
AI{ A'ITEMPT T'OT^¡ARDS A}T TNTffiPAETATION OF A COIÙIINUOUS

CRUSTATJ SEISIIEC REFR.A.CTION SI'RVEÏ TN MANITOSA

Â Thesis

Presented. to
Faculty of Gracluate Studles ar¡d. Research

University of Manitoba

In Partial F\rlfillrnent
of the Requírements for the Degree

Master of Saience

The

3y

Rebecca R. Sa¡¡tos

October¡ L976



,'AN ATTEMPT TOI.IARDS AN INTERPRETATION OF A CONTINUOUS

CRUSTAL SEISMIC REFRACTION SURVEY IN MANITOBA''

by

REBECCA R. SANTOS

A dissertation submitted to the Faculty of Graduate Studies of
the University of Munitoba in partial fulfillment of the requircments

of the tlegrce of

MASTER OF SCIENCE

@ tgzo

Perntission hus l¡ecn grantctl to the LIBRARY OF Tllü UNIVËR-

SITY OF MANITOIIA to lcnd t¡r s:lt copies of this dissertutiolt, to

the NATIONAL LIBRARY OF CANAÞA to n¡icrotilm this

rlissertatio¡t and to lend or slll copics of the filnr, und UNIVIiRSITY

MICIIOFILMS to publish u¡r ubstruct of this dissertution.

The author reservès other publicatit¡n rights, und neitlpr the

disscrtation nor extensåvc cxtructs t'ronr it nruy be printed or other-

wisc reproduccd without thc uutl¡or's writtcn pcnrrission



.ÀCX3{OTII,EDGEMU{TS

fhls r¡iter wlshes to thank D¡s. A. G. Green and. D. E. EaIl for

their conments ancl general supervisiolt. trì¡nds zupporting this

research ca¡ne fbom the National Research Councll of Canada. Einar¡cla^],

assistar¡ce for the sup¡nrt of thls writer also ca.ne frorn the Student

Àicl. Sranoh¡ Departrnent of Colleges ancl Universities Affairs¡ the

Governmont of Mar¡itoba.

ar.



ASSTRACT

The objective of this thesis is to test the useflrlness of a new

prooessj.ng technique in enhar¡cing seisnÍc events. The princípal

tecbnique is a weigbtecL ùifferential stack ( f¡S ) assuning rrriforn

moveout for the expected. amivals. Ttris technique is appllecL to

selectecl record.s from a near-contÍnuous crustal seisnic refbaction

survey concluctecl near the Ma¡ritoba{ntario bouncl.aæy to the east of

Lake llinnipegr durÍng the periocts of Jr¡ne to July¡ L967 and,I'tay to

June¡ 1968. Tbe records are obtainecl fþom stations P3O to P4O and PS

to P59 ( as inai cated in the field books of this survey ) which were

previously digitized.r filterecl¡ and. recorded on tno separate 800 bpi

tapesr The results obtained. are very satisfactory. There is a d.efinite

improvement in tbe resolution of tbe amivals over those observed on

the oríg:ina1 playback record.s and the sections given by EaJnaI ( fg?O ).

The TIDS traces not only confirm the existence of the events interpreted

as Pgl P*, PP, Pn, ancl PPPP by Hainal ( tglO ) on the records but also

show the presence of t¡¡o other events, referrred. to as &. ancl X2¡ not

previously identified, by Hajnal on tbe sa¡re records.
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CHAPTEB I

À SITOBT DESC|RIPÍTON OF ÍHE }ATA T]SED IN TEIS Sfi'DT

1'1 Isjrojgg!@
Exptosion seísnolo.ry has increasingly beoome an in¡nrtant fie1d.

in tbe stugr of tbe earthrs crust. Eere f.n litanltoba¡ such stuclies

began fn tbe "ït" l96Ots. Since then a nunber of surveys have been

macl.e and their results publishecl. A aonpilation of a],L Brevj.ous

seisnic work by the University of !ûa¡ritoba crustal study gFoup since

1961 fB given by Ha1.l and. EaJnal ( fgZ¡ ). Dooo ( L974 ) traces the

developrnent of the sefsnic metbod ln this university.

'1.2@
In the summerg of L967 a¡rd 1968 ( Jr:ne-IuJ-y¡ L967 and. Ma¡r-.Irrne¡

1968 ) a ne€ììr-oontLnuous refbaction survey ¡ras conduotecl near the

Manitoba-Onta¡lo bounda,q¡ to the east of l¡ake Ttinnipeg ( niepre I ).

Tbe d.ata gpthered {n this sutvey together rrlth tbe tlata fron t¡ro other

surveys concluctecl over the sa¡ne area ( a regional refþaotioa survey

ancl a nêar-vêrtical reflLeatfon surr¡ey ) nere analyzed by EaJnaJ'

( fgfO ). Bhe near-oontÍnuous refbaction survey 1E the main subJect

of the present investlgation. Howevel; only tbose recorclé of gOocl

quality are used. herer llhese are the reoorclinge fron statlonE P30 to

P40 and P48 to ?59 as tl.enoteel ín the f,ieLd books of tbe survey and

which Eajnal refe:rred. to ss stations A-30 to A-40 ar¡tt À-48 to A-59.

Tbese d.ata were previously digÈtized¡ filtered¡ and. recorded by Eajnal

on two separate 8OO bpf nagnetio taBes. The anplltude res¡nnse of thÞ

applled. 5-25 Ez banèpass flLter ís glven ln filgure 2. fllhe set of
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trÌLgu¡e 1. A schematic diagram showing the locatlon sltes of the
continuous reflaction surveY.

. stfe ôÉ ¿ôNTtñuous RÈFRACI



PERCENT RESPOilSE

Figrrre 2. Anplltude restrnnse of .a lOO-poj;nt¡ J-ZJ Ez banclpass fiLte¡
mo¿itie¿ florEajnal ( fl?O )'

¡ecorûingF corteslnnèing to stations P3O to F40 of tbe f,ield books ie

inrtexecl lO to 40 on tbe tape , t1¡ø other set oor¡esponcling to P4B to

P59 is incþxedl 4L to 52. SÍ¡¡ce infornation for nore than Just one

station is containetl Ln eacb d.ata set¡ the indlces are usetl to

ctistinguish one reoord. fro¡n anothe¡ rithin that set' a rrecordt

conta"ins tbe conplete set of ùig:itizett infornation fron tbe tneLve

channels at a recordíng site. lrhug frecordt rrill be used to refer to

the set of Logioal reoolcLs on tape r¡hLch beg:in Tfüth the sane inclex

number. Eenceforth rrecorclr a¡¡rl rstatfonl rrill be used interohar¡geêbI]rr

trbr firtr¡re referencê¡ & clesoríption of tbese tapesl infornatíon

regarcling the clata stored. berer 8¡¡d oomparlson of tbe notatlon useô

ín designating these record's are gåven in AppencLix A'

llbe recorùings rore nade along the provlncia"Ì highway 3O4 using

t(

s o18 9 ro il 11 B* lSþll18ut2¿zt?¡z!?l+7saz4

IDEAL
BAITDPASS

N=LOO

TREQUEßICT ( fr2. )
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sefemoneters of the Geo-Spaoe ES-10-l type ?ritb a natr¡¡a} resonant

frequency of l- Hz. llhe reacter ís referred. to Honeniuk ( 19?2 ) for a

ctiagra,n of the reslþnse cha¡ecteristios of this instrument' Àt each

site an effort was macle to la,y out the

geophones as cLosely ín line rrith tbe

as possible. lfhe fie].c[ books show that

aobierrlng this as tbe linear a,Ûray conmonly formecl' angles e ritb

resBect to this clirection of ebout 49'to ?Oi Otber stations¡ bowever¡

were aligned to r¡:ithin 6". llbe agary geonetrXr ís shown Ín Figure J'

{Bhe geopbone spaoing nas approx¡nat e¡,.y L44 ft ( 0.132 h ).

Continulty in this survey wes achievecl by naking the ]'ast geopbone ín

eaoh one-nlle spread' the ¡nsition of the fírst gpopbone fn the next

one-mile sBread. that is Lald out. of the tweLve seisnoneters¡ four

rere usecl to recorcl borizonta]. motion in cbannels 2, 3.r lOr and 11;

tbe rest were used. to. record. vertical grouncl motion' Eaeh seismoneter

was oonnectett to a single takeout. In tbis lnvestigationl onLy the

verticaL channele ¡rere used ancl interpreted.. Eajnal gíves an

excelLent ctisoussíon of the ínstxumentation; clig:itization¡ antt'

filterlng of the d.ata. Hence no f\¡rther disqussion of tbese ís

needed.

lrhe clata on tbe nagneti.c tapes bave not been oorrected for dc-

shlft ancl nodu].ation differenoe. Tbe appropriate oorrections were

thB¡efore nacle. For eacb record.¡ the cl.c-shlft oorreotíon was achlevecl

by subtracting tbe average of eacb traoe¡ oorresponclíng to eacDi

char¡nel¡ from esc.b trace elenent ln that ohannel' !{oclulation

clifferenoes bet'¡reen ohannels '!üere oomected' by slnply soaling the

traces to a comnon naxùuum anplitutle value. 0nry the first eight

one-nile sPreacl of L2

shot point - station tlireotion

there was ùifflcultY in



,

ftLgUre 3. A cut-away cliagran sholring the shot Boint - station
geometry' The definitíons of the arrívals Pg¡ P*r PPr Pn,
ar¡d PPPP are al.so lLlustrated usÍng uniformly - ar¡tL

borlzontally - layerect subsurface. Thls clfagra.n is not
dram to gcale.

seconds of eaoh record. were used and. eèitecl as cþscribecl above. fbese

e&itecl data were then l¡-¡itten on rnagnetic tapes at 6250 bpi.

1.3 Ti,!Lig,

Thp tlnes ts1 of tbe beginning of the öigitizecl records on tapes

for the statlons P1 relative to the explosion of the charges at the

shot point were redeternlned.. According to Hajnal¡ this infor¡oatlon j.s

in the dígital tape file book whicb he starteclr but this ¡¡as not

available for this íuvestigation. Tbe early part of eaoh record was

plottecl. accord.lng to a licnown scale. At Least th¡ee very sharp peaks

which fa1I on the divisíon Iínes of the analog playbaclc of tbe best

v
IvldHoROVlêtc
DT9ØNTINI,IITY



euality slngte channel trace were chosen. The times tir¡ of the peaks

were then reacl a¡r aocurately as possible. It was fountl ¡nssÍble to

reacl each tírj tP to three sÍgnífioa,nt ðeclmel figUres rítb an

esti¡nated. average error of t O.OO5 Êeo¡ {[he comgrter plots nere ].ater

compared. 1aitb the analog record.s ar¡d. usecl to locate the sampLe nunber

antl. logical record nunber* of theso peaks. The tfnes ãrrJ of these

Beaks

îhus

usÍng

(r)

fron the begfnníng of tbe ttigitized fecord. were oalculated.

tbe time of the beelnr¡íng of tbe òigitized record P1 waË founcl

nhere n = number of peaks used. ln the neasurenent. llhie nethocl differs

fro¡¡ tbat appl-íed by Eajnal wbo used first break lnformatlon. Slnoe

the first break nay not be cLear on either the analog or tbe dig¿taL

record ln tbe case of nofsy channels¡ tbe present netliod is consld'ered

more rellabLe. the use of tbo peaks in this meafllrenent was nad'e

¡nssible by the ava;ilability of the caloonp plotte¡ in the present

coraputer system.

sùnce tbe tlne of explosion of the charge can usuaLly be

determinecl onl-y up to one or two signifícant tùecj-mal ffgures¡ the

error estinate of t O.OO5 sec lepresents tbe ni¡írnum error in

¡-
'oi

(^

lf
I 
j=t

tirj - tirJ ( ,, )-1

* EaJnaI referred to eacb log:ical record. as a bLock in his
diseussion of the tining of di€iitizatíon. In this partioular case this
is trnssible as on tbese tapes¡ each p$rsicaL bl-ook contains only one

logLcal- record. Soweverl the terrns lbl,ockr and. tlogíoal recorclt rrí11
noi be sJrnonJrnous if the reco¡èing is nad.e on tape such tbat more tha¡t
one logiäa1 reoord. ís ¡nrt in one physfoa'l block¡ i'ê'¡ a blookecl
format is used.
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cleternfnlng tbe tl.ntes of tbe sta;nt of the digC.tlzed record's. This

must be counted. rhen estimating the error in the tj-nes of the

amlvals in any recorcl. In thls thesís¡ error esti-matee are made

whenever lnssibJ.e as a,n aid tn comparing results'

1.4 msltízatlon

-

fn Cbapter V of EaJnal ( fgZO ), a fairly conplete clescription

of tbe digitízation proeess is given. Howeverl the nanner in which

the data is rvrltten onto the nagnetio tape cluring the di€J.tization

is not nentlonecl there. Since this affeats the reLatlve shifts of

tbe aban¡rels required fo¡ the weightecl differentlaL stack;

partisuLarly at blgh veLocities; this Brooess r+il1 be discussed bere.

The analog to ùi.g:ital process is ilLustrated' sohenatioally in

Figure 4. In this *[gure, ahannel I J-s sarnplecl at tirne ü. ßhis

sample is then r¡itten onto the nagnetío tape as t byte of

ínfornatíon. Then cha¿rnel 2 is sanpLed. at tíme t + A/tZ, rubere A is

equaL to the sa,npLing interva.l of 0.0017143 seo. fh:is sa,nple is

rritten onto the tape as the next byte a.ncl so o¡¡r SamplÍng of the

twelve traces¡ therefore¡ is not along E ¡ut along ãõ' Tb'e next

sa,nple fbom analog traoe L is taken À sec later than the previous

sa.mple taken fron the same trace anù i" L/tZ seo later than the

sanple from the analog traoe 12. Tb€ prooess is repeated.

!,! Exa¡nple of a Dleitized Reoorcl ritbout I'Ieishted Dlfferentlal

Stack

a plot of the first ereven seconds of clata for station P37

stored. on an BO0 bpl tape ls sboçn ín Figure !. fhÍe is a repLioa of

tbe ar¡aIog playìack for the same statÍon. Tbe amÍvals iôentified by



ANALOE¡ TO
Dl6lrAl-
CONVERT ER

10
11

tz

fHANNEL

(<u.t,f)
(cu.z,Í +ahz)
(<u.gric + ¿/e)

:

(cu,tzrc+ ttft)
(cH.1r?+a)

1 BYTE
1 BYTE
1 BYTE

1 E}YTE

1 BYTE

Figure 4.

-d1L&'+
12

ANALOE RETDRD

Diagraro showing horv samPles
onto the magnetic taPe. The

Co

DIEITIZ EI] I]ATA
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Hajnal aæe lndLoated. Clearly¡ picklng out the l¡nportant events is

not easy. In tbls t.besisr lt ls shoTûI that the application of a.

weightecl dlfferentia.l staok on thís and. other record.s lnproves the

signal to nolse ratio anct greatly improves the resolutíon of tlie

eventg.
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CHAPTER 2

FROSESSING OÍ' DÂTA

2.1 Pescrfption of thl¡ hincipal processing fbchnique

The prinoipal techníque used. Ín thls stu{y is a weighted.

d'ifferential stack ( ms ). Irr thís metboct, the seismic traces ín each

record are weighted. accord.ing to thelr calculated. sfgnal to noise

ratios' 'Ihe tracee are then shifted. relative to each other accord.ing

to the apparent velocity of an event being investigated. rf the

apparent velocity is assumed. uniform for each geopbone spread then the

relative shifts fron traoe to trace are also uniform. ,The traces are

then stacked or su¡nrned vertically into a singre trace. This is
illustrated. in the following exa,mp1e.

suppose 12 traces.of record, length 2! samples are read lnto a

(tZrz5) ruatrlx ¡vbere each element x1r¡ ( i=Irt2 ì i=:*.25 ) ís repre-
tÉ

sentecl by a half-word.. f,et channel I be the reference cha¡¡neI lrith
respect to which all other cbar¡nels a¡e shifted.. For simplicity¡

assuine that d.igital sampling of the 12 traces is taken simulta¡reously

at any time t = nA for some value of nn The mee conplf-cated. situation
whlch invoLves the point ralsecl in secti.on I.4 will be treated. la.ûer.

AIso consider positive apparent velocity v for the nlh element of the

staclc traee¡ i.@.¡ the slngle trace which results from ïlÐs:

*The maximum decimal figure in a balf-r.¡ord. is 32000.
L1
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= 'uË. element of the staclc traco for velocity v

= ç{ rounded. off to a.n integer

= apparent velocitY

= geophone separation

= angle shown in Figure 3

= sarnpling interval

. modified weíght of tbe iÈ trace

= ñ.0 . äf = O (elininates horizontal traces from
the stack)

(i-r )¿ cos I
vA

L= p€ 25

In this example¡

,I = ñ. *r,r

v
uz

a
a
a

t'he elements xlr' to xirk(i) of the i@ channel- ( Z< i€tZ ) tr"

cllscarcLeù wbile an equal number of zeroes are add'ed' at the end' of the

trace to naintain tbe length of 25 samplee. an illustration Ís gá'ven

1n Figure 6.

Each weight fii is calculated using tbe avera€p trþller of the signal

and. average power of the noise ln the i@ trace. Ðenote an element of

the signal winclow a" xlrj *d an eleroent of the noise wincl¡c¡r * *lri'

ñNE r{1 xl ,Z * ,02 xZrZ*(Z) + . . ' * ãirl xJ,lrl+k(tZ)

+i2x2r¡*t(Z) *,. . o * w12 x12r1+¡c(fz)
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Figrge 6. fpustration of weighted clifferential staclc using t(i)=(i-f )
for all 1. Each zv is the sum of the elements in theop

columr p of the matrix.
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The noise wÍndo¡¡ is taken fron the section of the data before the first

Ureat< while the signal window ís ta.lcen from the section of the data

with naxÍmun and approxinately r::riforrn signal a¡npLitude on all tbe

traceg.@

Erom Parsevalts theoren, the nean squa,re value or average IþI{er

in the signal windov in the i3þ trace ie

tvl(q) P;-*I(*î,r)'
j=1

wlÉIe the average pol^rer Ín the noise window is

M

lt

  
zi z:

I

ẑu"
^... 

¿\^
zX z.!z

(s)

where M is the number of sarnples In either windowï fn length of the

Pl = *ã (*î,¡)'

@

*
À d.iscussion on tbe clroice of the si.gnal and. noÍse windows is
g:iven by Fbiesen ( t974 ).
,Iènkins ancl l{atts¡ Spectral Analysis and. lts Á.ppl1oatÍon
(notaen-lay¡ L968).



noise ancl sigral wÍndows

the signal to noise ratio

(6)

t4

in a trace nust be the same to

estimate. This ratio may then

for

by

the iS channeL. trborn lbiesen { tgl+ ) tue optimr.u weÍght is given

'Vq E

(t )

1,,f-1L
j=L

Now it is d'esLrable to have sufficiently large maximun value for
elements of a trace to preserve sufficlent cletail in t},e waveforns.

SÍnce in the programs 
. eacb trace element ls stored. in a half-¡rord

onLyr the weights wi aæe ¡nod.ifÍed. to keed the product erements wix1r,
'of the weighted íiþ tracer Ê¡rd also the sums of these product elements

(wbicb suns are tl¡e erements of the stack trace ) below 32ooo. These

moùi.fied. weights are d.enoted #i.
IIÐS may be classified. as a velocity filter because the traces in

a record are shifted. relatfve to each other according to th.e apparent

velocity of tho d.eslred. event. Ifcweverl compared to the velocity
filter used, by Sajnar ( rgzo ), Baer ( tglz ) and Homenlr¡k ( tglz )
on seismic reflection data¡ this method. has the clear advantage of the

reighting factors #r.

(*i,¡ )

lf-t ^X (*T ..)'
i='I ¿t'J
rr¿

Ifí o ['t at ']r/ 
,4,n

avoid. biasing

be calculated,

2.2 Stack using Uniform Moveout

The oalculation of the weights was incortrnrated. by trÞiesen ( wlq )
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in the subroutine !{EIGHT of the pro€par! ,NSTACK rvritten by trbiesen ar¡i

Stephenson ( UniversÍty of Ma¡ritoba ). The present nriter subsequently

modifle¿ the main progra¡n and. renameô 1t MVSTACK in order to Lntrod.uce

changes in tbe manner of plotting antl calsr¡latlon of the relative

shifts. The prograrn I{VSTACK in this stu{y is listect in .Appenùix

B.

Unfform moveout is assunéd. ln applying MVSTACK. The results

obtainetl sbo¡¡ that elght verticaL t¡aces staoked togBther give good

enhancernênt of the a¡rivaIs, whi3.e LM ft of geophone separation

appears suffj.cient to permlt resolution of arrl,vals falling ín d'ifferent

velocity ranges provlcted the seisnometer array is in close alignment

w'ith the sbot point - station directÍon.

l[DS is applied to tbe first seven seconds of eacb reco¡d.. trbr each

of record.s P3O to P4O. a uniform scale i.s used. in pLotting the stack

traces since the arrivals over the entire- seven seconds have comparable

a¡aplitudes. Fbr eaoh of record.s P41 to PJZ a flrst plot of the stack

traces ( length o ? seo g soale = s1 ) sbow arrlvals in the flrst half

( first three or four seconds ) witn larger a,mplitude relative to later

arrivals ín the second half. Henco,a second. plot ( scale = s2 ¡ s2>s1 )

of the second half of each of F41 to P52 is done for purposes of pre-

sentation. The original picks of, the aærivals in a reoord are based' on

the first plot. Hol¡ever the tlmes of these amivals are based. on the

second p1ot. The choice of s2 is subjective but as a general rule, it

ls chosen such that noise does not give rise to fictitious arrivals.

The ratlo S = sl/sl is given in the labels of the figures. Ä¡r example

is given in Figure l.



i\dh,[¡/uV/

¡'rM
FTRET trlr/r , EtrALE: É1

ÉEC ÉN tr
5trALE:

Recorcl P43 illustrating hor¡ the
tr¡o-scale plots of record.s P41
to PJ2 are obtained. The scale
ratio S is equal to 2.46.

P
o\

3.0 -7

r r-fl rl
=2 I -s

tr'ígure J.

TIME
. 7.o

Isec.l

tþ,vrrr

fl,



t7

Calculation of Relative Shifts between Char¡nels2.3

llhen a set of. LZ sa.nples corresponûing to 12 char'¡nels are stored.

in a coluxnu of the amay DÀTA of progra¡n MVSTACK¡ these sarnples are

assumed to have the same time coordinatesi i.9.rthey were taken fron

the 12 analog traces simultaneously. In view of the dissl¡ssLon in

sectÍon 1.4r this manner of storiirg information in the array DATA

results in an automatj.c sh.ift to tbe left of the samples coTres¡nnding

to channels 2 to 12 by X/tZr 2Ah2r. . r¡ ârld.. tt\/tZ, respectively.

Cal1 this shift the db-shift, after d.ata handling. This is illustrated'

in Figure 8.

A consequenoe of the digitization of d.ata is the llmitation of the

relative shifts of the channels to only integral multipl'es of A.

l{ithout taking the dh-shift into account, the shift of channeL i

relative to channel 1 is given by equation ( 3 ) for assuned constant

apparent velocity v. I{hen the dh-shlft is taken into account, the dh-

sbift is added to k(1) when v Ís positive. Thus for a chosen v¡ tbe

resultant shift of channel i is

(B)

(g) vi.-

Ri=

Clearly¡ v1 is different for

v. Fronequations ( 3 ) *,d

(ro)

+ Int

(i-r)a cos ê

c

RrA

(i-r)¿ cos e
vA

hannel i by

v-;í =

each channel a¡rd. is also d.:ifferent from

( g ),

Y (tu.
12 Ri



n
I
>
z
z
fn
T

ÐÀTA FROl'l $APE ua

Figure B. Diagrarn showing dh-shift effect that results from reaùing
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i"pã information into two ôimensional arrâf,o

S'nce Ri is a f,¡nction of cos e fl tbuo t - îi is approxlmateLy

proportional to v2 a¡rd inversely prop,ortíonal to cos 9' Truncation

by the function Int ( ) ca'ses t(f) to vanish for certain values of v'

trbr instance, t(4) va¡:ishes when v > N 23O knfsec' ê - 10o;

v ) - 180 km/secr e - 40"i ancl when v> t! BO t<m/sec' 9^'70"

Consequenttyl the dh-shift domínates, the value ot14 'jumps * 
E!pÊ9t

a'd equation ( 10 ) ceases to hold,. 1rhe velocity limits a're geeater

for otber channels, In the present str.rþ¡ on]-y non-vanlshingr integer

values of f(í) *" considered'
. fhe use of R1 ancl îi fn the calculatiori of tbe relative shifts

is shown ln the following example. Suppose it is desired' do plot tÏ¡ree

stack traces corresponding to chosen apparent velocitie" t" o1 =

B.4O kn/""c, .r2 = 15.00 km/sec, a¡¡d. v3 = JO.oO km/sec. First¡ using

equations (3), (B), and (9) construct a table of values of t<(i) a¡rd

11 as shown in Append.ix C. As these values may valy w1th et k(i) 
"ttd

li are calculated. for I = 6"¡ 2J'¡ artd' 7f in t¡is example' The values

of v are also glven for compariso1. Nêxt¡ determine the relative shifts

as fotrlows. Consider .r1 in particul-ar. The relative shift of channel i

with respect to channel 1 is the value of t(i) at whicb li is closest

1B

a aa a a a

a taaa"
a

a raall
aa.a?o

a aa



Then calcuLate tbe average

r I 2;l;1oetL

if 9 = 23", Vl - 8.42 t<nt/sec¡

to vl. lfhen i = 2i3;10;1L set k(i) to zero.

effective apparent velocity V g:iven by

(rz Ilr-- I /
( rr ) u -l+z"tl l,\- - )l
In this exampler tf g = 6o, vI = 8.43 l<n/seci

and Íf g = 72"¡V1 . B.!1 kn/sec.

At the appropriate value of 91 the values of k(i), i.= 2rL2, ane

read. into the first row of the amay ISIIIIT of the program MVSTACX

while VI is used. to labe1 stack trace I.

L9

Similar procedr.rre is followeit for v2 and' v3.



PRESENTÀTTON A}TÐ EVAT,UATTOS OF NES{IITS

-ì.1 Prellminar]¡ Remarks

In the following discrtrssion¡ the events identified by Hainal

( fgZO ) wfff be representecl by the notation Pgr P*, qPt Pnr ar¡ê

PPPP. Their arrival tÍnes on each record were obtained from 1lable lII

of Eajnal ( t97o¡ p.110 ).

The amival tirnes id.entified on the records in this stu$r are

denoted. A1r A2¡ etc. in the order they appea¡ ln time on each record.

They were identifieù indepenctently of Eajnalrs interpretation. Tbey

r+ere picked solely on the basÍs of the observed changes in the wavefonn

and amplitud.e on each stack trace. trbr thls pqrposê¡ & gfaphÍng

paper ( density = 2O lines/inch ) was ueed as an unÔerlay and' zero

lines were drar¡n through the traces:. fhe apparent velocity of an

event A1 is the effective apparent velooity V of the staok trece on

whioh it has maximum amplitude enha¡rcement. The time of Ai was

deterninerl using the sa¡ne trace. An error estiraate of the time l¡as also

determLned. The total timing: elror Ûas then obtained' by ad'ding to this

estimate 0'02 sec¡ the approximate error ln the shot time, and' O.O!

sêo¡ the error in the timlng of the start of a ùigital record. fn

this stu{y, the tine of a¡r anLvaL was measured. with respect to

channel 1, as all the other vertical channels were shifted with

respect to¡ and ad.d.ed. to channel- l in the stackÍng procêBgo

Tbé reference tÍme lnôicated. on each of Tab1es L to 22 refers to

the time at r¡hich the pJ.ot in the aooompaüJring flgure begtns

20
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relative to the shot time. The starting tirne of all di-gitaL record.s

( P¡o to PJZ ) *" given in apPenô1x A'

The rules for tbe calculation of êTrors and the expressions

used to estimate error in tbe intercept a¡rd. slope of the l-lnear

least squa,re fÍt to the d'ata are given in Àppendix D.

1.2 Results

( f ) ¡ff the Ì{DS records show defi.ntte lmprovernent in thelr sigrral'

to noÍse ratios over the origtnaL unstacked traces' On man¡r of tbese

records, more arrivals oan be pickecl, and. tírned than on the anatog

playbacks or tbe sectlons given by HaJnal ( i.e., tho traces shown on

pp.113-121 of Hajnal, L¡TO ). Comparison of ftlgr¡re 5 with Eigure 16

and the section for P3? ín Sajnal ( t97Ot p.119 ) demonstrates this'

( ff ) Or the basis of seismic event enhancement, resolution¡ an¿

effectiveness of apparent veloclty clissrimination, the ÌlDS stacks of

all record.s ln this stu{y may be classifiecl into approximately four

gtioups.

Group I includes records P30r P37, P46, PAB, and P49 ( Figures

IO, I? ¡ 25¡ 27t a¡rd. 281 respectively )' These qecord's show good

selsmic event resoLution and enhancement but only partial'ly successf\¡l

veloclty discrinination. some arrivals have maximum anplitudBs at

apparent velocities V r¡itltin the expecteô rangps wl1ile other uttià"

do not. trbr exa,rople¡ the arrivats A3(P#) 
"nd 

A5(Pn) of record' P37

( pieure 1? ) bave maxj.mum amplitudes at apparent velocities 97'19

km/sec and 5.91 l<n/secs respectively, instead of tbe erpecteð' 6..92

7q - 8-15 km/sec 0n the otber hand',km/sec and ?.7g - 8.t5 Xn/sect sespectíve1-y'

events At(Pe), e4(ff)r md et(Ilfff) of the sa¡ne record' have their

maximun a,rnplitucles at the expectecl apparent velocities' Althougb not



,22

all of the events iclentifiecl on the reeord.s in this group e:r]ribit

maximum arnpLitudes at their expectetl apparent velocities, many of the

well iclentified events ( e.g., Pg, Pnr etc. ) have arnplitud.es nea,x

tbeir erpected velocities that are not sigrrificantly ùifferent from

the ma¡rimurn a¡nplitudes. Cbnparecl to the resuLts from other recorils

in this stud¡r¡ the stacks in tbis group are of good quality.

The pcorest results a;pe obtained. from Group IV record.s P31r P33r

ans P52 ( nigures 11, 13r and. 31, respectively ). The stack traces

fron each of these rocord.s are almost id.entical fo¡ a wid.e range of

apparent velocities. Resolution of closely amiving events is trl,oor.

Sone events have d.istortecl waveformse

Results intermed.iate between those of Group I and. IV are subûi-

vid.ed into Group II ( recorcls P32, P34t P35; P36, P39 t P4Ot P l-t P43¡

P45¡ and. PJO correstrþnèing to Figures ].Ze ].4t L5, 16, L9¡ 20¡ Zl'-t 22t

24t and. 29¡ respectíveIy ) and Group III ( record.s P38, P44, P47 ) ancL

PJI couesponùing to Figures 18, 23, 26, ancl. JO, respectively ).
Group II records produce variable stacks but they all have better

quality than Group III records.

the explanation of the r,ride range of quality in the velocity

stacks is probabtr-y related. to'the distribution of the weight

coefficients fi arnong: the channeLs of a record. Figures g(a) to g(¿)

ù1sp1ay the weigbt distribution surveÊr for the records in GrouBs I

to IV respectively. The weights correponding to each record. are

nor¡nalized to a conmon naximum of l. Comparison of these surves and.

the correstrnnding plots of the stack traces lead.s to the folloníng

observations:



23

(a) wnen two records have tb.e same nunber of good channels ( those

l¡ith weight t¡vo or greater ) and sj-nilar values of I ( ¡,ritnin about

2ooof each other ), tne efflcíency of lfDS as a velocity fÍlter is
greater for the record. ¡¡bose good quality charucels are most ¡¡-id.ely

separated. trbr insta¡rce¡ cornparr€ the result fro¡n record. P3o ( good

quality channels Lt 4¡ 9t antl 12; Figures 9(a) a¡rd 10 ) r,l:ith the

result from record. P32 ( good quality char¡nels 4t 5¡ 7r ar¡d. Bi

Figures g(t) an¿ !2 ).
(U) ¿ very large value of ê ( 6O"or greater ) di¡rinisbes the other-

wise good effect of a. goocl weight d.istribution on the stack traces,

as on record.s P43 and P5O; see X*igures p(c)¡ 22¡ axtd. 29 o

(c) fUe general character of the neight ùistribution surves for

record.s in the sane g;roup are similar¡ bouever¡ they ùiffer fbon group

to group. starting fron Group I¡ they change fborn hav.ing naq¡r wid.ely

separated peaks ( o" good channels¡ nunbering to at least three ) to

the sÍngIe peak type of sur\re of Group IV ( see Figures 9(a) to g(¿) );
Group IV velocity stacks aæe all single char¡ner domiqated. This

cha,nge exl¡Iains the progressive decrease in the quality of the velocity

stack flom Group I to Group IV as described. eaæ1ier.

(¿) fUe values of e for record.s rithin a group mqy d.íffer rridely.

For ínstance¡ I varies flcom J6"(p¡Z) to 67o(p+g) in Group I. SÍnce
I

each group represents sinilar quality stacks¡ this rnear¡s that the

chaæacter of the weight ôistribution prÍmarily d.etermines the quality

of the stacl< for an¡r given record ü"ith ühe effect of I second.ary.

Hòwever¡ the effesü of I becomes sÍgnifica.nt when the ty¡re of the

weight distribution in a record is borcler]-ine between tr¡o €roups and.
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¡.¡ben the deviation of the linear array from the shot-to-station

direction is sufficiently large ( e.g.¡ record P5O; Fieures !(a)t

g(u)r and 29 ).
( iii ) ¡n apparent earLy event ( q ) was obtained. on record P35

( see Figure 16 ar¡d. Table 6 ). This spurious event is the result of

stacking at low apparent velocity ( 3.26 ky'"ec ) ""rd 
is not founcl

on the analog pLayback of the sa¡ne record.

( i" ) AI1 events interpretecl as Pg¡ P,É, PPr Rlr and. PPPP by Hajnal

( fgZO ) *" observed on the TIDS traces. There is goocl station to

station conelation for these events. fhis is clear frorn tbe X-Í!

and. :(2-æ2 plots in Figures 32 ancl 33. Tbe straight lines on these

Figures are Iínea¡ least squares fit to the tlata.

( 
" ) fgo fi¡Tther events¡ refcrrecl to as JO anð. Ír22 have been

correlated on records P3O to PJ2. Rvent E is compared' later in this

stu{y to the event E- d.escribecl' by Eajnal-.

( vi ) ¿ minor result is the ¡nssible id.entification of Pn on

records P3Br P39¡ ancl PdO.

( rrii ) fhere a.re a laæge number of high anplítude events on nost

of the stacks that cannot be easiþ correlatecl across the survey.

frhese events are probably the result of severe crustal scatteringo

fbe arrival tines of the events Pgr P#r PPt Pnt PgPPt lO ancl'

X2 aæe sborrn in tbe tables folloni¡g ( fattes L to 22 ). These

tables also g:ive tbe ti¡nes of tbe otbe¡ events for¡¡cl on each record.

fbe figures accornpar¡ying these tables sbor the flDS t¡a¿es from which

the anivals were pÍ.clced.. The values obtai¡recl by Eajna1 are g:iven

in the tables for conparison. llbe seconcl. nu¡nber of each entr¡r in
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Figure 9(a). Height ûistributLon curves for reoords in Gleoup IV
( includ.es P31r P33r and Pl2 ).

the time coLunn represents the error- estinate, In the ldentífiaetfon

column¡ the s¡mbols Pg, PtÉr PPr Rr; and. PPPP are usecl. to denote the

I{DS events whi.ch paral.lel Hajnalfs Pgr P*r PPr Ðâr ancL PPPPt

respectívelyr
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TA3I,E I
Record. PJO, 9= 42'¡ Distance.I2B.84 kmr

Amival Time ( sec ) f¿"ntification

A1

4,2_

A3

4,4

L5

L6

4,7

AS

4.9

Ato

alt
Ltz
ar3
Lt4
Ar5

Ar6

Af?

ArBral8 t

ar9
Azo

Lzt

21 "13
21.3g

2r.84
22.2r

22.5L

22.7L

22.99

23.11

23,34

23.56

23,;84

24.ro
24.33

24.53

24.7L

25.L6

25.28

25.77

26.O4

26.t6
26.59

.O4

.04

.O4

.o4

.04

.05

.05

.05

.04

.O4

.O4

.04

.05

.03

.Q4

.04

.04

.05

.05

.O4

.04

Pg

r$
Prl

PP

ne

x2

PPPP

Roference Time o 20.13 sec

Hajnal ( tglo )

Pg : 2L.I4

P*¡
DD

Pn3

2L.77

22.t9

22.60

PPPP . 23.14
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Recorcl P31, g = 74's Ðl-stance

Arrival

Alral t

LzrÃ2t

A3;A3 r

A4tÃ4,

A5rA5 r

L6¡L6'

A.71L7t

AgrAB t

L9¡L9t

ArorAro t

Au rÀ11 t

Llzrare'
À13r413 I

A14rJI14 r

R15rÄt5t

at6rat6 t

.o,17rAI7r

ArBrAtBt

Time ( sec )

32

TA.BLE 2

=129.20 km¡ Reference Time= 2O.O7 sec

2L.32

2I.7L
22.O3

22.39

22.62

22.97

23.L9

23.70

24.09

24.24

24.54

24.83

25.O4

25.28

25.72

26.O9

26.25

26.47

.05

,Q4

.Q4

.O4

.04

.04

.04

.03

,04

.04

.o4

.04

.05

.O4

.04

.O4

.05

.O4

ïdentification

Pg

)0.

På6

PP

Pn

x2

PPPP

Hajnar ( rgfo )

Pg ¡ 2I.29

P*:
PPc

22.OI
22.23

22.65P¡r ¡

PPPP t 2J.2O
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34

TAstE 3

c

Reoord. PJ2, g= 56 ¡ Distance = L29.BO kn;

A¡riva^l

A1

4,2

A3¡A3 r

L4rA4'

A5

A5

A.7;L7t

ABTABt

Ã9

Ato

Att
Ate

413

ar4
Ar5

ar6
At?

ArB

Time ( see )

2I.40
2L.69

22.O5

22.25

22.67

?3.O2

23.26

23.47

23.66

23.9L

24.L3

24.45

24.82

24.94

25.62

26.O2

26.44

26.74

.06

.Q4

.06

.o5

.Q4

.a6

.06

.05

.Q4

.o7

.O4

.05

.o4

.O4

.05

.o4

.o4

.o4

Identification

Pg

)o
Prê

PP

Pn

Reference TLme = 20.54 sea

rrajnar ( rgfo )

x2

PPPP

Pg ¡ 21.38

P*¡
PP¡

Pn:

PPPP

22.06

22.3L

22.75

s 23.25
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Record PlJ, 9- 64 ¡

ArrivaL Time ( sec ) t¿entification llajnat ( lglO )

ar rAL'
Az¡Lz'

"A3rA3 t

AçL4t
A5 ¡A5 r

A6rA6 t

^7 
r^71

ABTAB t

A9Å9t
AlorAlot
A11 ralL t

ALzrLLz'

A13rAI3 I

414¡414r

At5nat5t
A16rA16t

A17rA17r

36

TA3I,E 4

Distance = 130.!O kn¡ Reference TÍme - 20.10 sec

2l-.62

2r.79
22,O8

22.53

22.80

23.06

23.28

23.75

24.OL

24.2L

24.53

24.91

25.24

25.64

25.94

26.53

26.97

.06

.06

.06

.OB

.06

.O4

.06

.06

.06

,06

.06

.06

.03

.06

.06

.06

.06

Pg

ï1
p*

PP

Pll

x2

PPPP

PB s 21.54

PrÉ

PP

Pn

z 22.22
t 22.JI
t 22.87

PPPP ¿ 23.40



þ
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3B

T3.BLE 5

Recorct Pl{, g=72"t Distance =132,69 knt Reference Time =2A.le see

.A¡rival

A1

A2

A3rA3 r

a4Å41

A5

A6

A7

Ag

A,g

Ato

Att
Ltz
.o.13rAtl t

LT4

ar5
At6

AI?

ArB

al9rA19 t

Azo

Tlme ( sec )

2L.85

22.21

22.34

22.57

22;73

23.0O

23.L5

23.5O

23.67

23.90

24.L3

24.25

24.44

24.TL

25.O9

25.34

25.47

25.75

26.26

26.75

.06

.Q5

.04

.06

.06

.04

.06

.08

.06

.Q7

.06

.Q5

.OB

.o6

.o6

.06

.06

.o9

.06

,06

ïd.entifÍcation

Pg

)ü
PJT

PP

Pn

x2

PPPP

Hajnar ( rgZo )

Pg ¿ 21.92

P* ¡ 22.47

PP z 22.8Q

Pn : 23.12

PPPP z 23.48



w\o

Þ
u,
@

ì 8-l

=

=Þ 10.
J

z
E 13.
LÈÊ

1 t ÌlE (sEC. ¡

the amivals.

-44.o ÎP" TP??P

5TñCK P 35 UNIFOFIl 5IIIFTs

tr"igure lJ. Plot for record' P35 eboning



Record. PJJ, e= 23"

A¡rival

A1

4,2

A3¡A3 r

4.4¡L4t

A5 rA5 t

A5

4,7

AB

Ag

Ato

atl
Atz
Ar3

Ar4

ar5
Ar6

Ar?

ArB

Ar9

40

TA3LE 6

¡ Ðista.nce = I33.40 kmr Reference Time o 21.07 sec

Time(sec) rountification

21.86

22.II
22.42

22.67

23.01

23.L4

23.37

23.54

23.70

23.92

24.r5
24.6I
24.94

25,L9

25.6L

25.9I
26.o8

26.J2

26.77

.04

.05

"06
.08

.08

.o3

.05

.05

.o6

.O4

.05

.04

.Q4

.04

.06

.o4

.06

.05

.04

Spurious

Pg

xl
P*
PP

Pn

x2

PPPP

Hajnal ( tglo )

Pg t 22.06

P* ¡ 22.58

PP c 22.9I

Pn ¡ 23.2I

PPPP ¿ 23.68

I
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Record P36r

A¡rival

42

TÁstE 7

g= 59"¡ Ðistance = 133.58 kmr

A1

4.2

A3rA3 r

4,4

A.5rL5t

A5

4,7

A6

A,g

Ato
Att
Ltz
Ar3

at4
Ar5

Al6

Time (

22.26

22.42

22.73
.23.O9

23.25

23.47

23.7L

24.O2

24.r8
24.55

24.74

25.O2

25,56

25.76

26.23

26.56

sec )

.o4

.05

.O4

.05

.06

.04

,07

.07

,05

.o6

.06

.05

.05

.O4

.Q4

.O4

Identification

Pg

xl
P*
PP

Prl

x2

PPPP

Reference Time o 21.51 sec

Hajnar ( tglo )

"* : 
22.L5

P* ¡ 22.62

PP ¡ 23.01

Pn ¿ 23.24

PPPP : 23.70



È
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rÆI,E B

Recorcl PlJ, g = 36'r Dlstance - 134.19 knr

Amlval 'flme ( sec )

Jt1

A2

A3

4,4

4.5

A6

4,7

AB

A9

Ato

Att
Ltz
or3
474Å¡4t
415

At6

A1?

arB

ar9

22.16 .03
22.47 .O5

22.69 ,o7

23.03 .06

23.31 .O4

23.5L .oB

23.83 ,o4
24.14 .O5

24.4L .O4

24.70 ,OB

24.9r .OB

25.52 .05

25.77 .O4

26.06 .O4

26.39 .o4
26.66 .o4
27,O8 .O4

28.16 .06
28.68 .05

ld.entification

Pg

io
PrÉ

PP

R3

x2

PPPP

Reference Time - Z!.16 sec

r{ajnaI ( tllo ¡

Pg ¡ 22.2I

P* : 22,70

PP : 23.05

Þt z 23.35

PPPP ¡ 23.98
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rArtE 9

Record. PlB, g = 6ot Distance = 135.4O kmr

Amival Time ( sec ) Identification Hajnal ( fgZO )

A1

L2

A3

A4rL|l
A5

4,6

A7

ÂB

4,9

Ato

Att
Àlz
413

ar4
415

ar6

22.49

22.67

22.96

23.34

23.5L

23.70

23.92

24.25

24.62

24.98

25.2O

25.46

2r.78
26.r2
26.72

27,79

"05
.03

.06

rlO
.15

.O4

.04

.06

.07

.09

.06

.07

.06

.o4

.07

.0?

Pg

n
PrÉ

gP

Pn

x2

PPPP

Reference fime = 21.09 sec

Pg ¡ 22.36

PrÉ

PP
z 22.89
: 23.18

PPPP ¿ 24.08
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Record P39r e= 5i Distance =

"A,mival

A1

L2

A3

A4

a5

A6ra6t

A7

AB

A9

Ato

Att
La2ÅL2l
Ar3

At4
Àr5

at6
arT

arB

Time(sec) Identification

48

TAB],8 10

13?.09 kmr Reference Time = 21.90 seo

22.64

23.0O

23.L5

23'5O

23,65

24.OO

24.22

24.44

24.83

25.OI

25.23

25.61

26.O3

26.3O

26.5O

26.9o

27.30

27.57

.06

,05

.05

.07

.07

.04

.04

.O4

.04

.04

.08

.07

.O4

.05

.05

.04

.I5

.o4

Pg

)o
P*

PF

Ðn

x2

PPgP

Hajnat ( rgZo )

Pg, z 22.70

P* : 23.15

PP ¡ 23.5O

PPPP s 24.36
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TA3LE 11

Recorcl P{0, Q 
= 

2o¡ Dlstance = 138.85 k¡n-r

Arrlval Tlme ( seo ) fctentification HaJnaI ( fgZO )

A1

L2

i.3

4.4

A5rL5'

a.6rL6,

A7rÀ7'

A6

A9

Ato

Atr
Atz

Ar3

Ar4

ar5
Ar6

Ar7

ArB

Ar9

Aeo

22.99 .O7

23.29 .oB

23.45 .06

23.73 .05

23.90 .oB

24.27 .06

24.59 .06

24.73 .05

25.A4 .O4

25.28 .O4

25.46 .06
25.7O .O4

25.94 .O4

26.08 "06
26.6L .06

26.75 .06

26.99 .04

27.33 "03
27 "46 ,O4

27.74 .O3

Pg

xI
P*

PP

Hn

x2

Reference Time = 22,53 sea

Pg t 22.93

P* ¡ 23.47

PP ¡ 23.70

PPPP
PPPP t 24.64
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9.0,1
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e.o

T.A3L8 12

Recorcl P{I, e= 62 ¡ Distance =I49.62 kn, Reference lime = 24.L2 seç

Anival Time ( sec )

A.1rAl I

4.2

a3

4,4

a5

A6

L7

A6

LgrLgt

alo
Att
\z
Ar3

L¡4rLLAI

Ar5

Àr6

Ar?

arB

nr9
Lzo

Azt
Ã¿z

24.64 .05

2r.L6 .05

25.37 .O4

25.73 .07

26.12 .05

26.39 .05

26.73 ,O4

26.93 .O5

27.r3 .06

27,39 .04

27.54 .A4

27.72 .O4

27.89 ..09
28.43 .06

28.65 .Og

29.o7 .o4

29.35 .O5

29.49 .O4

2g.gg .05

30.44 .O4

30.77 ,O4

30.97 .05

Icl.entf fioation

Pg

Prç

]9.

PP

PPPP

Eajnal ( tglo )

Pg t 24.7L

P* c 25.07

PPr

PPPP

25.45

t 26.03
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RecorcL Pdl¡ e o 105"r DÍsta.nee

Amival Time ( sec ) f

A1

4.2

A3

A4

A5

A5

L7

a6

Ag

Ato

att
Ate

Ar3

Lt4
Ar5

At6

Âr?

AtB

419

Lzo

A2r rAzl t

Lzz

Ae3

Az4

24.94 .O4

25.21 .05

25.33 .O4

25.53 .06

25.80 .O5

25.92 .06

26.-12 .08

26.27 .OB

26.48 .o8

26.60 ,06
26.77 .O5

26.g5 .05

27.O8 "05
27.22 .O5

27 "32 .O4

27.55 .06
27.87 .05

27.gb .e4
28.L2 .0?

28.25 .O4

28.57 .05

28.92 .05

29.25 ,Q4

29.34 .O4

29.57 .O5

29.68 .06
zg.86 .e5

30.05 .o4

30.40 .o9

30.52 .O4

30.75 .06

31.O5 .06

54

TA3LE 13

.150.16 kmr

dentification

Pg

Px

xt
gP

x2

PPPP

Reference Ti.me - Z{.IJ sec

Hajnat ( rgZo )

Pg ¡ 24.92

P* : 25.L6

PP ; 25.60

PPPP z 26.08

Uncertaln

Lz5

Az6

L27

AeB

A2gÅ2gt

a3o

a3r

A3z
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scALE :s2
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TA3LE 14
o

Record P44r g= 6O ¡ Distance = 150.95 kn¡ Reference Tlne. 23.98 seo

Amival fime ( sec )

A1

azrLzt
A3rA3r

4,4

4,5

A6

L7

24.95

25.25

25.40

25.77

26.r2
26.6L

26.85

27.2O

21.42

27,69

28.05

28.36

29.64

30.49

30.73

.05

.08

.o5

.05

.Q4

.a5

.o9

.09

.04

.04

.O4

"04
.,06

.05

,Q4

AB

I dentification

Ãg

Ato

Att
Ltz
Ar3

LL4

ar5

Pg

P*

xl
PP

PPPP

Hajna.L ( rgZo )

Pg z 24.95

P* ¡ 25.19

PP ¡ 25.70

PPPP t 26.09
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Record P45r I = 4f I

Arrival

A1

4.2

A3

4,4

L5Å5'
4,5

5B

TABIE 15

Di-stance = 151.IO km, Reference Tine = 24.18 sec

Tlme ( sec ) fdentifícatlon Hajnal ( lglO )

25.O5

25.24

25.4O

25.59

25.87

26.OO

26.22

26.43

26.74

27.L4

27.54

27.65

27.98

28.2L

28.54

29"OO

29.30

29.48

29,Bo

29.87

30.2'
30.54

30.92

A7

.o6

.06

.O4

.O4

.04

.O4

.O4

.O4

.o5

.05

.04

.o4

.O4

.05

.04

.04

.04

.Q9

.05

.O3

.05

.05

.o4

AS

A'g

Alo
Atl
t+z

Pg

P*

)CL

At3

A14rA14r

Ar5

Ar6

Ar?

at8
Ar9

Àeo

Lzt
Lzz
Azj

PF

^¿
PPPP

Pg'

Pr+

t ZJ.OO

t 25.24

PP ¡ 25.73

PPPP I 26.L9

Uncertain
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Recorct P{6, g = 4Oi Ðlstance =

Arrival líme ( sec ) f.aentification Hajnal ( tglO )

A1

Lù.Lzt
a3

4,4

4.5

A6

a7

Ag

ag

Â10

Att

60

TA3T,E T6

151.61 kmr Reference Time * 24.38 seo

25.O9

25.25

25.49

25.74

25.99

26.30

26.53

26.78

2.1.L2

27.42

28.03

28.38

28.55

28.93

29.O8

29.35

29"53

30.02

30.36

30.56

30.78

.Q4

.04

.O4

.05

.06

.05

.09

.06

,06

.05

.O4

.08

.07

.Q4

.06

.05

.o4

.o5

.05

.O4

.O4

Pg

PrÊ

l(t
gP

x2

PPPP

A¡2Å¡2t
413

At4
A15rAt5'
Ar6

Lt7
ArB

ar9
Azo

Aet

Pg¡
PlÉ t

25.2O
25.28

PP ¿ 25,77

PPPP ; 26.3I

Uncertain
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Record P47r e. 68 , Distq,nc€ =

A¡riva1 Tíme ( sec ) Iaentification Eajnai. ( fgZO )

Al rAl t

Lz¡Az'

Â3

4,4

A5

a5

a.7

A6

L9

ato
att
Ate

Ar3

Lt4
Ar5

At6

417¡À17!

ArB'ArB 
I

Ar9

Azo

Azt
Lzz

Lz3

62

TA3I,E 17

IJ2.{6 km, Reference Time - 24.07 sec

25.27 .03
25.40 .O4

25.72 .04
25.97 .06

26.12 .Q4

26.42 .o4

26.57 .Q4

26.79 .05

27.-OQ .06

2i1.30 .o4
27.75 .03

27.9O .O5

28.19 .05

28.53 .O4

28.66 .O3

28.85 .O5

29.o7 .Lo

29.37 .08

29.49 ,o4
29,Bo .o4
29.gB .05

30.18 .O5

30.35 .O4

3ß.59 .O4

30.76 .O4

31.17 .03

Pg

PJÉ

xl
PP

x2

PPPP

Pg ¡ 25.3L

P* : 25.42

PP ¡ 25.95

PPPP t 26.45

Az4

Lz,
Lz6
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r.n¡lp rB

Record, P{.8, g= 67"¡ Distance = 153.06 km¡ Reference Time = 2!.Jl sec

Arrival

A1

A,2tLZl

a3

4.4

a5

a5

A?

Ag

Ag

Ato

att
atz
ar3
Ar4

Ar5

Àr6

Ar7

arB

Ar9

Azo

Azl
Lzz

Time ( sec )

25.36

25.54

25.73

25.95

26,L4

26,34

26,57

26.8o

26.96

27.32

27.8O

28.O7

28.25

28.45

28Ç67

28.93

29.34

29.76

30.01

30.28

30.39

30.70

.03

.06

.06

.07

.O4

.03

.05

.04

:o4
.04

.03

,O4

.03

.04

.03

.05

.05

,04

.o4

.04

.04

.05

fdentification

Pg

P*
xL

PP

x2

PPgP

Hajnal ( tglo )

Pg t 25.41
P* ¡ 25.49

PP | 26,05

PPPP ¡ 26.49
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TÀTìLE 19
o

Record P49r g- 63 I Ðlstance - 154.L6 knr Reference TÍne = 24'7L søc

A*ival Time ( sec )

a1

A2

A3

4,4

4,5

A.5¡L5t

A7 sAlt
ÀB

A9

Aro

att
Ate

At3

Lt4
Ar5

ar6

ar?
ArB

Ar9

25.50 .03

25.69 .05

25.93 .O7

26.17 .O4

26.34 .O4

26.6L .05

26.74 .06

26,94 .o5

27.2O .O5

27.37 .O4

27.57 .04

27.82 .Q5

27.95 .O5

28.34 .05

28.79 . .o4

29.OI .O4

29.26 .O4

29.66 .Q4

29,89 .07

30,15 .O4

30. ?3 .O5

f dentification

Pg

p*

xl
PP

x2

PPPP

Hajnal ( tglo )

Pg, s 25.53

P* ¡ 25.65

PP s 26.23

PPPP r 26.55

Azo

Lzt
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T13LE 20

Record. P5Or g= 6'l"t Distance = 1Jd.60 km1 Reference Tfne = 24.08 sec

Arrlval Time ( sec )

A1

4,2

A3

L4

4.5

4,5

A?

Ag

4,9

Ato

alt
Ltz
Ar3

Ar4

Ar5

at6
Ar?

25.62

26.O5

26.r7
26.43

26.6L

26.82

27.06

27.2I
27.47

27.96

28.T2

28.48

28.73

28.9t
29.IO

29,4L

29.70

30.oB

30.49

31.02

,O4

.o5

.05

.o5

.Q4

,O4

.06

.05

.Q4

.06

.04

.06

.o4

.o5

.08

.05

.05

.O4

.O4

.05

f dentification

Ps

P*

]c
PP

x2

PPPP

Hajnat ( tglo )

Pg

PJÉ

atB

t 2J.62

s 25.75

Ltg
Aao

Azt

PP ¿ 26,28

PPPP z 26.6J
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T.A3I,E 21

Record. PJl, g= 67"¡ Dlsta¡roe -!55.64 lrr,¡ Reference Tine - 24.1O sec

æ:Iar

A1

AZ

A3

A4

A5

A6

A7

A6 ¡A6 r

A9

Ato

Att
Ate

A13rA13 r

Ar4

Ar5

Àr6

417

Time ( sec )

25.70 .03

::::::
26.40 .06

26.59 .O4

26.85 .O4

27.O2 .O4

27.r3 .05

27.63 .O4

27.92 .05

28.18 .O4

28,52 . .O4

28.66 .05

28.87 .05

29,49 .O4

30.27 .05

31.12 .06

I d.entification

Pg

P*

x].

PP

7r2

PSPP

Hajnar ( rgZo )

Pg¡
P#¡

25.8L
25.89

PP ¡ 26.42

PPPP ¡ 26.83
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TA3LE 22

o

Record. PJ2, C - 27 ¡ Dista.lroø - 156.63 km,

Àmj.val Tine ( sec ) Ideirtification

ar rAl t

A2ra2'

A3rA3 r

A.4tÃ4'

A5tL5t

A6rA6 |

A7rA7r

l.6rAB t

A.9tL9t

ArorAtot
All rA11 I

Ar2rAr2'
tl3rAl3t
A14rA14r

A15rA15 t

À161416'

A17rA17 I

A1grA16 I

25.88

26.t9
26,31

26.58

26,82

2.7.o5

27.50

28.03

28.24

28.36

28.59

28.Bt

29.ro
29.30

29.65

30.16

30.53

30.96

.09

.10

.15

.10

.10

.Q9

.09.

.o9

.oB

.07

.07

.07

.o7

,O7

.07

.07

.o7

.08

Pg

P*

Xl
PP

x2

PPPP

Reference Tine = 24.10 sec

Hajnal ( rg?o )

Pg
P*

3 25.95
z 26.05

PP t 26.J8

PPPP I 27.09
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3.3 Cornpaæisqn lrith tbe Results of Eajnal ( tglO )

Apart from the cornparison of travel ti¡nes in Tables L to 22,

the velocity calculations from tbe present results can be conpared.

ritb. those of Eajnal. Hajnal conputes velocity values for the events

Pgr lO, ancl PP. Similar calctrlatj-ons in this section are aomparecl to

Hajnalrs results. Velocity values for P* a¡¡ct &r estimated. from the

X-rI plots on trï.gure 16 of Hajnal ( f9?0, pp.111-112 ) are conpaced.

li:ith the velocities obtai.:red. fron tbe present P* and. P¡r observations

in section 3.4.

Pg

Linear reggression on the direct wave arrivals leads to the

folloi'i.ng equationt

( 13 ) f,, = ( -o.2g385 ! o.ooz}z ) " { o.t67jL 3 o.oor38 ) x
l¡bere t is travel tine arld. x is sbot-to-record.er cliståncê- îhe slope

gives the near-sulface veloeity L? = ( 5.97 å O.O5 ) kn/**". Hajna1

( t9?0, p.Bz ) repo.rts 9 = ( 5.98:0.06 ) rm/sec and, slope equat to
( o.1 67f ! o.oo55 ) with gofo confidence on the error esti¡aate.

Equation ( f ¡ ) is obtaíned using only 21 reeord.s conrpared. -to the

lP record.s used by Eajnal

îbe intercept is non-zero but negative. Oaly a small paxt of this
( approxiinately -O.O4 to -0.0J sec ) ean be attributed. to the use of
slþt to recorder ùista¡rces t+hieh are erclengths¡ s,, rather than cbord.s¡

c'* Contribution to the negatlve value of the interceBt fþoæ possible

75

* e = Ëb r c = ZF- sinb/Z where ñ = **o, raùius of the earth in the
noaighborbood of the sbot point and. the ¡ecordlqg etatÍons, and. where b =
shot to record.er epicentral distar¡ce. Pg travels along ca if Fernatrs
principle applies a¡rd. the near surface velocity is constant. The values
gf s used. in tbis study were calsulated. using the program DtrSBAlI
( tta¡nal ¡ l97ct pg.Z65-267 ¡.
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difference in elevatlon betreen the shot point a¡rd the recording stations
( whether the shot polnt is higher or lower in erevation than tbe
stations ) Ís also rurect out. rhe travel tine for the direct wavo in
this case is
(u) f,= (*r*r*i"'ä,
[o a firet ord'er approximation¡ th:is can be rer.r¡itten as

(r¡) t={+_h2 a I+c(x)q Zxq uj

where 0 < c(x)'r, ltrl<<!c. A i-east squares fÍt of the forn
Í ! a¡r + b to the pg d.ata'wilr g:ive an interoept which is sn avera€e
value of c(x), 

"l3g= * n *r5r. since this average is neeeseaæily
positive, the negatíve value of the interoept has to be attributed. to
other factors. Ilor instance¡ overdetermination of shot to recorder
dístances by 1.73kn .ls suffÍoient. There is also the possiblJ.ity of
nissing the first arrÍval on the farthest records by a few nirliseconcs
ù¡e to lot.r a¡lpIítudes.

PP

Ilajnal ( tglO ) tnterprets PP as ?rid.e-angled reflection from the
lnterned-iate d'iscontinuity ( believed to be the sarne as the 0onrad.

discontinuity ( Halr ancr. HaJnar, L969 )). Ra¡nat fitted. a straight line
to the 59 data points a¡rd. obtalned a velocity e = ( 6.o3 J o,o5 )
kn/aec ( uaJnal ¡ L97o¡ p.8o ). A straight lÍne flt to the present 2I
d.ata points g'ives the equaü.on

( rO ) t2 - ( o.oz61Li o.ooo48 ) x2 +( ¡r.113g3 ! o.75ozg )
andthevarues t4 -(6.12 10.05 )un/sec an¿h=( 21.8g !o.52 )tm¿
No value of h from the pp dtata is reported by HajnaL.
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lü

This event amives frnmediately after pg on records p30 to p{0¡ on
the further record.s¡ lt cones after pt6. trt is clear, fbon Eigures 32

and 33 tbat both tbe x-r a¡ld the x2-tl2 plots of tbe lo d.ata show good

linear trend.s. Tl¡e linear least squares fit to the x-T prot ( F5.gure J2

has the equatlon

(u) t-(
while the llnear

has the equati.on

(rg) t2-(
The negatf.ve

ineompatÍble w"lth

ûipping refbactor.

L96O¡ pp.?O-106 ).

o.t746o + o.oo114 ) n - ( 0.g6347 ! 0.00764 )

l-east squares fit to the :(2-T2 rfot ( nfgure 33 )

o.ozgzg 3 o.ooo46 ) *2 - ( 2e.56e56 ! o.33374 )

intercepts of both equatlons ,( ll ) a¡rd ( 18 ) are

Xl originating from either a, simplo. plane hori.zontür/

or a simple pIa¡re borizontal reflector ( Dobnin,

trlor. a reflectou,ôipping rith angl t dr. the trar¡el
tirce equation is
( tg ),r -+:" + zxhplnó * 4 ( uajnar s L97o¡ e.!t)ui i4 ú,'

To calculate a least squares flt of the form ( 1! ), d.efine x12 = pir
2LLa

ti2 = qi, and. E= >;(oi- "pr-bpi- c)2. The conditions for minimum
l=r z 2, Ld.eviatÍon of the poínts ("i, ti ) f¡om the surve q E ap + bpÊ + o

are i* = 3* = 3å = 0. These tb¡ee conditions rrill sive tbree equations

whùch can be transfo¡med, using c¡anenls rule into tbree natrix
oguations for a' b; and. o. lhe deslred, eguation l"s

( zo ¡ t2 . ( 0.01419 ) xz + ( 4.zgg4t) x - ( ¡e1.r5o3? )

where error estimates have been omitted.. |lbe coefficients of x2 and.

the intercepts of equations ( ls ) and. ( 20 ) are expected\r d.ifferent
since tno ùiff,erent curves aæe being fittecl to the saÐe data ( Uence
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dlfferent erpressions'for tbe coefficíents ar¡d. the íntercep.tc ane

obtaineô ) alrd the actual subsrrface devj.ates fbon the iclealizecl

cond.itions assuned in eitber equation. Tbe sÍgn of the tbird. tern in
equations ( 19 ) and ( 2O ) aæe op¡rosite. It appearse tberefore¡ tbat

)CL is neíther a refbactÍon nor a reflgctíon fbon eitber a plane

borizontal or ûÍpping interface.

. On tbe basÍs of the seotions ar¡cl the tables of arrÍval tines

g:iven.by Hajnal ( tlTO; sectíons on pp.11J-1I7, fabLe Vf on pp" IO9-

110. ) r and the ttDS traces a¡rd. amfval tines obtained. in this stu$r

( pieures 10 to l1¡ fabLes I to 
"2 

)¡ it is probable tUat :O(mS)

and :o(Hajnal) aré the sa¡ne event. Assuming lcl is a reflection¡

Hajnal ( personal conmunioation ) reports a velocity of 5,84 kn/sec

fron the slope of tbe x2tl2 straight Line fit to the d.ata ( Hajnal,

L97O, p.148 ). îhis is in excellent agreenent !¡:ith the 5.84 kn/sec

obtainecl flom the x2-t2 plot of Figure 33. However¡ the negative

intercopt of the x?ttz line in both stuclÍes ( -to.?z ! 7.44 """2,
Hajnal , L97oi -22.57 t 0.33 ""o2, tbis stu$r ) demonstrates that a

complex situation oxists. Figr.¡re 19 of Hajnal ( f9?Or p.LZl ) sntwe

one possib.ility. The calculateð clepths to thc XL reflector qhoqn in
Hajnalts FÍgure 19 vary fbom 1.5 kn to ).0 km in the distaace range'

95 kn to 128 kn. Ïf' n (ua¡naf ) and ¡0.(!rDs) are índeed the same event¡

the rower interceþt of E (HDS) inclicates a sha^llower reflLector

betlreen'lZ8 kr¡ and 156 km. trbr a conplex reflLecto¡r, the true X-rI a¡icl,

r'2-ry2 plots of the arrival tj.nes rÍ11- be non-linêâ,rr To reconcile

this with the observed.. Linearity of the x-T ana *qz plots for the

n(gajnal) and n(uros)¡ ft would be necessary to interpret these
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observed strrveE merely as approximately linear segrnents of the basically
non-linea¡¡ trtre X-¡I ancl. *-fZ surveÈ for the event.

3.4 Addltional Results

P*'

This is interpreted by Ha1I and. HaJnar ( tg6g ) ar¡d Hajnal

( tglO ) as the refþaction from the Intermediate discontinuity. A

lfnear least squar€s fit to the d.ata points sholryr in Figure J2 g:lves

(zt ) t= (o.r5o7r åo.oot35 )** (z,41¡iø7 ao.ozj76 )

Tbe slope givee tl. - ( 6.64 ! g.g5 ) km/seo. Tbe velocity estímated.

fhom Hajnalts X-T plot for this event ( eieure L6, pp.IIl-lI?, HaJnaI,

19?o ) ls ( 6.t5 ! O.45 ) km/sec. Hall_ and. HaJnat ( tg6g ) and Sajnal

( tg|O, pp.Bl- rB4 ).report the vetocity ( 6.Bj É o.o4 ) km/sec. The

estlmate of the ctepth b calsurated fiom equation ( 21 ) i" ( ]9.6l
! o.5z ) km. This value is Ior¡er than the ( Z1.BB t o.5z ) lçn

obtained. from the PP d,atar

Ðî

Thís is interpreted by Halr ar¡d. HaJnal- ( lg6g ) and EaJnal

( fgZO ) as the refbactlon fþom tbe Mohoroviðio ctLsconttnulty. Linea,¡r

re8ression on the Lr ctata poínts ( inoluding the three add.itlonal

anLval times d.eterminetl Ín this etu{y for P3B, p3g, and p4o ) givuu

(zz ) t * ( o.139?oJo.oor35 ) x* { 4.54ooo*0.03946 )
Âpplying the travel tlme equation for refraction fron a horizontal

interiaoe beneath two I-ayers ( Dobrin¡ 1960, p.74 ))

( z¡ ) f,-a +
Uo

zh\f vl - v: + za,[-ui -u:
VnU lJoV
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'

Ìrbere ft, = ( 6.12 ! o.o5 ) kn/sec, ua = ( 6,64 !o.05 ) t<n/sec¡

h = thiclcress of tbe first layer, and, E = thickness of tbe second

layer. The srope gives the verocity .t"= ( 7.j,6 ! 0.06 ) kny'sec. The

value obtainecl from Fígure 16 of Eajnal is ( T.OZ Í O.5O ) lcm/seci Both

are lower than ( 7.gz ! 0.06 ) kny'sec retrnrted. by Hall ancL Hajnal

( tl6l ) a¡¡d gâjnat ( rgzo ) ror the upper nantle velócity. Thi-s

latten estinate is basecl on signíficantly roore d.ata thar¡ are used. ín
the present stu$r.

ff the lfloho d.ips away from the sourcer. ú- is only an apparent

velocity along the sr¡rface and is lower than the true upper nantle

velocity. flo account for this, a dip angle of 11" 4r ( assuning a

snooth plane interface ) sufficegr No fu¡ther information can be

obtaj-necl fþon the Pn travel tlme curve without making ur:reasonable

assunptions about the geonetry of tbe !¡Ioho betneen the lbot point an¿

receivers¡ trbz. exarnple¡ a sinBle plane bountlary dippfng away fborn the

shot point at If 4t nould. be 22.2Q km beneath the shot ¡nint and.

between 47.38 kn anct 52.82 tcn beneath the receivers. Clearly¡ this
extraporation ls unrealistj.c. Therefore¡ HÞ,jnalts depth estinate at

L28 k¡n is used for the ¡node1 Ín tr'igure 34.

x2

The traveL tÍmes for this event are sbown on x-T a¡r¿ 12-12 plots

1n Figures 32 and. 33. The straíght line fit to the ï-T prot has tbe

equation

( 24 ) t = ( o.r4o4o I o.oolr3 ) * * ( 4.7zzo3 ! o.oK6z )
This equation gives an apparent velocity of T.LZ kn/sec wbich probabþ

Ínùicates the exj-stence of a clipping bound.ary below the MoborovÍcic
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ùiscontinuity, Hithout either a reversed. profile or ad.d.j.tignal

velocity information¡ the velocity beneatb¡ and depth to this

boundary a¡e indeterminate'

ì.5 À Sínp1e l.ÍodeL

Collecting the results¡ a sirnple rnodel of the crust rrith

uniforo-veLocity layers is constructecl in Figr:re 34. I,ike Eajnalls

nodel¡ it bas tbree layers. ?he depth to tbe top interfa.ce ( F-

reflector ) is not nell d.efínect in the region of this stuQr but' is

shaLloner tha¡r that at sborter distãÀÊGeso The dopth to the I¡eterned.iate

cliscontinuÍty ís the average vaLue of the estimates fYon the PP ancl P*

d.ata ar¡d is less than the ( 22.85 ! t.43 ) kn vatue showa on trlgure 19

of llajnaì.. fbe clip of ff'4t away fuon the shot point founiL for the

Ì'fcbo is tbe optrusite of the gentle slope toward tbe shot poínt

betr¡een tbe clistances B! km ancl 156 kn g'iven by Eajnat. Bhe avera€e

velocity of tbe top layer is tbe sârtle¡ ritbÍn error lini-tsr as

Eajnal(s va}ue, Eowever¡ tbe velocity beneath the fntermeôiate

d.isconti¡uity ís lower.

3.6 !9@.
lhis study has shown th'at at its present sta€p of clevelopnentt

the ne¡¡ processing tecluique involving a weighted. ùifferential stack

prorrides a useful tool for enhancing seísnio er¡ents ín actdi tion to

those that can be identified uslng the dig:ital prooessÍng tecbniques

employecl by Eajnal.

Ifsing tbe tj.mes fbon tbe ner d.atar a, sinple three layor crustal

mod.el is derived.. It is basicaLly tbe sa¡ae as that obtainect b¡r

Hajnal ïúth only ¡ainor ùifferences.
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v2=(6.6d I o.o6) kn/sec

t

0kn
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Fíeld. *Tape 1 Hajnal rs
Sook No. Index No. Notation

P30
P31
P32
P33
P34
P35
P36
P37
P38
P39
P40

8¡

APPE}JDIX A

Summary of Relevant Information

30 A-30
31 a-3r
32 A-32
33 A-33
34 A-34
35 A-35
36 Â-36
37 À-37
38 A-38
39 A-39
40 L-40

@Reference
Time (sec)

'tg.96
20.O7
20.03
20.10
Lg.BB
20.O4
20.L4
2L.76
20.06
20.03
20.r3

Field. *Tape 2
Sook No. Index No,

P48
P49
P50
P5L
P52
P53
P54
P55
P56
P57
P5B
P59

Tape I
VOL=SEB=HA901B
Bin=925
RECFII{=F
I"REÇÍ=ZAO4
BLKST.Æ=Z404
ÐS1'I =GEO G . I{A.TNHJ .À0001
Dfl{SI[T=2
Dig:itaL interval =
0.0017141 sec

No" of logical
recorcls per recording
statlon = 12O

No. of samples per
logicaL record. per
channel = L00

4T
42
43
44
45
46
47
48
49
5o
5r
52

HaJnal rs
Notation

A-48
L-49
A-50
a-51
A-52
A-53
L-54
È-55
A-56
L-57
A-58
A-59

@Reference
Time (seo)

24.r2
23..97
24.r5
23.98
24.r8
24.O4
24.07
24.06
24,02
24,o8
24"ro.
24"1o

Eape 2

l

Y9¡=55fl-I{À1O19
Bin=927
BECtrIt{=F
IrREÇI'=Z O4
BLKSIT,E-Z O4
DSü =GEOG . HA,JNU, .4000L
DENSITI=2
DigitaL interval =
0.0017143 sec

No. of logical
records per recording
station = LZO

No. of sarnples per
logical record. per
channel = 1O0

*Notation used in thls
nunber.

@Iíme of the beginning

thesis with rPr w¡itten before each record

of a tape record. from shot time.



îhis program

NOREC

LA3

LABEL

iIl

TTIIJ

H2

WZIr

NOVEI,

ISHIFjII

84

APPENDIN B

Program tdl/STACI(

is a moalification of the prograrn NSTACK.

Number of Tecords for r¡hich stacklng nirl be done

Label for the x-âyls

Label for the y-axis

Start of noise wlndo¡r (1n second.s)

Length of noise window (in seconds)
Start of slgnal ¡yindow (in seconds)
Length of signat ¡rlndow (in second.s)
Nunber of traces (or stacks) per Job

$oty containlng the relative shifts of ohannels2 to L2 with respeot to cha¡¡nel 1

Digital sanpllng interval = .OOl?143 (in secontts)
Record. number

Iogical record number

Sample number

Time at the orlgin of tbe plot

length of record to be stacked (in seconds)

f=Or trace of cbannel f ie tre be ignored,
folr trace of òhannel f is to be ad.ded in stack

Geopbone eeparation

Angle e

DT

IR

rB

IS

RTT¡48

DAT,EN

Nrltr (r)

D

A1
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ITIEcER_NULL ( l-? r ! LÀgE r-( 2C ), r-AB ( 1O ) r RT il,l Eo ¡ MENs;r at.r r BUr: (4.co0 I , lsr¡rFrl ¡ à;la i,wi i r älI NTEGeR+2 T'IACE ! 4 lo0 ) r IS rA r B rDATÃ( I Z, - eoo ) r IDELT I t2_1. TRAcE I ( 60O IDEFTNE FI.LE I3 (I92IzCO4rLrINTI
CALL PLOrS ( I EÌlrF r ¿+O0O IREAD (5r51 Ì.¡0tìEc

I FORNTAT (3I4)
wRI TE t,6)2221 rRECr IPHASE,IJOB222 FflRl"tAT (////t. I r TSTACK OÉ-lìÈðOnO.r I4r3X, r¡pHASEr rI4r3Xrf rJOBrrÇT,4/ / |
RFAD(5,9) (LAB(K ) rK=l rt O I

DO 2t2t IcC
REWI ñD ti -REW I ñD- ti -
READ (5,I) IREC.IPHÂSF.

2l2l IC0l ,N = lrN(JREC

READ(5r5) NOVFT_-5--FOÞMAT(t4,f:3.1i
c
C DI = DIGITAL tNT
c

f)I=¡00t7143

'I ) IREC,IPHASE, IJOËI

l3
R
F
t)
R
F6

14 t
2

4

EAD(5r13) \l.,l,wl
ORtr4¡(4FfJ.3)
O l4l ICI .= lrh
ËÃD-(5',6) ( ISHI
oRMAr (12I6 )RTTE (6,2)(ISIJI
ORI4AT(/r ! r rCi{A
SAMPLES W I T}{ fì I:
EAD(5r¿+) IR,l13r
oRl.it AT (4I4,?_Y.çt=

\.i
F

cr
R
F
RFAD (5,9) ( LAtsFL-9,--FOFMÄî (ZôA4 ) -

c

62

c
c

ERVAL

L rW2 r U¡2L

C VEL
FTt re t; KRRI-;Rí<K=t-; t 2)-

READ (5,6?) (wT(
FORMAT (12F6.4'
CALL SEARCI.I ( TR,

II = NL,i4BER OF S
II = DALEN,/DI +
N-titKS = II/6Oe +

TI-IIS PDRTII]N REA

llRITE (6r55)

c
c
c

FT( IC T, KKK} rKKR=z.rI 2),I CINi\ELS 2 TC l? ARE SHIFIED.t/
SPFCT TO CHANNEL I, trESI!ECTI
I SrRT IMEr DALE:Nr (NULL( I I rI=l r

55 FORI'{AT (r I I lox
DCI 6O M=l TNnLKS
I X=l

- 

DO-t Õ 
--L "'= L 6

I Z=I x+99
READ(B¡30) ArRr(
IF(M.EQ.l .AND.

30 FORMAT ( ?^2,250
lO IX=lX+tOO

IF.( Ñ1 .EQ.}.IBLKS )
7 F oRfqAT (r r, l3x

C TH I S PORT I (JN APP
c

DO 60 K=lrlZ

6 .2 ç ?.Xt L2I l ¡2Xr 2F5r L(K)rK=Ir20)

I)'I=1r12)ì
I

fB) ¿

AMPLES TO PROCESS
r5

I

DS THE DATA FROM THE INPUT -TAPE

_.5_0.

60
c
c
c

r IPLOT COVÊRs BLocKs BETÌ{EEN AND INCLUD¡I\GI )

IF(NI/LL(K).FO,O)
INT=t5*(K-l)+M
f)O 5O KD = l¡áOO
nATA( K.KDI =t/T ( K ) *DArA (K rKO )WRITE( I3' IÑT } (DATA(KI J) rJ=I,600ICONTI NI'Ë

(DATA( I rK ), I=l r I ?l rR=IX rL .EO.l ) VTRITE (6r7) ArR
A2 r .25O 

AZ t 25042 r 25O 
^Z 

t

WRITE (6,7) ArB
T..RECOFD NO:_f r-.-,I?r 6Xt

I
VE
t?

' trllllOt/ t
LYr IN STACKI
) rDrAl

THE .'3' TN THE
THEPLOT( =3

L IES WE IGHT ING FACTOfì S TO THE TRACES

GO T(] 60

at t
rI4 )

FOLLU\ry ING STATEMENT
I NCHF,:S,/S ECOND }

IZI
250 A2 )

I LRËCrNO.r r l5 )

DETERMTNES THE TfME SCALE OF

-----



X!L =YAXI
ALLO
DIST
ITES
C ALL
CALL
C ALL
CALL
enuu
CALL

86

3*DI
S = 12.3
W=1.4

= 12.3/9r -l
PLOr (0.' -11., -31PLOT (0. TALLOWT-3)
FACIOR ( .62 )
PLOT (O.TYAXIS'-2,
SYMBOL ( -l .? '-9.0 r. 1.4 rLAË1 r90. r40lPLOT(f). rO. r3)

Ç
c

_q-___
c

DO 900
I X= I

qo
100

ïHIS pORTION DETEFMTNES Tl-1E FIRST TRACE
I_L..lB_o_ry!._J_!:!E D r s K

l ro

KÂ= I r N0VEL

IKC=l
IF(NI'LL( IKC ) }
IKC=IKC+l
GO TO 90
INT=15>r( IKC-l
DO 250 KE=l rN
lz=Ix+599
REÀD( l.j.' iNr )
lX = lX + 600250

c
c
c
c
C

. Pq-.tQq (F = I
I H=O

THI S PONT IOI.J READS NEW TRACES FROM THË DISK I SHTFTS THFM
FELATI VE TO THE FIRST TPACF ÂND /\DDS THFM TO f T: THE T IMESHIFTS ARE NOT I\ECESSARILY UNIFoRM.

IF(NULL(KFr.Eq.0) GO TO 400IF(KF.EQ.IKC) GO TO 4OO
¡F ( ISt-uFT( KA,'KF)-O) 32Or33Or3lO3lO IW = tSllIFT (KA,¡4¡¡
GO TO 340

320 tH = I ABS( I SHIFr( KA rKF) ¡-1
3 3C I r¡J=l

ll0rlOOttlO

)+l
BL KS

-3Tõ-l ñT=I Ír* ( KF-- ¡ ¡ * ¡

( r"R ÄCÉ ( ñY ); ñv=l Xl-r z l-

DO 300 KG= I r NBLKS
READ(t3r INT) (TRACEl (I )r I=lr60O)
DO 350 KH=I W,600
IH=lH+l

350 TRACE( IH)=TRACE ( IH)+TRAcEI( KH)30C I W=l

rl2

4OO CONT I NUE
c-------- --C TH I S FIIJR,T I
c
C SCALE OF
c

TO BE STACKED AND READS

430
TMAXTE _ 2WRITE (6,4

444. F0RMAT ( I
440 CÛNTI NUE

IF(KA.GT.¡ ) GO TO
READ (5r430) TMAX,
FOFMAT (EFI5.7)

c
c

-SUM 

= 0.-=-Ò*c 0s ( Ä I * o; ul 74533

ON NORMAL I ZES

TI{E PL OT

P=ABS(P)
V4 = P/l
V5 = P/l
Vó = ç>/l
V7 = P/l

.VB = P/I
Vg = P/l--v-i2='-Þzr

a

441
t tl

ÏMA XT YSL
¡/AXIIYUM VALUET ¡ Fl2o3r6Xr rNORM t ¡ZxrFlo.7l

440
YSL

AND PLOTS THE DATA VALUES¡

SH
SH
SH
SH
sll
SH
Sr

FT
FT
FT
FT
rT
f:I
FT

KAr4r/Dl,I3
K^ ,5l /ol *4
KA,6ll() I*5
KÂ,71/Ol *6
KArBI/DI *7
KA r 9', /Oll.a
KA, l2l ,/Dl * i l-'--
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\,r' = (v4+v5+vó+v?+vg+v9+Vl2 I /7.
W=V

IF (ITEST) 666¡666,550
550 CALL NUI'IRER(-.7 ;O.r..l4rWrO.r2)

cALL pLOT(O.,C.r3)
__ç.AL_!=-P!=OI ( -. I r O. ¡ 2 )cALL PLOIl0;;o.;3' -

DO 500 LA=lrII
XDL=(LA-l)+XSL
TR = TRACÉ_ ( LA )
YDL=Y5LÈTR
ISl,JIT = O

IF (AuS(TR).NE.TR) ISrvIT = ITR = YDL
I F-(-¡8S (l-R ) . GE .lMAXTE )''TRt='ÎMÂ XTEIF(A8S(TR ) .GE.T¡4AXTE .ANf)O ISI¡iITYDL = TR

5 OO CALL ÞLOT ( XDL, YDL,2 )CALL PLOr ( XDL, O . ,-3 )
. c ALL PLór ( 0 .'r -rlI sT r -3 )GO TO 900óóó DO S80 LA =XDL J (LA:'I

TR = TRACE
YDL=ySLr.Te
ISWIT = O
IF (ABS(fR).NE.TR) IShlIT = t.TR:YDL
¡F ( AÊS(TR ) .GE oTMAXTE ) TR=TMAXTEIF (AUS(Itsl : gE. TMAXTE,ANDT ISwIT. ËO.t------YDL = TR- :---- ""': ":-::::"'

58O CÄLL PL_OT (-xDL,YOL,2l
CALL PLOT (-XOLr0.r-J)
CALL NLTMBER l-.7 rO.r .14 rWrO.r2)CALL PLOT(0.,O.r3)
CALL I)LOT (-.1,0.r2)
CALL [)LOT ( 0. ,0. r 3 l

I rII
)*XSL(II+I

I F ( NOV ÇLt Z*Z . EO r NOVEL I GO TO 760CALL PLOT (-XDL,d.r-3}
760 YLEFT = yAXIS -Ì\OVELTDISTg4LL PLOT (0. r_YLEFT,_3)ySL = .Ol

c
_ç____ THIS PORTIUN pLOTS THE TIME SCALE.

CALL TIME (TRACE, I T 

'DO BOO LA=I r I IXDL=(LÂ-l )*xSt_
YDL=TRACE(LA) *ySL800 CALL PLOI (xDLrYDLr2)

---14!!_.9t,rQoL ( 5 ¡ r -.6,.! gr.._LAREI=r_e: !.qqlcALL PL(]T ( -:;2; _-. ¡, :¡ ) -- ----
c
C THTS PORTITJN LABELS TFE TIME SCALE.c

XpAGE=0.
I SECS=DALEN+ I . S+RT IMEJL=I +RT I MF

-LA )

.E(ì.1) TR=-TR

l0lo

2 t2l

TR =- TR

Do_-.lOlO I=JL,ISECS
FPN=FLOAT ( f:l
çlçL-NiJMBFR ( xPAGETO. r.l4 rFPNrOr r I )XPA GE=XPAGE+-3.
XÞAÇf ={PrrGe+ 6.
ç4L! f)t_oT. ( xpAGEro. r-3)
CONT TNUÊ
ç,4LL çrLOT ( O. r O. rg99 )
STOP
END
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SUEtrOt'TINE TüE T(;HT ( IR, TEI , f .S.;V/ II ViIL¡ W2rTV2L rWT TDATAiNULL,ìISI,I52,CIP,Iq)
INTEGER NI'LL(IA)
INTEGER'riz DATA( l2' 80Ol rÂrBrIS
REAL WT(I2I
DI =.00 I 7t 43

_ç
c
c

önl-cùuATi hi\r oF PÁRAMÈir.nS

_ç(].r_q.777666 IBwt = IR l ( IICNE +
777 IBvr2 = IB + (IITvlC +

I WIL=( wtL/Dll /lOO + 2
IW2L=(\,1 2LlDI)/l0O + z

I IOI'{F=wl/D [+.5
IF(Wl.LT.0. ) I f ONE=ABS(
I I TW O=tVZlD I +. 5
IF (wl.GE.O.) GO TO 666
I8!rll = IB - (IlcNE + lS

-w8l-IE (qrgBn ) lwtLrIW?L! IBWt r IFw2r IIONET I ITwO
BBB FoRM 

^'r 
1/ i , ,, r Þ,rR^i'iEiERS: IúiiLi i t+,5X, r f rtzl-i-, i4;5X;.-[Bw t-;Í4';5X;

ISl=IfONE-l0O*( IÊw1-IBl + IS
IF(wl.LT.0.) ISI = l0O*(IB-IEWlt-IIONE.+ IS
IS2=I IrwO-.100* ( IEvJz-I B) + I S

c
C IIEAQS IHE DATA VALTJES OF THE.NOtSE WINDOW AND DETËRMINES THE POI{ER
C IN THAT WTNDOW
c

Xf IBll2r ¡l4r5Xr' I IONET T l4r5Xr rI IThA' tl4/ t

txl,/DI-.5)

CALL SEARCH( IR,
IW=l-oõ--t.o ¡:i;iwiL
I WW=I W+99

30
10

IS-
IS

/l oo

/loo
/ LQO

RFÀD(8r 30 ) A'8' ( (DATA( I rK )
FORMAT I 2A2r25Ol\?r 25042r
Iw=It¡.l+lO0
l8=ISt+wlL/DI+.5
DO 40 I=lrl2

?-Q SUM=SUM+D¡I TA( IrK)*DATA( I'Kl
blT{ I )=SUM/ ( I¿l- lS1}

40 CONTINUF-
c
C TìEADS ,THE OATA
C POU{ER IN THAT W--c-

DO 2l J = lr3
2I BACKSPACE N

CALL SEARCH( IR I
I ti=1
DO 50 .J=l , I w2L

OO 2C -K=lSl 'ïB

TBWI }

50

JV J\/ V-¡ I r n¿L

IWlv= 1w+99
IEAD( B '30 ) ¡1 'B ' ( ( DATA( I

rI=1r12)rK=lWrIWW¡
250A2r 250A2 r 250A2)

READ(B'30) ¡1 'B'(Ilt-=I ii+ I ôôIlt-=I ii+ I ôô

5s

56

I9=lS?-+W2¡7Ql+oS
D0 70 I=l rl2
SUM= O .
IF (N(JI-L(t ) ) 55r 55'58
wT( I ) -0.
wRITÉ(6,56) I
trtlRMAT (r .r, lCXr tCHANNELTTI4TSX¡t

XNOT CALCUL ATED I I
GO TO 70

VAL(JES OF THE
T NDOW

5B
óo

c
c-ö--'----

69

IBW2 )

Dn 6O K=IS?tl1
SUlrl=Sul'lfDATA ( I r K l *DATA( I r K l
SUM=StJM/(lg-I52)

-çA.L-çirLArEs rHE SrAT I sT¡çA!. s.I_G_I.{âL-._r_o__.!l.rl.I sE R-A-rl_o_.

SNRAf = $()Rr(SUM,/WT(f ) l.)

SI GNAL V', INDOW AND DETERMINES THE

'K )' I= tr l2 I rK=IW r IWW)

SIGNAL TO NOISE RATIO



c
c
c
c

Bg

CALCULATES A WEIGHTING FACTOR DTRECTLY PROPORTTONAL TO'THF S,/NRATIO AND I¡IVENSLY PROPOfìTTONAL TO THË AMPLITUDE OF TI-IE NOTSE

!vT ( I ) =SNRAT/SORT ( wT ( I ) ¡
WRITE(6,7I ) t,SNRAT

-7T-F-oR'¡¡Ar ( i i ; l0X r, ct-ìÄññË{:i-;T"+;-5x;-¡sIG[\¡-ÀL-"T0 N0tsË-RÃTfcfr;F-I-2;z-T-
Ì{RI TE (6 ¡7? ) vtr ( I )

72 FOPi4AT (' TTTWEIGHT IS.rF12.3)7O COI.ITINUE
' SUM=O.

c
C NURMALIZË.S THE WEIGHTING FACTORS
c---- ---iiil-'ä0 J=l r'l

BO S(JM = SUM +
SUM = 3./SUM
WTMAX = O.
DO 90 J=lr l2
WT(J) = WT{J
IF(wT(J).61.

9O CONTINTJE
o'-ql" t=1 ,t2

IF(V'TMÂX.LE..
wT(I) = WT( I

9l wRITE (6rt0O
IOO FORMAT (I I,

REWI.ND B
RETIJRN
END

WT(J)
M

2
J ) /SUM
.WTMAX) WTMAX=hT(J)

SUf]ROIJTTNÊ SEARCH ( IRTIBI
I NTE GER*2 A ,B' DO IOO I=1r7000
READ(8,30) A,B

30 F ORN,I/\r ( 2A2 )
IF(4.ÉO.IR.AND.BoEO. IB) GO TO l5

1 OO C ONT I ùIUË
i 5-HAeKSPÃCä

RE TURN
FND

5.1 GO TO gl
I /WT MAX*5.
) I ,WT( T )
l0X r I CHANNEL ¡ r l4r 5Xr f l{E IGHT ING FACTOR | 'F8r 4 )

DI=.O017143
DO 5tO JJ = trIÍ

510 TRACE( JJ) =O
N45=II+DI*lO
N¿r6=Il*L)I+1.

----Dö-:t7Õ-t= I r N45

SUI]ROUTINE TIME (TRACE' II }
rÑrÊ'.cgn*z rRAcF (¿+loo)

370

3BO

K=(rl/Dll*I+.5
TPACE(K)= l0
QO 38C l=l r N46
K=(1./Dll 4l+r5
TRACE( Kì= ?5
FIETIJ RN
E Nf)
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A.PPEI\IDIX C

Sa¡np1e Calsulatlon
of Relative Shifts



sJOB
I
2
3 to
4
5
6
7
I
9

lo
tl
t2 2
l3

ìiÁTFIV R. SANTOSol vENS IC\¡ V( I 2 ) r..¡ULL( I 2 L IO( 12) ..VR ( t2) .RR( t2)
ÊEÁD lO, O.Ar(ñULL(I ),¡=trl?)
FOîMAT (2Fé.3i2xrl2Il )
CC 1 I = l¡99
D3 2 1K=4r12
IF(NULL(IK).ÊO.O) GO 10 2
P=r,i¡0174533
IC( IK}=I
v( IK ) = D*( lK-1 t *CDS(p t,/Io( IK l/.OOl7t43Re(lK' = ( IK-i \/t2. ,,t,]C17 143 + I
VR( lK) = ( IK-1 )BOyCOS.(P)./eR(IK),/.0O17143
CC\T tr\UF
trRt r\T 1 L ID(ô' .V( 4 ),vR(4), ID(5 t,{v(5 I rVR(5). ID( ó) rV( 6) rVR(6),

c ID( 7),V( 7) rV;ì ( 7) . ID( B) ,V(A) .VR(A l . IO(9 t.V( 9t,VR(9' r
ctD(L2).V(1?),VR(12'
FCFvÅt (t . --t ttx.I2t2lF7.2t r,,
COT''T INUE
SICF
Er{O

9=ô'

I ó12,62 3fr7.5" I t a¿Z¡35 ¿3co49
2 306.31 22s.73 L 2 421.13 z8a.3t
3 204.21 t67.0Al Z zeC.78 ?t-<.O7ã iå¡.iÃ iãr.ãÁ | À ãro.se rzr.33
5 122.52 108. l1 i 5 168. d7 142.37
ó l0?.r0 9r.89 I ó 140.39 Lzt.a9
7 A7.52 79..9t I 7 120.14 lC6.ôC

a 105.29 9Á.67
c 6€.07 63.37 I 9 93.59 8¿.ç4

ro 6r.24 57.43 llO A4.24 77.16
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APPENÐIX D

Combination of Rrrors

Let p ancl q be t¡ro measurable quantities and P and q their
êxxoxs¡ respecttvely¡ n the nu¡nber of saarplee; {n/n <<1; {q/q.<<L
1- E!@-sfgs

a. Ad.clitlon¡

b. Subtractlon:
c. [Iultiplication¡
d. Divlsion:

2. Error estimates in slope and intercept
For

(

least squaæes fl

L. nr' [riei

rr

rs
rE

p + q. dr =áp + tg
p-q. dr=dp+áq
pq. ,fr/r = Ep/p + [q/q.
p/q, drft- dp/p + 6q,/q.

da
Lnt Int

tfn,' I"\
where Ð .1 I\z', ")

t of straÍght line Q =dp + F to data¡

a. X-T plot¡
Replaêe p1 with xi and
ùlrectly to anct

\- ( l*rÞi * (cti)xr
áoc=

\
" ( ¿-(¿xi)ri

vÞ - uq{ '1t - 
X'"t'

/Intnt I-"\

\r,, "J

I *tt,.

b. N2 - T2 prot¡
Replace p, wlth¡

q.i with t1. Apply sinple rules above
to obtain

á4= 2

I.l*. f s**
- --:.-].- { +-

I"t I-t*

n

L(óx1)x1t1'

)- xielte

2
Jci

+(

ot¿ ai rrlth ti2.

á ti )t1xi2

L(.ç"i)*r
I *i2

+6 I t J¡i)xi
2>X{/¿



L (dri)tí I(rxi)xi3. cT,.r- \-¿Z r- 4
)_ *t' L "r"

áP = 3.(
)- f Jxr)xr3

---+

Note: the error estimate for the shot to recq deú clistances is
t "1 km ( uaJnat ¡ L97ot p.93 )
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L "to

)- !r*r)*ttrt * ( 
"*r).r*r'

t- *t2tí2/¿¿
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