/(ak/m) k=0,1,2,....n=1
‘a % 3 1416}11.‘ h; 0
‘~= the number of observatlons

the w1dth of the w1ndow

m N

The parameter m controls the resolutlon of the spectralz‘7'
'iestlmate-ithe greater the value of m, the greater 'will‘ be

- ‘the resolutlon ' However "the greater the value of m the,
'~.greater_w111 be the varlance of the spectral estlmate for ‘a

gg1ven value of n. Usually mis. chosen to be,about 10 to 20 %

e
. I

A computer program wrltten by Roblnson and Slllva(1979)"

'hwas used to compute the Danlel power spectrum 1n thlS study

: eThej program fzrst computes the autocorrelatlon of ‘the - data,

K3



welghts the autocorrelatlon values by the Dan1e1 W1ndow and‘
, then collapses all values llke an acchdlan to length m‘(the
Wldth of ‘the w1ndow) The Fourier transform converts the ..
collapsed autocorrelatlon values 1nto the frequency domaln‘
thus the4- power spectrum is estlmated at equ1 spaced

frequenc1es between zero and the Nyqu1st frequency

Fig.4.1 to 4J3 show the- power spectral estimates at

jnvarlous locations of 1ncrea51ng dlstances from the shot At,

These flgures 1nd1cate that the hlgh frequency components of

the seismic 51gnals decrease as the distance incredses. ThlS

zlmplles__that the hlgh frequency components are flltered out .

" by the earth as the selsmlc waves travel greater dlstanceS'

In Flg, .4 1 to 4:3 1t may be observed that ‘the upper 11m1tnw
 of 31gn1f1cant power. decreases from about 20 .Hz. .a at a
‘dlstance-aof 25 km to about 11- Hz at 152 km. On the whole
_the :frequency content Qbf useful':' s1gnal energy ‘isp.
1restricted to - a range of 5 to 20 Hz., A bandpass fllter of.
»5 20 Hz was applled to records from proflles A1 A2, N1, and
,F2.- However, for the proflle F1 and N2, where the distanCes;.
'between*the shots and the recordlng stat1ons were over V%OOd

.km, the records were flltered with a bandpass of 2 to 10 Hz.

Flg 4.4 -and ‘4;5 show _the vdramatlc “once of
frequency contents” 1n marlne shots from thoo : © N1 and'

- 'F2. The two shots were located at'.the 3 o & bwater
.,layer w1th__depths of.60 and 110 mvrespeCL.ﬁhiy. Theppower

1spectra exhibit the anomaly of water-layer reverberation:-

':thgl.reverberation_ of the signal'between'thevtop and bottom
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ME (SEC) . .
00 9.00 10.00  11.00

0.00  5.00  12.00  15.00 24.00  3b.00
. o FREQUENCY [HZ] I

Flgure 4, 1 The power spectrum for refractlon liné "Al, The,.
dlstance is 24.6 km from the shot §
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~ Figure 4.2 The power spectrum for refractlon llne Al., The
di'stance 1s 41.2 km from the shot.

o
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Flgure 4,3 The power . spectrum for refractlon -line- A1, - The |
dlstance is 152 .0 km from the shot. -
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 Figure 4.4 The povwer spectrum of marihe.sﬁédting for line
N1. Note -the large amplitude ~at - 6.0 Hz due to water
reverberation, - S ' . g ‘
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Figure 4.5 .The power spectrumfof marine shooting for line
F2, Note the .large amplitude " at 3.7 "Hz due .to water
Teverberation. - - . » 4 '

-

[



. ' . . S ) o S A .

f‘oﬁj_the water layer glves rlse to a sharply deflned maxlmum

*:1n the frequency response. The two peak fgequenc1es ;are zat
3.7 _and_ 6 0 respectlvely ;‘The_; appllcatlon -of

deconvolutlon fllters “lfj‘often suggested as 'a"rmean' of

Q
e,

e remov1ng -reverberatron éffectsv,whlch obscure»the reCOrded‘

o

sighalé’ These fllters mlght be useful f‘f some IOf; theﬁld

N present data,,partlcularly when the later arrlvals are to be-
studled Sw ﬂ}, fW‘;ﬂﬁérfhuf”f ,]Eﬂf:fv;;'.-f‘.}jj*éh
Tujdn'fth_ other hand hé- ‘power: spectrum of the. water'

$

reverberatlon 1s uSeful to estlmate the depth of the 'water P

1ayer. The relatlon between the peak frequency and the waterl{t

depth is expressed (Dobr1n, 1976) byﬁ'

?f ~v/ad
;whéée:~ | | | 1
1liff¥ peak frequency,r:fll o ’
' dw ; veloc1ty of sound 1n water;f:t'§l47” A
”dfﬁdt: T -

‘ water depth

iy

-~

Two examples are used to 1llustrate thatd the watera

depth Can be estlmated by he. power spectrum ‘of e waterlj',f°

reverberatlon u51ng the above formula. Table _Lr summarlzes,“ﬁ*"

“fhé; results .ofa_thev measured water depths (d ) (Ellls and;’

Clowes, 1981 p 12) apd water depths (df) determlned from.

the power spectra. tng;j'

Comparlson :off the measured water depths and depths byr

.(!v‘

power spectra from the two selsmlc records (Table gf) showsl,

only mlnor dnfferences..Thls 1nd1cates that the depth of thelg

- water layer can ‘be estlmated from the power spectrum of data,f
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[

'7<'bandpass fllter to 5815mlc 51gnals ;is to extract useful“ o

. zero- phase Shlft recur51ve Butterworth and Bessel bandpass d?*

h450041533.* 1490“I 307010 100 o

29

geophone  y(m/s) . t(z)  a, (m) a4 (m)

i

R R o

9

Table Tiuo. Comparlson of the results. of the measured?yater:tf
depths tO the depths determlned from power spectra SR

° 4 ol s ,A‘ Sl l\ - )
v . IR Ny .

RS I

- whichtcontain thetstgnals offwaterrreyerberationh”ﬁi;y:‘

>

4 3 Bandpass F1lter1ng

’ A bandpassD fllter—"'s_-a fréquency fllter de51gned toj”ff

"Jpass »Slgnal tfrequenc1es-3in! partlcular band and y:to. -

A

attenuate all other frequenc1es.‘The purpose of applylng anﬁ“

wlthlgnals from n01se background The operatlon of fllterlng 1s'J
hv?espeC1ally effectlve in cases where 51gna1 and n01se spectrary?r
jjdo.vnot overlap overvia; w1de frequency band Two types of f.ff

'5bandpass fllters are con51dered 1n thlS ~study" elght pole,’

‘filters The effectlveness of both fllters is compared ”on" .

u’p“ data.-‘

-”fh data conta1n1ng the flrst arrlval of energy, and n01syf'

L

Kanasew1ch (1975 . p 175 203) prOV1ded detalled"

f"dlscuss;on of the 8- pole Butterworth fllter ;lByb specrfylngfy'

‘5ﬁthei attenuatlon.;rate at a h1gh and low cutoff frequenc1es o

[
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~vb'carr1ed out 1n a 51m11ar manner to those ﬁo&l

S
o

‘5the filter coeff1c1ents are evaluated frOm poles and zeros

e .

',of the Butterworth polynomlal in a 'Z- plane:frepresentatlon.v,f

’"The_glnput data are’ then convolved w1th fllter coeff1c1ents- fj

‘recur51vely in both forward i‘df backward d1rectlons 'to7:
-vachleve zero phase Shlft fllterlng, | _
| The de51gn of a’ 8 pole Bessel fllter is= based lon.fthe

'ngeSSel polynomlnal The derlvatlon of fllter%'oeff1c1ents 1sl

;:fllter A good dlscu551on of the Bessel fllter is glven by,
-gLubkln (1970) '_%j_ e : : _

Comparlson 1of the Bessel and Butterworth fllters shows-5

4:hthe followxng dlfferences'f;(

T ft,eRThe Butterworth fllter has raugmucb faSEer ﬁtransitiOn.*g} “

ﬁthe Butterworth'”i

'”3{reglon 'from passband to stopband and has a. much bettergff]b

[
~

ﬁgamplltude characterlstlc than that of the Bessel fllter. IR

2. In‘the t1me domaln the Bessel fllter has ‘a only a tenth“hr;N;

'3ffthe” overshoot of the BUtterworth for fllters up to flvef
r1poles and gets better as more poles‘fare-gadded,'_whlle'ii
. . - . v

“the Butterworth flﬂter gets worse..J"”

‘ Both fllters were applled to the: data that contalned o

_ the. flrst 'arrlval f: energy.v Fig.. 4;6- to 4 8 show theV;;*

A'gappllcatlon of both fllters 'oh-.thef flrst arrrval,.overh;

"dflvarlous frequency bands tThé» Bessel fllter.vhas3 little S

. dlstortlon on thejflrst arrlval “ghaf‘range of frequencyvvbh

"bands, jbutf the Butterworth fllter 1ntroduces a 51gn1f1cant;Z

Vl'offset on the flrst arrlval ‘s’ythe frequehcy band getsg

{3narrower kéor. example,. at the frequency band 5 12 Hz, the‘f
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e

U TIME (SECY - :
2:50  3.50' " 4.50  5.50  6.50  7.50

~ RAW-DATA

". ‘Fighre_f4;6'xcémpari$bn’ of Buttérwdrth;athBé§sél'bandpass_“ S
..~ filters on the'firSt arrivalVinithe~freqUencyhband;-pf =200
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iy

«ﬁ]?S,POLESfBuTTERNoRTHfBQNDPQSS_F;préé{;;" 

f58 POLE8}BESSEE BHNDPHSS-FILTER35TZOfHZ,L f

j”’Eigufé" 4.7..Co@pa:ison v¢f’Butterwbrtﬁrahdfﬁé55él Béhdpésé'fltﬂ
- filters on the first arrival .in the frequency band. of .5-20 .
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2.50 - 3.50 - 4.t

. LR *) . s .
L 1 : 1 opes . ;o

. RAW DATA |

I

]

f     8;POLES;BEsSELQBHNDPQSS FIETERTS+12fHZ ff 

o F”i,g_ur_e 4.8 _"Corﬁpéfifsi'o'n; bb,f_‘But:'t‘é:r'w‘ovifth. van‘d -;B‘é,ssel’ 'vbvandp‘é"s‘s
firlt,er_s-..on_' the first arrival in the frequency band of -5-12 |
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sec. ThlS 1nd1cates that the Bessel fllter is more su1table
to apply on the data that contalns flrst arrlval enerqgy; fori»

the Bessel has a rather smooth . tran51tlon reglon from the"

,passband to stopband and tapers off _the 1nput data more
gradually,vthus av01d1ng dlstort1on of the 51gnals

Both fllters were then tested on a n01sy recordv ‘Fig

’4;9~\and 4., 10 dlsplay the raw data and the data flltered by

both fllters' Comparlson of the two flltered :records showsﬂf

",the folloW1ng features -

R ,The' - Butterworth fllter /,clearly\* supprésses the

“unde51rable hlgh and 1ow frequency noise rout51de the.

, ( e R _ R R
.‘passband.. IR EEREE TR S ST O S T R

2}?'The; BesSel"hfilter~’isf not able to suppress completely'
"dboth hlgh and low frequency Jblse out51de~the- passband.~

'j-For example, the low frequency n01se about 1;3 Hz.(trace

43) 1s Stlll present 1n the record ﬂ.a

‘o

3. Both flltered records have 1mproved the ‘corre}atiOnj of

"selsmlc traces con51derably U T_ih"j‘l v

"./4; “The appearances 'off both flltered records uare very-

51m11ar to each other

,'?he Butterworth }fllter,,fv general Ehas"better_

'S‘Performance than that of the Bessel fllter hin‘*extracting’

Q-

_,51gnals’ from n01se background The rapld tran51tlon from

~;passband to stopband of the Butterworth ;i qu1te good ,to -

’ uobtaln 'a. speclflc band vof' frequenc1es and eff1c1ent to

fattenuate other frequenc1es that are out51de., he- passband. _

Buttermorth filter offsets the first arrivalv time bY‘ 0.2

| .
Y -
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22.45.° 23.45 24,

)
45 26.45  27.45

REFRRCTIUN DHTH LINE~—FUCR (92]
BHNDPHSS FILTER BESSEL 2 70 10 HZ
SRR ) g TIME (SEC) Sl e
22,45 . 2345 24.45 . 25. 45 ‘ -248.45 2745 .

’ ”FigUre 4.9 The raw refraction .re

| rEcord filtered:by>afBessel'bandpa

y

o

cord and the corregpondlng
Ss fllter :
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e SRS
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. REFRACTION DATA" LINE--FUCA (A2

}

BANDPASS FILTER BUTTERWORTH 2 TO 10 HZ *

e o TIME (SsEcy .
22445 23.45 - 24.45 - 25.45 = 26145

27.45.
L v

\

'
f

Figure 4.10 Thevraw-réf:actidn record and the
record filtered by a Butterworth bandpass filte

.

cortre

‘r.

Sponding '
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“

However, since the travel times of first arrivals' are our

a .

‘main fntérest the minimum dlstortlon on the first arrlvals

'-1ntroduced by the Bessel fllter is more de51rable. Thus' we

| _
decided  that the Bessel fllterlwould be used on all seismic

records.

It should be noted that in the form in which the Bessel‘

fllter was used in thlS work ‘the ‘effectlve bandpass is

con51derably -w1der than that of~ the Butterworth fllter w1th

L

the same spec1f1ed frequenc1es. Thus the poorer '-low

frequency rejection._of the Bessel fllter is a fun;tlon of

‘larger bandw1dth and could be' 1mproved by narrOW1ng the

>nom1nal bandwidth.



.‘5.‘VV.EIILOCIT.Y—D‘EPTH DETERMINATION FROM REE“"RAC‘TI‘ON DATA
5.1 Commentslon Refracted Wayes from the Crust

\Since attenuatlon and absorption of elastic waves
through the earth cause. the amplltudes of elast1c waves to
‘decrease w1th 1ncrea51ng dlstance, study of the ampiitude is
essential to understand how the head wave propagates through
the ~earth. Grant’ and West (1965, p. 181 s\mmarlzed three -
llmportant facts for the propagatlon of head waves through
fthe. earth 1. the head wave amplltude d1m1nlshes 1nverselyg
as the square of the dlstance from the source; 2. since .the“
absorpt;on 'coeff1c1ent- 'is ,d1rectly proportlonal d,to
‘frequencv,vthe .head—ane amplltude also' diminishes with .~
frequency with the 1ncrease of travel tlme, 3 the energy‘in
~ the head wave becomes maximum at the cr1t1cal distance *(thé
,p01nt ’ where the 'refracted wave' meets " the ,reflected ’
.~ wavefront)." e .
| BaSed on travel t1me analysls, three dom1nant'sels;1c
’ ‘waves are ohserved from ythe ,surfacer-down . to " the upper

mantle; | | | B
1. Pg, isg usually assignedd-to be:a'refracted wave in‘the
upper crust, Wthh ‘has a typlcal veloc1ty of 5 5 to 6.1
km/s.' The. Pg phase is usually observed up to a dlstance
of 60 100 km. In-general ,the amplltude “of the Pg phase
; ,

decays _1nversely as the square of the dlstance from the

source; beyond ?OO km 1ts amplitude becomes~yery. small, .

38



travel-time diagram, where

E

~velocity iS'betweeﬁ“S.Btto:7;1'km/s,

' earth the famplitude “of Pn decays .rapidly beyond the.

’\ 39
4 |

and sometimes is not even observable.

!

The next prominent phase, which travels in the lower

crust, is designated as P*. However, this .prominent

phase is only observed ‘in some regions (Berry, 1973).

w

The absence of P* phase is probébly:’due to lateral

’hetetogeneities in. lower crustél' layér. The typical

T

"Pn is geherally‘considered‘ to be a —head wave which~

t;aveié diredtly benea;h - the Moho discontinuity. In

* v

genefalJ fhe Pn phase is observed to be a first arrival

at‘_ distances = beyond . 120-200 - km. Because of  the

ki

critical distance. The typical Pn phase velocity in

{

- British Columbia is between 7.8 to 8.1 km/s.

I
PN

5

5.2 Record Representation

All seismic sections were represented on a reduced

g
-

T = t-D/V
"with:-. : ~\  oo S | o
= téduced t;avéi fﬁme,’ '
t = travel time of_séismic'argivals; | R
= Sburée—reéeiyer'diétance; | '
v élrédugtion'Velocity.b

éttenuation and absorption 6flelastic'waves through the
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This - kind of displéy of data gives much better
. ‘ I . ;
resolution on a given graph when large recording disténces
are involved, since, whén the reduction velocity is close to

;he phase Velbcity‘of particular évenfs of ihterest;’ these
are more  or, iess horizontal on  the diagram. This
reduced-time representation . offers  the advanﬁage: ‘of
représenting .m6re time data withrh a given graph,‘ or
converéely'a}lowing an“expénded time scale to bevﬁseaf Sinée
the :Moho discontinuity was bf:a particular interest‘fn this
study,’é»reduction velocity of 8.0 km/s was apﬁliéd‘ on all

record sections,

‘553 C§:re1at{on of Réftaction_ﬁrri&als 
‘Correlation of first arrivals from trace -to ‘%race  ié:
"ésSential‘-to determdne. the vappérent phaseivelocity_of a
particular tfaégi—time branch in | ‘the Vréfraétion;
interpretation. -In general, the attehhatioh and;absorptionr
rof‘elastic‘wévés %n rock calse a progressive lowering of
appareﬁt freqUency‘, of seismic e§entsv.With increasing
distance of.travél through fhe'ééfth,'thus the shape of :thek
;yaVefotmf chéngeéT'és  a 'fﬁqétion of'disﬁancﬂg In;additioﬁ,ql
Qhen“noise is\present‘in”soﬁg,fgggﬁdé{ it is diffidu%t to»

obsere.kthe exact instant  of _thet of the firéfvb;eak'

energy; Thus, it is common practice;nét to. use thé beginning
of ‘the  event for correlation.purposes, but the éroﬁbunced:

maximum ,or minimumvampiifude'following the first arrivals of

o
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energy. The Oorrelation*of convenient peaks or troughs of
the seismic signals which have similar appearances provides
a more reliable estimate of apparent“velpcity of the
travel-time branch.>1n~erder to determine the actual arrival
times, we need to makeua-phase correction from -the picked

value of the peak or trough, back to the estimated beginning

of the refraction pulse,.

£

5.4 Plane Layered Interpretat1on

FlrSt arrivals were picked from all record sections,
except the last two—%hirdsiof the first arriva;s,on profiie
N2. Linear " segments of travel times were fitted in a
'least;square progran to determine velocities and intercept
itiyes‘ bf, the refraction . waves that trauel atbdifferent:‘
depths._The determination bf the near surface veioc1ty was
ndt 4wellt deflned due to the relatlvely large separatlon of
recordlng sites. The travel t1me to the. flrst recordlng 51te
from ‘four shot’ ,locailons ygelds a range of near surface
veloc1t1es from 14, 1 km/s to 4.57 km/s (Table 2). -The one
‘extremely high apparent near. surface veloc1ty“(14.1,km/s )

¥

is deflnltely due to an, error of the start t1me,\ therefore,

it 715‘ reasonable te ignore this hlgh surface ;eloc1ty The |
velocity from the shot Al .and F2 are close to" an average
- velocity of’ 5 3+-km/s. ThlS average veloq1ty is con51dered to
be an upper - 11m1t of near surface veloc1ty and can, 'be used

@

to -.compute the nécessary models /fer ’the preliminary

FS
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refractlon 1nterpretatlon

The depth to tﬁe refractor wa thr;:ailculatecl frém ;th€?

1ntercept t1me u51ng a. horlzontal plane layered model A

i computer programi llsted “in ‘the Appendaﬁ .‘allows,:‘the

1 calculatlon of the models for n- horﬂzpntal layers.'-”lz_*”

o "b_“»-

‘Central Proflles

Flg 5 shows the“ Argo refractlon proflle (Al) This_,“'~”

-,*proflle con51sts of a near surface layerv and ' two- drstinct"

bdeeper layers The veloc1t1es of these layers are 6. 35 andf

(

"7 02 km/s. The correspondlng thlcknesses are 0 51 km for. theﬁp'

'“surface layer and, 10 5 ﬂkm for the upper crust. The n01sev
r"levels 1n; thlS; sectloni;aref not- 51gn1f1cant' thej flrst
'yg’\ - S

, arrlvals have relaf1vely~large amplltudes and correlate very"'

v

h well throughout the whole sectlon.f

[

ot
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‘ Flg 5 2 dlsplays the record sectlon of proflle A2 ThiS"

”‘séct1on _is 51m11ar to sectlon A1 The flrst arrlvals from

“ both lower and upper crust are clear and well deflned Thelr

_veloc1t1es ~'are 6.39 and 6.29 km/s, correspondlng tov;"

o

thicknesses of 0.58»and 13 km respectlvely Comparlson‘ of'

"crustal' velocities ‘ W1th ‘profile A1l ‘shows - that .both

. veloc1t1es are 1n excellent agreement‘ Bt the tﬁ

o 2 o
CkﬂESS» of

"

.the upper 'crust has a rather large d1screpancy between two,‘

o proflles. ThlS dlscrepancy is up to‘ 2.6 km..-Thls 1mp11es

<&

.”that " the. crustal _structure beneatH the’ shot A is not a_'”

f51mple horlzontal model and that,jlateral' varlatlons of

leero Proflles : :l'ﬂ“'; '“__"'ﬂ’ jif'j-‘v"ﬁ”' : ,'ﬁ

‘structure may be present

Flg 5 3 and 5. 4 are. proflles of the observatlons from

.‘,the northern end along he structural ax1s.3ofa Vancouver‘

'Jamplitudes: of refracted flrst arrlvals made the correlat1on

"beyondﬁ210 km very dlfflcult .A narrow bandpass 12 Hz to 3

'Hz)f was appl1ed to the data -in attempt to reco 2

'made travel t1me plcké amblguous so that f‘“

vIsland pto‘pthe southern end of the- 1sland Flg 5 3 is the
.Aﬁreversed proflle of Flg '5;;.AThe‘f1rst arrlvals vare‘ clear
5?and ‘coherent up to a dlstance of" 210 km from the shot The
deata.’ﬁe;e “well fitted .1nto t“o' llnear _segments, which'h
‘Corééspondtn to, ‘thelv veloc1t1es, 6. 57'v and 7. 04 km/s

'fi3respeCtEVely The .very h1gh~ noise levels 'and*' small

3

r 51gnals'"

07
from the n01sy background but the ldﬁr@zgnal t‘ Fse ratlo é;

,x' N
.
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of Pn phase velocity was not possible.
. \ . ] o . . | . ] \ . .
. - |
if .

Fuca Profiles
"Fig.5.5 and 5.6 represent the reversed section ‘of the
PU— \ . B . ] Y . .

Nero profile.‘The'profile,F2 is similar' to N1, The first

‘arrlvals of ;6.52 km/s ;continues ~hpAfto ]00 km, but the
arrlvals from: the rlower lcrost‘ are] scattered :fhey were
fltted ‘approxlmately” nithb a‘ 6. 95 km/s ‘line "seghent.'A"
discontinuity of travel time curve 15 observed about 210 kﬁ:t
from ”th;j shot _onh'the proflle F1. ThlS d15cont1nu1ty may
Llndlcate the ex1stence of‘a low veloc1ty zone If such a low:
veloc1ty zone ex1sts in th154 reglon v1t is dlfflcult to-
establlsh the depth to the Moho from the refractlon data
'Arrlvals 1dent1f1ed as representlng a Pn phase are observed
" on the proflle F1 between the dlstance 220 to. 290 km, " but
dthelrv'amplltudes 'are q 1te'small In order to enhancevthef
certalnty of the anarrldals, we enlarged the amplltude of

Pn arrlvals and reduced the backgr und n01se con51derably bylf

vaapplylng a Butterworth fllter w1th a bandpass of 1 to 2.5 Hzlt'

.on the proflle of F1 The Pn arrlvpls are clear and coherent

,1” Flg.5.7. The apparent veloc1ty as found to be 7.95 km/@.“

ﬁBy assumlng plane horlzontal layers, the depth for the Moho
"determlned from 1ntercept times is- 35 km ( Fig. 5. 6) _ Later

farr1vals in F1g 5;7;f wh1ch ‘may be reflectlons from theh,

v

';-;Moho,vappear falrly clear and coherent fw1th"rather ,large

: amplltudes. Another featurezlnoteworthy‘in‘Fig. 5.7 1is the -

';vllne‘C—C, postulated‘to be_the .secondary arrivals from a
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sub~Moho refractorl These secondary' arrivals have fairly
‘ large amplltudes and an apparent veloc1ty of about 8.3 km/s

Because of the truncatlon of the proflle at 330 km, /flrst‘
break arrivals are not recorded for thlS later branch of Pn

arrlvals. Thus the 1nterpretat10n of this later:‘branch is

not attempted

4

:5.5' wiechert—HerglotzeBateman (WHB) Inversion‘,of‘ the
'>QTravel-Time>Curves.' | | | |

ridbAlthoughy the 'simplified approach of a-horazontal layef
‘,mode; provides = useful .information; {of an ‘ approx1mape
velocity-depth fUﬂCthﬂ it requ1rea the - calculatlon of
thlcknesses by a series of péssible layers Wlth a constant:
veloc1ty f or each layer. In reality, velocity yusually
increases with depth Another approach whlch makes use"of'
.veloc1ty 1ncrea51hg contlnuously with depth may represent a
more reallstlc model of the earth Tnls approach is known as
rclnver51on 6f. travel- t1me curve by WHB 1ntegral Grant and
West (1965, p. 138—141) prov1ded a detailed analy51s of this
?approach

We assume that .the"eiastic"anesA‘travel” through a

.sutce551on of horlzontal layers of dlfferent elast1c medla,

and the veloc1ty increases as a function of depth only. ‘The

k\ h
\" Pl

WHB - 1ntegral for plane horlzontal ,layers may be shown to be

D . -
sy = L J cosh™t (v 4&) ax
s \ X
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where :

9

D

I

the distance of a ray path that returns to the surface

of the ground

<<
i

the veloc1ty of the ray at the max1mum depth of
penetratlon . ' o

-~

dt/dx = the derlvatlve of ‘the time- dlstance curve.
Before the appllcatlon of the 1ntegra1 the travel—timer

data, - excludlng the data for the Pn arrlvals, were reduced
to the?hase'of the,surface‘layer by . subtractlng the t1mes
"‘that were, caiculated‘ fromhﬁthe intercept times ‘of the
planeilayered modei. This‘remdves the“effect of‘vthe near
surface 1ayer.'lThe ttravelftimevdata.were then fitted'by a
polynom1a1 of arbitrary degree. The uee- of the polynomial‘
has certaln advantages in analysing the‘data: 1. we can
,-establlsh a concise mathematical, formula to .expgessx the
_relatlon between tWO“variables (in . our caée, time and:‘
distance); 2. although the degree'of the polynomlal to‘ be
.fitted to 'the data may not be known in advance, we change
the order of the polynomlal until we reach ‘an ' order for
"which we - get a sat1sfactory result of fitting the data-‘3.
~the | polynomlal is a. contlnuous functlon and - is

differentiable anywhere within its domain, 1t is useful, for

instance, for interpolation purpqses.or for smoqthlng the.
eriginal data prior te furtherﬁanalysis. - ‘?/
In general tqe degree of polynomlai 1svnot restrlcted |
.x=:> ~ However, one condltlon is requ1red 1n,order to evaluate the

'WHB‘integral, that is: V'? dx/dt. We found that the data of-

7
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sections A1, A2, and Neto fitted’with a'polynomial of second
degree; the data of sectioniFuca, with the'polynqpﬁal up to
fourth degree. The coefficients of the pelynomial?fin turn,
permit’the evaluation of the WHB integral“by determining the
derivatlve of thewdtime-distance curve yat any arbitrary
distance. A .computer program listed' in the Appendlx was
- wrltten for the inversion of the travel tlme data by this
method. | . | “ L
Fig.5.8 to- 5.11 illuStrate the applicatien"of:'the WﬁB
integral to the time*distance curves. of sections Al, A2,
'Nero, and Fuca. The veloc1ty depth functions 'of the four

seismic sections are qu1:: :milar to a depth of 6 km the

velqeity beneath the surface layer ~of 5.3 km/s gradually

increasee ‘with depth from the 1n1t1al veloc;g of about 6 2
'km/s to a veloc1ty 6.5 km/s ‘at a depth ‘of 6 km.“Below this
depth the veloc1ty depth curve of proflles A2 and Fuca havee
51mllar slopes, but their slopes are steeper than those from
‘the  profiles Nero and A1 As a result the depth to any'
given veloc1ty refractor from the proflles A2 and Fuca is
greater than that from proflles Ne:o and A1, On the other
hand, the'kelocity—depth curve of profile Al hael a minimum
slope. which, in turn, yields a minimum depth'toYa given
.velocity fefractor, For exampleulthe depth to a Veloclty of
7;0 km/s fluctuates from a maxlmum of 2l 4 km from the
ptoﬁile A2fto a minimum of 16.5 . km from the prof1le A1, with
a' intermediate valne of 17.3 km from the profile Nero. This

L

implies that the ray path travelled from A to F is quite
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o 5 6 Synthet1c Selsmograms’.rf
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Lol

. ‘ !
iy - Sar et o

dlfferent from/the rﬁ path that travels from A to N. One

i /

‘vp0551b1e‘»explanat1on. of the dlscrepancy of travel blmes 1n-
"the. southerly and northerly dlrectlons is the ex1stence of a

'_zone 'of anomaeous ‘structure south ‘of the shot po1n5 A If,

udlscrepanc1es. lg.‘the travel—tlme curves, The~extent'of‘the-

N

"anomalOUS zone- cannot' ~be estlmated ‘prec1sely from the.

refractloq data of the present study

The 1nterpretat10n based on travel t1me analys1s‘ alone

'Eis_lnotﬁ alWays-'unlque, and a comparlson of theoretlcal andd
7jexper1mental travel time curves', can --be"useful »tom avoid-.
\1,fm1stakes‘ inv;then solutlon _of ~an 'inverse problem ;T5¢7
theoretlcal travel t1mes can . be - approx1mated by mod1f1ed'
l}fasymptot1c~'.$ave “dmethods~\ﬁ(Cerveryn and, Zahradnlk >972;.
 Choi,1978). o B N

Th method used to compute t1me d1stance curves in the

dd'present study is based on a modlfled Alry functlon' solutlon('

» _solutlon kor an ‘arbltrary yv:inf”a layered vertlcallya

"

3_1nhomogeneous elastlc medlum _u51ng a modlfled ver51on of a

thlrd order saddle p01nt approx1mat10n ThlS result was then'

)

‘reduced to the form of a moilf1ed A1ry functlon solutlon for»

5; analy51s the reader is. referred to Ch01(1978)

'thls hypothes1s 1s true, it mlght account for’ somev of .the

'“derlved by Ch01(1978) HIS approach was to derlve a 1ntegra1 a8

the computatlon of a synthetlc selsmogram. oForx‘a:,deta;ledp~;ut



Slnce we ant1c1pate lateral veloc1ty varlatlons and the
,eX1stence of a low veloc1ty zone as: suggested by the f1rst
g arrlval data, we do not expect that all the features on the

observed record sectlon .can' be .matched by _ modelllngu

'fprocedure‘ uslng 'synthetic selsmograms In general _the o

theoretical ' 'computations.‘,~prov1de‘ ‘an“o:. approx1mater'
VVvélOCitY*depth:’structure whlch is at least con51stent w1th
'the observed travel t1me and amplltude data.éﬁ‘ | \-
i*The_ constructlon of the synthetlc ,selsnogram gvas
e 1n1t1ally based on the veloc1ty depth functlon of tthe; Fuca -
Jproflles (F1 F2) . wh1ch wa's. derlved from the WHB 1nver51on of
ktravel tlmes. The parameters, veloc1ty as well as: depth 'f’
»the synthetlc' selsmogram 'were' adjusted to¢ f1t w1th the
if;observed data of the Fuca proflles The data to- be f1tted by
_the synthetlc ;selsmogram; 1nc1ude the refractlons from thev
g crust and from the mantle, and reflectlons from the mantle.h

t

;hw order ~to 1mprove ¢the f1t of the observed data, a lowrﬂ

b/,.veloc1ty zone was requ1red "to keep hep.reflected travel

tlmes correct at 1arger dlstances and to generate the large_*

.amplltudes of the posszble Moho reflectlons descrlbed above.

rThe Moho reflect1ons from the synthetlc selsmogram fltted ;»

/

'“very well to observed data of ythe Fuca profllelf(in' Flg'

s

'5 6). ‘Thed; ltlcal dlstance from the synthetlc calculatlon‘

'l

g was atf‘J4Q;ka. Unfortunately, athé synthetr : selsmogramA'<

~program "was‘ not des1gned to compute the theoretlcal travel
:tlmes of the Pn phaseébranch however \Cbhe theoretlcal

‘._ktravel times may be estlmated from the cr1t1cal dlstance as



61
‘determined' from l‘the" synthetlc | seismogram. with‘ithe
assumptlons of a horlzontal Moho dlscont1nu1ty and a mantleA
,veloc1ty of 8 0 km/s (rounded off from the observeg veloc1ty
h £..7. 95 km/s) . LThe observed len arrlval  times are}
-‘approximatelv one second earlier than'those predicted'hy theia
babove model We then varled the veloc1ty and the thlcknessr
.of the/low veloc1ty ‘zone’ in-an’ attempt to 1mprove the fit of;
the Pn arrlvals Thls attempt falled ‘We coqld'-fit, e1the;
: the. reflected ,-orh' refracted . branch from 1chevfMoho
‘dlscontlnu1ty to the observed data, but were unsuccessful in

'f1tt1ng bo;é 51multaneously. T ,",- ',v‘ A‘

: Slnce we ant1c1pate lateral veloc1ty varlatlons beneath‘

h‘Vancouver 1sland, 'the assumptlons .of' a horizontal Moho

°

’_dlSCOﬂtanLty and a constant veloc1ty over 100 km may not be'

,;valld for the computatlon of the theoretlcal ‘travel . tlmes of ..
'-Pn arrlvals. Slgnlf;cant_‘lateral ’veloc1ty. varlatlons may

L*faCCount'~for the early? ph arrlvals of the observed data.'

»‘:Another plau51ble reason 1s d1p on the Moho d15cont1nu1t9w A

- few: degrees ;of d1p overf 100 km is suff1c1ently large to.
-‘xproduce t1me shlfts off'theﬂ magnltude _requ1red‘=,o;fbr1ng'”
reflected and refracted phases 1nto an agreement Since;the

_Pn atr1vals 1n the Nero proflle (reversed proflle) can; not

. -.be t 1dent1fled _th‘ determ1nat1on of the dip angle is not

fdp0551ble. If the Moho d1scont1nu1ty has dlp, the observatlon
of the earller Pn arrlvals requlres the waves to propagate

~in the Updlp d1rectlon v1 e. the Moho 1nterface._i : d;pplngk
;t;from the.'northern Fend towards ~the southern end of the

S

|
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. island. We may estimate the magnitude of time shifts causedq
j by the ‘effect ‘oi,_dip 'angle' by considering a dlpplng

‘,two—layer 'structure;' We assume the upper layer Veloc1ty tb.‘v'

be 6.5 km/s, and lower layer veloc1ty to be. 8 0 km/s. »Onlyr
ﬁabout 3.0 degrees . of drp. iS'irequlred to prodUCe;x
approximately 1.0 sec . to 1.5 :secd time-shift difference
between the two layer horizontall and dipping model,Jat
dlstances 200 km 'to 300 km _from thek shot7, If thec Moho
J,beneath Vancouver, Island."has 3 degrees of dip, its true,.
Jveloc1ty will become approx1mately 7 7 km/s. “ |
’The ‘model ‘that produced the. best f1t to the observedll'
refractlons from the crust and reflectlons from ‘the mantle
é%for ‘t e' Fuca proflles has follow1ng features; 1. the
veloc1ty 1ncreases contlnuously to a depth" ﬁf '27’ km; 2;
ffbelow 'thIS' depth h'_ veloc1ty gradually decreases to 6. 2,
::km/s at the depth of 38 km--3, the 1ow veloc1ty zone stays o
',constant at‘ 6.2 km/s for a th1ckness of 6 km and sharply,
'.jjumps to a veloc1ty of 8. O km/s. Flg 5, 12 shows lthe _ray=
’°d1agram - and h travel tlme-_ curves jiotj thiS' model;"The"
- travel tlme curves generated by thlS model agree vvery ’wellh
'tw1th fthvr.observed data.iThls model prov1des ‘an alternatlve
1nterpretatlon which may be compared to. - »hh; planeflayered

model derlved earller.
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5.7 Particle Motion Analysis

&

Particle motion diagrams may be constructed by plotting
the radial and vertical seismometer signals as a function'off”

t1me for the flrst arrlval data.’ The orientation of - the

pr1nc1pal "axis ° of the - particle trajectory in the

: radial—yertical plane: indicateS‘ the apparent ‘angle of

T
A

L

emergence of the ‘refracted  wave. Montalbetti‘(]969) and
Kazmierczak (1980) provided good discussions of particle -

motion analyses of - bothf'compreSSional Vand shear - type
motions. ¥

|
i

Lo . - ‘_' x . o \ . ) . C .
Three components: . of ground motion {vertical,

anrth-South'horizontal “and east;west 'horiaontal)' for hall'

shots, were .recorded at a few statlons in Vancouver Island

All: component data were recorded on the Sprengether‘ and U.

"~ of A dlgltal array systems. Unfortunately, the 1nformat10n

from the U of A. d1g1tal -array were ‘not appllcable for

partlcle_ motion analy51sk either because_of ‘noisy data or

dead traces. Thus, the analysis&Was based only on ‘ h data

trecorded by the Sprengether system from four dlfferent shot

p01nts.

'.The ‘radial component 1s obtalned by rotatlng the two .

'horlzontal components 1nto a dlrectlon correspond1ng to a

great c1rcle az1muth from 'source to receiver. The a21muth is

nthe angle measFred clockw1se from ’théﬂinorth. Two ‘methods

‘'were used to estlmated the a21muth

. Theoretlcal calculatlon of a21muth from the geometry of

both source and recelver coordlnates.
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2. jDirect measurement of a21muth~ffrom*~the‘”‘1ot of the
north-south and east-west hor1zontal components
‘The maximum difference of the a21muth obtained from both'
methods is up to 20 degrees. We decided to use the a21muth
‘measured from v\the plot = of north south and east west
components to transform to rad1a1 motion because we belleved
that,_the orlentatlon of the detectors in the field was only

.\\

approx1mately in the north- south -d1rect10n, and that ‘theg'

measured a21muth was more rellable than the a21muth computed f

>

by the theoretlcal calculatlon.

Fig.5.12 to 5 16 show the flrst arrlval events of three
horizontal,-components -and ~one _vertical . componenty' for.
different ~shot ‘locations. fft' is.obvious thatzé-wave type“-
motion 1s present#:n all records 'The_ apparent angle néf
'emergence meg;ured from the horlzontal varles from 31 to 51h
‘degrees. | |

| ‘ Since .the tiit. angle of: the prlnclpal ‘axis of ‘the
'partlcle trajectory is equ1valent to the apparent angle 'of
emergence of the <refracted wave we ”could make~use of
.amplltudes Av‘;nd Ah of the vertlcal and horlzontal ground3

dlsplacement to measure_'thel,apparent, angle of emergence

whith is definedvas

©

o = tanff'(Av/

'where: a is the apparent'angl -emergence ‘measured with

‘horizontal  boundary. Walker (1919) derived a ‘relation
vbetween;the.apparent and @rue?angle of .emergence .in the form
' 2cos*f = (1-y)/(0.5~y) (1-Sina) - .

-

LR



66
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Figure‘ 5.13 Plots of four components of grOund‘mofion'and
'radial versus vertical ground motion. The apparent angle of
emergence from horizontal boundary is 31°. S S
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- Figure 5.14 Plo@s“of four components. of ground motion and
radial versus vertical ground motion. The apparent. angle of
- emergence from horizontal boundary is 42°. T

Y
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Figure 5.15 Plots of”four components 'of ground motion .ang
~radial versus vertical ground motion. The apparent angle of
emergence from horizontal boundary is 50°. :
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'Figure 16' Plots of four components of ground moticn, and
radial versus vertical ground motion. The apparent angle of

emergence from horlzontal boundary is 51°.
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Cummlng,,Clowes and Ellls (1979) >concluded that ;Poissonls-f, o

P01sson g ratlo N Co T 0.,ﬂ

Y

angle‘bf emergence measured from the hor1zontal

K

';ratlo‘_in BrltlSh Columbla was 0. 23 Thls value was adopted,’
to compute the true angle of emergence. ThlSuPOlSSOﬂ s ratlo,f
gzmay be Tfh error when 1t 1s applled o data from Vancouverdf

Island Mereu (1966) showed that an 1ncrease; of P01sson s,

Y “

ratlo from ‘0;2 to*lo had the effect of 1ncrea51ng the«_h

N L
apparent angle of emergence a few degrees (the: max1mum ,was,«

R about d7 degrees) Thus we conclude that PorssOn s ratlo 1sﬂf»

<

Jf_not &4 cr1t1cal factor jin? th determlnatlon ”bfl_angle,;;f

r‘/'v %

'».4

emergence 1n OUf case._;' . : , ,

By know1ng the: veloc1ty of‘the wave at Ythef bottem~ébf~'

”%ﬂfEHv trajectcry from*,the travel tlme. analy51s,5_we;>can'»j-~

e

,ﬁvestlmate the near surface ve14c1ty by Snell s law.h' i3 ‘
i . L N ‘, . R
| | ””~ 51n(1) V, /V,‘f.’frfjh_yib yh ’j’ f;dlfjfilwu
‘3 hf the angle of emergence wlth respect to the normal
{KV;H Khear surface veloc1ty,vv{“f‘“‘igfb;:?“'i,” fré;f
V,‘= veloc1ty at the max'mum depth of penetratlon o

vt

= B

.fThe apparent angles of e:eggence from all partlcle mot}en'

'_hdlagrams were measured nd then converted to true angles of-

LS N
ru N

theavertlcal in order £0 comguteéfhéf: t

4y

‘,emerg;nce measured frjf

"hhear surface veloc1t1es (Table 3) l'fifu;ffgwfu?-

e \'.

S

From Table 3 the surface veloc1ty fluctuatesv from\ 4 O

«,. co ] »
“to 5;27”. km/s ”gn thls part;cle motlon analy51s. The;

e B o

LS
e
-
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'+ geophone measured angle of & ‘velocity. velocity

line . station - azimuth _ emergence particle plane |

L S ... . . . analysis ‘layer
.(degree)  (degree)  km/s Ckm/s’

Al.. 35001 .. 40 56.3 ° 5l27, . s5.28

A2 21005 * 3000 - 43.4 4.4 457 |

N1 .0 35002 307.0  35.3 . 4.0 - N

P2 21008 132 35,0 4.0 5.33

leable 3.. ... Near seﬁface veloc1t1esafrom the partlcle motlon7]

analyses compared with those from plane layered
v1nterpretat10n.,__v4:.

A}

> .

fduncertalnty of P01sson s ratlo,verror of he' azimuth' and -

'thev assumpt1on';of a homogeneous, 1sotrop1c,-elast1c medlum

SR

'”deflnltely contrlbute _certaln errors i obtalnlng the o

a surface veloc1t1es at varlous locatlons..When the errors and

'd_assumptlon _are' taken 1nto ’con51derat10n : the ‘surface-

l‘veloc1t1es .from partlcle motlon analy51s are con51dered tO{,'

°3agree w1th veloc1t1es from the travel t1me analy91s based on.'

'j.the travel tln\\to the fzrst detector. Slnce the avallable PP

' data-dab llmlted and the3 surface veloc1t1es. from».theffv

s

‘ﬂtravel t1me analy515'ﬁare"n0'3 well d&flned it' may be;Z

"7;l.3ust1f1ed to use the veloc1ty f", km/s‘ from part1cleV‘

A

‘gmotlon 'analyéls _asf a lower bound for the surface veloc1ty:

ﬂ':g and 5 33 km/s from travel tlme data as ‘a’ upper bound

’



6. 1 NTEPKXPRETAT‘IVON.

'd6.1 Introduction

cr

The prlme objectlve of this study is- to obtalnz crustallr‘

.structural ‘ 1nformat10n " ““under Vancouver Island‘

'Interpretatlons of crustal .strUcture cin thlS the51§ Fare

\

: . p A, : R "m :
;vbased ;pnh_the analy51s “of . r%&racﬁéon data vthro~gh ‘the
appllcatlon of horlgontal plane layeredxmodels, an’ through"

Jv- -y

. 9

h;lncludes synthetlc modelllng Of traVel tlme, branches.& Thel,;

"1nterpreted , results 'Qf four' crustal selsmlc'.sectlons*

'jevaluated by each technlque are :comblned to prOV1de 'e

' prellmlnary models in the study area Comparlson of the two.

ﬁ_methods 1nd1cates that the modeld obtalned by the WHB,

¥

5@1nte@ral %echnlque seemslto represent §¥nmre reallstlc model B

fthan the horlzontal layered 1nterpretatlon <{/ﬁ\_-f

3

6. 2 A Pre11m1nary Model from Plane layered Intrepretatlon L

By comb1n1ng the results’fbf the 1ndlv1dual selsmlc‘h'

7rsect10ns from the plane layered 1nterpretat10n, a_»tentatlveg

;reglonal crustal model may be iconstructed for the studyf_'

a

'farea. Because of llmltatlons’_bf‘ thev data and- t' éarge

a'separatlon dlstances_ between recordlng 51tes, thls model T

oy

7should be - regarded ‘as. speculatlve at thlslt}“eif:

%

FlQ 6. 1 shows the 1nferred crustal mo&%l Thls c3%51stsdi

‘vof 4 horlzontal layers The low velbc1ty Vsurface glayer fis;?'

v

ey
R

e

. - Qv‘ :
the zlnver51on of travel t1me curves by the WHB 1ntegral andv Lo
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‘ A

'thinhtowards'thevcentre>of the‘prOfile, and become thicker,
at -hoth”ends. The maximum thichneSSdhf "sediments" is. about .
2.1 km at the south end and the mlnlmum is 0. 51 km at the
centre. o T g |

o The depth as"weli ,aé veloc1ty 'above fthé3 7.0 "km/s
"refractor shows- quite'ﬁsubstantlal .changes' across, the
Aprofiie The veloc1ty proceedlng from both ends’ oficthe‘
hprof1le towards the centre, decreases from approx1mately’6 5f..

R hkm/s to 6. 35 km/s, and there is a. 51gn1f1cantm 1ncrease of,

A}

thlckness 'towards ‘thel centre. These lateral varlatlons ofv
j\tles and thlcknesses may suggest a- dlsturbed zone or ‘a
of ‘major changes “in rock comp051tlons - across’ the

.»tral prof1le On- the whole, the upper crust 1s/relat1vely‘v
P o

,

: Q} '

// homogeneous except at the centre of the profll |
| The observed dlSCOﬂtlﬂUlty " of égn arrlvals certalnly;
'obscures 'thet 1nterpretatlon‘:of'fth;_ Moho arrlvals. ThlS‘
"? ,d15cont1nu1ty can be: 1nterpreted as 1nd1cat1ng the ex1stencejf

h.;of:,a',Iow veloc1ty.@one beneath the 7.0 km/s refractor.,If;“"-;'
‘such a low ve10c1ty zone ,is' present .the '1nterpretatlon
‘»based on plane layered models may produce serlous -error 1nfe
i estlmatlng the Moho depth becaﬁ”ﬂmﬁ"t vaolates ‘the ba51ch
dl}pr1nc1ple 'of piane layered modelllng inf whlch veloc1tyﬁ
should 1ncrease w1th depth However thzlobservatlons of

arrlvals on proflle F1 prov1de an 1nd1rect way to estlmate

.1the depth of the Moho. Unfortunately, the hlgh n01se levels

"on the teversed proflle make the plcks of the flrst arrlvals(

Very dlfflcult, thusfthe,veloc1ty and depth of the Moho iari

P



75

o ,
S
)

o

"not:well"constrained by' the‘ refractlon data. Since ‘we

.

speculate the existence of the'lowdveloc1ty zone, the Moho

depth (35 km) by plane-layered 'inter%fetation should be

regarded as tentatlve at th1s t1me, ‘and probably represents

S a m1n1mum crustal thlckness

6 3 A Prellmlnary Model From the lSynthetie _Seismogram and

&

WHB Invers1on of . T§% el Times s L " s

\
)

- B 3 o -
The 1nterpreted results from -the WHB ‘1nvers1on of

t;avel ,tlmes and synthetlc selsmogram modelllng were also~

comblqed to form a tentatlve 1nterpretatlon in- Flg 6 2

constructlon dot .thLS

1'.7"

the plane layered 1nterpretat10n.

l_veloc1ty of 7 30 km/s at a depth of 27 km,

hkm/s at the depth of 38 km

‘The .
.jﬂ. ,r_t . . L )

model ua based on the. follollng‘

° .

el E R A
10 oo p . : Y
q,,.. BN &

The thlcknesses of surface ysedlmgyts" were takeg fromrﬂ
: v"J" \7 (‘“ v

p2e

aThe veloc1ty 1ncreases contlnuously w1th depthbto about_”
fh7 0 km/s at a. depth of approx1mately 17. km. Thewwgpth to..
'dthls ?& refractor ':was derlved by-’ comb1n1§§ "the“
hveloc1ty depth functlon f four selsmlc sectlons.*-l“
f’Th;JWHB 1nver51on of travel t1me data up to fa dlstanceu

of about 210 km from the Fuca. proflles ylelded a maximum

e

K

‘ A tran51tlon zone was 1ntroduced beneath th e‘ 7 BEJMm/sT
vrefractor, by synthetlc,'modellzng The veIOC1ty 1n the

f"ftran51t10n zone decreases gradually from 7 3 km/s to 6 2

-
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_'l1ne good dashed 11nes poor.- . ' :

o -

s
AN
»\K‘g ’“,
)



77

’ l v . o ‘* ‘ .
5. The low velocity ofu 6.-_ km/s stays constant for a
‘thickness of 6 km and sharply jumps to ‘a veloc1ty of 8 0
km. This low veloc1ty channel was 1ntroduced in order to

a m
aceount for the large amplltude events wh1ch may be Moho :

‘&

reflectlons.

o This@model in Fig. 6.2 exh1b1ts ‘é d1fferent§ycrustalu )

o

structure 'compared 'to Fig. 6 1 The thlckness of the 6 S,"

‘;km/s refractor 1s falrly constant along the whole prof1le 1nf

E)

Flg . 6 2 There,are sllght varlatlons of thlcknesses south .
&3: o )
of the shot p01nt h The lack of structural varlatlon may .

‘vsuggest that the Struczyre down to the 6.5 km/s refractor is
- fairly homogeneousa |

,_)

At the depth about 1% km the 7. O km/s refractor is

falrly horlzontal at both endﬁ the proflle but the depth
varies substantlally near the south of locatlon A, in which
the,variation'ot'depths isvwell represented by an' apparentg
;syncline;. The{‘difference in’ depth determlned from southernl
profiie‘to.’the‘ northern proflle is up to 4 _km;fk¥%1s

s

indicates that: the,‘ray path ‘that travels from A to F is

'cons1derably dlfferent from the ray path thatttravels from A3%;

“to N One p0551ble explanatlon to thlS large/dlscrepancy in

jdepth is due to a local _anomalous structure south " of shot’

.'lp01nt A. However, 1f thlS anom;lous structure ex1sts, the'

':refaction ;data in this study do’ not . prov1de | enough
'infornation. to determlne the extent, of thrs zone, " therefore.,‘

thlS 1nterpretat10n 1s to some extent arbltrary because of

.

: 51gn1f1cant lateral 1nhomogen1ety
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besidés the tuneertainty inbthe depth to the 7.0 km/s
refractof, the observation; of a discontinuity in‘ travel.
‘times contrlbutes another uncertalnty to estimate the depth
ofvthe Moho, Langston (1981) concluded the existence of a
iow; velocity -zone beneath Vancourer Island ThlS ev1dence
prov1des further support to our present modél, Although the
‘thlckness of the low veloc1ty zone and the depth to the Moho
(44 km) were found by synthetlc modelllng, both should  be’

consxdered to. be lspeculatlve at the present time. Further

seismic surveys are rgqu1red to - establish a well-defined

depth of the Moho. .

‘6.4-Gomparison of Two Models
Comparsion of the models ianig. 6.1 and Fig. 6.2”%hows

that  the depth to each refractlng layer from the

N

g%iane laye g model is less than the -depth eromv-the WHB
~ inversion ot 'travel times: For eXampie;.jthe. max1mum
;dlffef:;Ze in depth to the 7.0 km/s refractor is up to about
7. 3 km. Thls'_result seems to be qu1te reasonable, for the
.WHB 1ntegral takes .into con51derat10n veloc1ty increases
with depth and thls should g1ve a. thlcker sectlon than that
obtalned by vassumlng a constapt velocity. -I n the real

geologlcal- situatiOn, thehassumption‘of'veIOCity:inereasing
Awith‘depth‘fs presumabiy mote.;eal{stic than the‘_assumption'
. of constant velooities. in a small number of layers. The

-‘observed dlscontlnu1ty of travel tlmes on the Fuca 'proflles
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certainly favors the model in Fig.‘6.2' which acccuhts for
the low velocity  zone indicated Sy the travel-time
:5 dlecontlnu1ty In eddition, a structural 1nterpéwtatlon
Abased on ah iterative xmcdelling of the reflected and

refracted P-wave travel times and amplltudes (McMechan and

Spepce,'«1982) 1nd1cates a crustal model similar to that in

;;;;;

Fig. 6.2. The depths to both 6. 5, 'km/s' ana 7.0 km/s_ﬁ-;
vrefractors are consistent for both models, ‘but the model
from McMechan and Spence has a very complex structure anr‘
the centre of the profile. Based on thls ev1dence, the model
obtalned py comb1n1ng the synthet1c selsmogram and the. WHB
'1nvqu1on of travel t1mes is preferred as the final model in-

' this study.



7. CONCLUSIONS
The limited extent and the nature of the data in the
present 1nvestlgatlon restrict any conclusions ‘to only
‘ prov151onal comments. The overall pauc1ty of observatlons off
Pn “arrlvals for- Vancouver Island also 11m1ts any possible
‘conolusions about the regional crustal structure. 'However,
if the features of Fig. 6.2rrepresent the general structure
for theyregion} several conclusionsiCan'be madeé
i.f The surface "sediments" (Low velocity materlals) are’
‘fthlnner towards the ce\tre of the proflle. . u

~

2. The _.upper crust to a. vdepth of about 5 km is- well

L

constralned by the reversed refractlon data and,whas a

homogeneous velocity.

3. The depth“tO'fthe 7.0ikm/s refractor.shows sub §5ant1al
k.d ) . ‘ IC){H

change of crustal thlcknesses to the south of locatlon
A, ThlS suggests the ex1stence of a locally anomalous

1

structure in.that region.

4. Although refracted arrivals from ‘the Moho , have been

identified, .its depth and shape remain uncertain,

\
o

however, a depth of 44 km w1th a mantie veloc1ty near
8.0 km/s is reasonably con51stent w1th the data.
The refractlon data in the present 'study prbvidev'

1nd1rect 1nformatlon as to the crustal thickness beneatht

Vancouver Island. 1In attemptlng interpret .- the

refraction‘;data to . obtain the lower crustal and upper
mantle structures under Vancouver‘Island, we feel that

;the interpretation 'of' the present data’ is.somewhat

3

.80
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arbitrary and less reliable than would be desirable. The
limitations 1in  this case are mainly due to a lack of

seiémic _control - along the refraction profiles

particularly at - farbe" distances, and the complex

structure beneath Vancouver Island. Larger shots and

. ‘closer spacing of recording sites are ‘suggested to

R . . sl . .
obtain reliable Moho arrivals for_fuﬁgher studies. If a

~low Velocify zone exists at‘depth,.eveh a more detailed

Tefraction inté:pretatioh may  be ambiguous. An

indication of complex structure particularly in the

centre of the ‘Island, and, the possibility of a low
v ’ - P

velocity zone atg th might be resolved by\ a
near-vertical reflec! tudy. : : o e

o - oo ‘ O
&J; R ‘ N @ . N

-
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APPENDIX ~---COMPUTER PROGRAMS.

i, E o
. 5
,\

¢

.\-

OF UNIVERSITY OF’ ALBERTA RECORDING SYSTEM AND
SEISMGMETER IN 1980 SEISMIC PROJECT IN VANCOUVER
ISLAND

-

it

'FREQUENCY VECT OF THE SPECTRUM
' AMPLITUDE VECTOR' OF THE SPECTRUM .. .. %
PHASE ANGLE VECTOR OF THE SPECTRUM = . - "
 TRANSFER 'FUNCTION OF AMPLIFIER AND . ..
1SE15M0METER IN S-PLANE REPRESENTATION = |

FQP,
SAMP
't PHASE
_TRANS

qnooonnda;J"”

WIniln.

o0nand

'DIMENSION FQ(81) BLOGF(100) AMp(100) ELOGA(100) P
. DIMENSION TITLEX(GO) TITLEY(GO) _ L B
- . DIMENSION: BLOGAM(100) PHASE(]OO) ' SR

. COMPLEX A,I,S,TRANS ' - N
;'VCOMMON TITLEX TITLEY NTITLX NTITLY AXLEN AYLEN

:C- SEE THE EXPLANFTION OF VARIABLES IN SUBROUTINE PLOTA

S READ(S 111) TITLEX e j,g,s» o ,."-7"l

, -w%'y‘-READ(S 141) TUTLEY o T e s e
’*11J,FORMAT(60A4) L I AR Tl
. WRITE(6 111)TITLEY e L

. © READ(S5, 112)AXLEN AYLEN L e

'112=FORMAT(2F6 0) i E;._‘?‘.*;Hl~“.“

“READ(s 113)NTITLX NTITLY ﬂ,p EEER S

$13 FORMAT(ZIG) : A R P R SR D
;C”-*********#**************************************** S o f_

I=(0.0,1.0) " . T h o e
. ARCs 6 283185 e Sl . o DO
c
SC FMIN THE MINIMUM FREQUENCY ,
'C.. FMAX=THE MAXIMUM FREQUENCY ~ . T % e
Kol FACTOR=THE GAIN OF THE AMRLIFIER (5BDB) [SE
- ?~';’ READ(S 4)FMIN FMAX FACTOR : «;;;i;<
R T _FORMAT(3F9 4) o , -,;jg“,yj”
“ L UNN=T1 e vjfvva~-,j_,;w»;* e T T

 ; FREQ FMIN ff'ff; ‘FfN~rf"_'f‘3~.l_ E f’: B ‘ S
100 'S=F*xFREQ " °ﬂ R }-,:;g‘,77°;'\-fg»ﬁ;j“f_;yzb;»z;\_'T
__R,}FQ(NN) FREQ . L e f,:w'i:xx-.ﬁ-\’ L
c : : | R S Es
c TRANS THE TRANSFER FUNCTION OF AMPLIFIER +SEISMOMETER
-C;.A : g : T R VAR
e A TRANS(s) < :*,“g;-_'_,,.“. FEE TR
AMEF(NN)=CABS(A)
pHAsE(NN) ATANZ(AIMAG(A) REAL(A))*BGO /ARC

Rt

- THIS PROGRAM COMPUTES THE AMPLITUDE AND PHASE SPECTRA RN

w"r



C -
C
¢

000000 6o -

Fs

18 FORMAT(4(1X,F11. 4)) . ‘ o -

{ THE TITLES. OF X+ AND' Y- - AXIS

7fNTITLX NTITLY: NUMBER OF CHARS IN X- AND Y TITLES -~

BLOGF(NN) ALOG10(FREQ) S
CONVERT AMPLI TUDE INTO DECIBEL '7' ';l S 8

~ BLOGA(NN) ALOG10(AMP(NN))*20 Q+FACTOR f';' »
. BEOGAM(NN)=ALOG10(AMP(NN)) . o TR IR
"WRITE(6,18)FREQ,AMP(NN), BLOGAM(NN) PHASE(NN) < ‘ B

_FREQ=FREQ* 1. 1547820 N T
" NN=NN+1 I T
IF (FREQ.LE. FMAX)GO TO 100 ,v‘ﬁ:
N1=NN-1 *. o .
- CALL PLOTA(BLOGF BLOGAM N1)
STOP |
END -

' COMPLEX FUNCTION TﬁANs(s) \Qf,uf
COMPLEX S ° SRV o o
TRANS*(1)‘ - ‘ L
((s/.10)/(1 +s/ 10))*1 0/(1 o+1 2*5/4700 -
THE TRANSFO
1 +(5/4700. )**2)*1 0/(1 0+s/53
THE PREAMPLIFIER . ~ ' o0
1 *(S/.100) /(1. 0+s/ 1007 - ST
" THE D.C.OFFSET FILTER L I AR R L T TR
1 x1.0/(1. 0+s/53 ST }ﬁ;‘fu,,.>:~' vj\(- ST
. THE GAIN: CONTROL AR 5 S :
1 ¥105./(105.+105, %2, 1105*5/50 +45,*(2 1105*5/50 )**2 :
#10.% (2, 1105*5/50 )**3+(2 1ﬂos*s/50 )x%4) o ol

“FOR FREQUENCY e
1 x(S/2.0)%%3/41.0%. 76*5/2 o+(s 2. 0)**2)*8 33*10 0/

(10.0+4)%2%3,1416%2
. THE SEI SMOMETER e RET . ‘
L o “ A 9 )
SUBROUTINE PLbTA 'WY,N)‘ :

REQUIRED INPUTS: * . S
‘AXLEN-AYLEN: DESIRED LENGTH OF X AND ' szs IN INCHES 3;,

X-Y: THE VECTORS TQ BE 'PLOTTED

»NDATA NUMBER OF E EMENTS IN VECTOR X OR Y E
| DIMENSION X(N) Y(N) S ";,.
DIMENSION TITL X(60) TITLEY(GO) IE R, ; -
COMMON TITLEX TITLEY NTITLX, NTITLY AXLEN AYLEN :
. L ”
PLOT EVERY DATA POINT 4 ,,Tf J; . '%grﬁj,, :
IREP T cIE e T BRI S
CALL PLOTS FR 5
," 6 ' .
¥ °ul a ) ‘



ondnnon ana-

ao

K

\

ENLARGE OR REDUCE THE. SIZE OF THE ENTIRE PLOT
"CALL FACTOR(O 8)

MOVE ORIGIN IN A BIT TO ALLOW FOR LABELS

CMLPMWU 030—3)-

t

ENLARGE OR REDUCE THE SIZE OF THE ENTIRE PLOT

SCALE THE INPUT. VECTORS f;Q;A.;-‘
-CALL .SCALE(X,AXLEN,N,IREP) . -
‘CALL SCALE(Y AYLEN,N IREPX

xmﬂ
o “X(N+2
Y (N+1
Y(N+2

o

st Nt g N
o wna
- OO |
. ‘» - —
wom-

'
33

PLOT X~-AND. Y- AXIS

"CALL LOGAX(0.0,0. 0, TITLEX —NTITLX AXLEN 0. o

& -3.0,3.0) .
CALL LOGAX(O ofo o TITLEY NTITLY AYLEN, 90
'& -4,0,3.0) . ‘ }
CALL LINE(x Y,N, 1 0 3) W ' ‘-»-

TERMINATE THE PLOT"
. CALL PLOT(O 0,0. 0 999)
"RETURN o

-~ BEND _:vw

-0.

0;,

0

90
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47

1

O

20

.TAU.

. e
?

THIS Pl :RAM COMPUTES THE DEPTHS OF N LAYERS WITH
GF VEN q{ﬂ M
vs&waé ‘ES AND INTERCEPT TIMES OF GIVEN LAYERS

% i

R OF LAYERS TO BE COMPUTED NOT INdLUDE
NV = NUMBER OF" VELOCITIES N

’HALF SPACE . .

THE . INTERCEPT TIMES. Cor R ;
VECTOR TO STORE THE‘WITLE OF THE LINE
VELOCITIES OF N LAYERS - p .
 THICKNESS OF INDIVIDUAL LAYER' .0

AW
A
H

nowonon

e,

REAL TAU(10),v(10),H(10),AW(30) P - 2
DATA TAU/10*O 0/‘v/10*0 0/ H/10%0. 0/ f\\

‘READ(5,4) (AW(I),I=1,30) SN

WRITE(G 4)(Aw(I) 1—1”30)

FogMAT(30A4)

READ (5,2) NV

FORMAT(I1) o .

‘NoTE TAU(1) MUST BE 0.0 ., ks

“READ(5, 10)(TAU(I) I=1 /NV)
FORMAT(7F10 3)

READ(5,20) (V(1), I=1 NV) o
‘FORMAT(8F9 3) . . o

’ / . . . ' i ‘,.. “.
1, DO 90 N= 2,N8v. , :
. HSUM=0.0 . i ks I
 NLAYER=N-2 ‘

'10

1&0
110

90

30

IF (NLAYER. ﬂE 0) GO TO 110 T

DO 100 K=1,NLAYER : o - :

Vi= SQRT(V(N)**z V(K)*%%2) . S L ’
V2=SQRT(V(N) **2-V(N-1)%*2) . =~ ST~
... -HSUM= HSUM#H (K)-# (V(N- 1)*v1)/(v(x)*v2) o

© WRITE(6,101)N,K,V1,V2,HSUM . = :

i FORMAT(2I5,4F10. 3) - v R
CONTINUE - oo FREL

v3 SQRT(V(N)**Z V(N 1)**2)

‘_H(N 1) TAU(N)*V(N 1)*V(N)/(2 0*v3) HSUM

'CONTINUE

WRITE(6,30) o A
FORMAT('0', 4x, 'iNTERPT TIME' 5x,ﬁVELOG;T¥';5x

& 'THICKNESS' , 7%, 'DEPTH')

DEPTH=0VEY . % .- = \'
DO 40 L=1,NV N : ' ‘ i
DEPTH=DEPTH+H (L) AR

IF(L.EQ.NV) DEPTH=0.0 - - . i



45

40

¥

‘WRITE(G,X@} TAU(L), V(L) ,H{L), DEPTH

FORMAT('0',5%,F10.3, 5%, F8.3,5X%,F9.3,5%,F9.3)
CONTINUE A , ' L '

- STOP ! .

S
5 ] »

END
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THIS PROGRAM COMPUTES THE VELOCITY-DEPTH .

FUNCTION FROM THE INVERSION OF TRAVEL" TIMES

"BY WHB INTEGRAL USING.A LOW ORDER POLYNOMIAL ° .
TO FIT WITH THE OBSERVED TRAVEL“TIME DATA

'SDIMENSION A(zb);B(zo),DIST(100),TIME(100),X(100)

11

- 13

14

10

25

20

e AW
'".RX

2

.WRITE(G 8)(AW(I) I=1,3

READ (5,11) (RT(K) K=

DIMENSION C(10),S(20),TY(100),AW(30),VEL(100)
DIMENSION Z (5000 VMAX(SOO) z1(500) Y(100)
DIMENSION RX(3), T(3)

" COMMON AW \

REAL*8 P(200), T(200)
DATA c/1o*o 0/

VECTOR .TO STORE THE TITLE OF REFRACTION LINE

= DISTANCES USED TO. REDUCE DATA TO ‘THE BASE
: . OF THE SURFACE LAYER . '
RT = "= TIMES USED TQ REDUCE DATA TO THE BASE OF THE

SURFACE LAYER

DIST DISTANCES OF TRAVEL*- TIME DATA.

TIME = TIMES OF TRAVEL-TIME -DATA o
TY - = TIMES COMPUTED FROM POLYNOMIAL COEFFICIENTS
- .= DEPTHS CALCULATED FROM WHBCINTEGRAL
VEL =-VELOCITIES CALCULATED FROM WHB INTEGRAL
N = INPUT NUMBER OF OBSERVATIONS OF X AND Y
MD = MAX DESIRED DEGREE OF THE POLYNOMIAL FIT.
ID = -OUTPUT DEGREE OF. THE FITTED MODE} =
C- .= OUTPUT COEFFICIENTS OF POLYNONIMA FIT\QN s

ASCENDING ORDER .

P,ANDLT WORKING SPACE MUST BE DOUBLE PRECISION’

V’RSQ 100' . '\,_, L : ..‘  .n,f

READ(5,8) (AW(I),I=1,30

Yo
0)
FORMAT (30A4) - L
READ (5,11) (RX(K) , K= 1,3% Coe
1,3 . :

FORMAT (3F10.3) S :
WRITE (6, 13)(RX(K) K=1,3) J

\FORMAT('0',' ' RX 3F10 3)
'WRITE(6,14)(RT(K),K=T,3)

FORMAT('0',' RT',3F10.3)

READ(5,10) MD,N

FORMAT(216) o ,
DO 20 I=1,N. ‘ ‘

- READ(5, 25) DIST(I) TIME(I)

FORMAT(2F12 4)
CONTINUE :

_‘CALL REDUTI(N DIST, TIME RT, RX) o

¢

N



30

-

nn0nn fonan anoan

-

40

60
‘j 65
:70
80

& 'THEORETICAL TIME', 10X, 'DIFF')"

94

DO 30 1=1,N ) B
X(I)=DIST(I) . c
Y{I)=TIME(I) .

TIME(1)=0.0

o

Vool »
RLFOTH FROM IMSLLIB®-- FIT A UNIVARIATE CURVILINEAR
REGRESSION MODEL USING ORTHOGONAL POLYNOMIALS

CALL RLFOTH(DIST;Y,N,ﬁSQ}MD,ID,P}C,S,A,B,IER)

RLDOPM FROM IMSLLIB -~ TRANSFORMS A FITTED ORTHOGONAL
POLYNOMIAL MODEL INTO A POLYNOMIAL FUNCTION OF THE
ORIGINAL INDEPENDENT VARIABLE

CALL RLDOPM(C,ID,A,B,T)

THE OUTPUT OF C CONTAINS THE CONSTANT TERM
AND COEFFICIENTS

LD=ID+1
~DO 40 K=1,N
CONST=C (1)
YY=CONST - o o :
DO’ 50 KK=2,LD . : o
YY= YY+C(KK)*X(K)**(KK 1) ‘

TY(K) =YY :
CONTINUE

-

WRITE(6, 60) iD. : ‘ '
FORMAT('0',5X, 'DEGREE OF POLYNOMIAL FIT 1S',13)
WRITE(6, 65) ,

FORMAT('0"', 15X, 'THE COEFFS OF POLY. FITTED MODELS' )
WRITE (6, ﬂO)(C(K) K=1 LD)

FORMAT('0',5(3X, E14 6))

. WRITE(6,g0)

'FORMAT('0',5X, 'DISTANCE ', 10X, ' TIME' 5%,
STD=0.0 “

DO 90 K=1,N

DIFF= TY(K) -Y(K)

- STD=STD+DIFF*%2
WRITE(6,95) X(K), Y(K) TY(K), DIFF

95
90 .

‘ugl

FORMAT('0.'",5X,F9:3,5X,F9. 3, 1ox FS.3, sx Fg. 3)
CONTINUE

STD=STD/N . .
WRITE(6,91) STD : « e
FORMAT(' 0' 4X, ' SQUARE: NORM OF TIME. IS' F9.6)

'CALL PLOTS S el o

CALL' PLOTA(X,TIME,TY,N)

P v . Se . . - § B



C

sXsXsXeXeXeXeXeXe e BKS)

an’

a0 aa aao

N=43

.# DO 93 Kgl,N v

93 X(K)=(K-1)%5.0 . . . oy
CALL ZVEL(X,N,0.2,C,LD, Z,VMAX)
WRITE(6, 154) ' ~

154 FORMAT(8X,'DISTANCE',8X,'DEPTH',8X,' 'VMAX') 0
DO 150 K=1,N \
WRITE(6,155) X(K), z(K),VMAX(K) ’

155 FORMAT('Q',4X, 3F12 4)

150 CONTINUE
CALL PLTA(Z,VMAX, N) Lo

STOP
END

"SUBROUTINE PLOTA(X,Y,TY,N)
THIS SUBROUTINE PLOTS THE TIME-DISTANCE CURVE.

REQUIRED INPUTS
THE TITLES OF X—- AND. Y- AXIS
" AXLEN-AYLEN: DESIRED LENGTH OF X AND Y axis
NTITLX-NTITLY: NUMBER OF CHARS IN X-AND Y- TLTLES
" X-Y: THE VECTORS TO BE PLOTTED
NDATA NUMBER OF ELEMENTS IN VECTOR X OR Y

DIMENSION x(z) Y(2) TY(2) .
COMMON AW

PBOT EVERY DATA POINT
.IREP=1
AXLEN=5,0 E
AYLEN=4. 0 , . . , N\

ENLARGE OR REDUCE THE SIZE OF 'THE ENTIRE PLOT
'CALL-FACTOR(1.0) : _ T

'MOVE GRIGIN IN A BIT TO ALLOW FOR LABELS .

- CALL PLOT(1.0,11.0,-3) | A

@

SCALE THE INPUT VECTORS

X(N+1)=0.0

- X(N+2)=44,0 S ‘ :
Y(N+1)=0.0 o " -
Y(N+2)—10 0 . ' -

"PLOT X-AND Y- AXIS

CALL AXIS(0.0,0. 0 DISTANCE KM',—11,AXLEN,0.0,
& X(N+1), X(N+2)) 5

CALL AXIS(O 0,0. o '"TIME SEC',8,AYLEN, 90.,Y(N+1)
& Y(N+2)) . ok ¢ ) >
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CALL SYMBOL(0.4,4.4,0.16,AW,0.0,30)

CALL LINE(X,Y,N,1,0,3)

CALL LINE(X,TY,N,1,0,3) ' L

WRITE(6,10) X(N+1),X(N+2),Y(N+1),Y(N+2) .
10 FORMAT(' SCALE FACTOR ',b4F15.2) .

TERMINATE THE PLOT -

., CALL PLOT(0.0,-4.6,-3) \
RETURN |
END 5 .

+SUBROUTINE PLTA(X,Y,N) ' -

THIS SUBROUTINE PLOTS THE VELOCITY~DEPTH CURVE

DIMENSION X(2),Y(2)

PLOT EVERY DATA POINT
"~ IREP=1

' SCALE THE INPUT VECTORS

AXLEN=5.0
AYLEN=3.0
X(N+1)=
X(N+2)=
Y(N+1)
Y (N+2)

- ’ o

0.
6
5
1

Q
0
0
0

'PLOT X-AND Y- AXIS

CALL AX1S(0.0,0.0,'DEPTH :KM',-8,AXLEN,0.0,

& X(N+1), X(N+2)) ‘

CALL AXIS(O 0,0.0, VELOCITY KM/S' 13,AYLEN, 90.,
& Y(N+1), Y(N+2)) . s

CALL LINE(X Y,N,1,0,3)

TERMINATE .THE PLOT

CALL PLOT(0.0,0.0,999)
RETURN ‘ ' , :
. END , C . , K
'SUBROUTINE ZVEL(X,LX,DELX,C,DC;Z,VEL)
" THIS SUBROUTINE EVALUATES THE WHB INTEGRAL AT ANY
ARBITRARY DISTANCE STARTING WITH A INITIAL VELOCITY
~ OF 5.30 RM/S."

‘'DIMENSION x(2) C(2),2(29,VEL(2)
ARCOSH(Y) ALOG(Y+SQRT(Y**2—1 0))

"

96
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300z
10"

10 KK 1,LX ¢

“*“ORIG X(1)- e "-_"vWVSL}'o
XMAX= X(K1)PORIG _ PR

- IF(XMAX.LE.0.0). GO TO 15 S
- SLOPE=DERV(C,LC, XMAX) - ;wghvw
'fVEL(K1)-1/SLOPE St

'v VEL(K1)

N= XMAX/DEQX ng; PRI
22=0.00 o '
r;x1 XMAX/N ,}=»s RE
jDo 20 K=1,N *.;aé

" ~SLOPE= DERV%C LC XX) .

* ARG=V*SLOPE o

. IF (K.EQ.N) ARG=1. 0"

L ZL= ZZ+ARCOSH(ARG)*DELX
CXE=RKHXT G

gGo TO 30 g.'@,-*

CA

| 'fVEL(K1) £5.30
' 5fZ(K1),0_Q._E

K14KT+1VN

» GO TO 10, . STl T

CZKT) —1/3 1416*zz:~,.1<.a«
KAI=K1+1 EREE
_.CONTINUE TR e
-_'RETURN ,‘: L :' S e e 5
'-END T

o o

'._ﬂREAL FUNCTION DERV(C LC x)

f{,;DIMENSION‘c(LC)

y=c(2) "*55 ?éa;*ycﬂqz; SRR
©-' DO 10 L= 3 IC Mt 1 f“T, e
Y= Y+C(L)*(L 1)*X**(L 2) T
" DERV=Y -u;:- S

BN

O .RETURN .. ®
_HE.ND L

TH‘IS FUNCTION CALCULATES THE DERIVATIVE AT ANY
“'POINT FROM THE POLYNOMIAL FUNCTION

\ |

.MN7SUBROUTIN%‘REDUTI(LX x T RT RX)

 .THIS SUBROUTINE' REDUCES THE TRAVEL TIME DATA |
~@@}DOWN TO THE BASE OF THE. SURFACE LAYER = o

nohh}nhwfw*_j

DIMENSION x(z) T(2) RT(2) Rx(z) v(2) DEPTH(2)
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110

3 IF'(hT(éi’LE 0.0) GO TO 100
" R1=(RT(1)-RT(2) )/ (RX(2)~RX(1)
E R2 (RT(3) RT(2 )/ RX 3) RX( )

100

,g3~;T(1) 0 o .
© . Do 10 1=2, LX
' TORIG= T(I) . ‘
- IE(X(I).LE. RX(2)) T1= R1*(RX(2)
. »IF(X(I).GT.RX(2)) T1 R2*(X(I)
OT(I)=T(I) ST e
- WRITE(6;20) x(I) TORIG, T(I) T1
FORMAT(' 0", 'H1"4(F10 4,5%))
”CONTINUE T _"tff_ T

))+RT(2
))+R (2

x( ). o
"RX (2 ).

,R1-(RT(2) RT(1))/(RX(2) RX(1))
'W,T(1) 0 0 N o

“po 40 1=2, nx@ S N
S IR (R(D) LE. RX(2)) T1 R1*x11)+RT(1)
(D) =T(L) =T LT
. WRITE(6,45) X(I) T(I) T1
‘FORMAT (' O'~'H1' 3F12 4)
‘CONTINUE y ,

RETURN

END. o/ e e e e e
: s Loy . . Lo o [ K ENE .

PEh



