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Abstract

The irrteg¡atecl seismic er,pplozrch, rvhich has tr'¿r<lition¿rlly been utiiizccl tn ¿r, mor-c:

qlzr,lit¿.tive fasliiou fol hyclloc¿r.r'bon cxplolzr,tion, is ttor't' beconrirrg inclezrsittgly popr-rlal

irrl-¡otÌrlitlrosplrericprollittg¿r.uclr'esour'ceexplot'ationirrcl.}¡Stàllitlet'ockter'r'¿r,lres.

Since the cliscover')¡ of cxtensive lri¿rssivc sulfi.cle cleposil,s in the Suclllrily B¿rsiu

iu tfic latc 1800's, consiclelzr,ltle cff'olt h¿rs becu expcucleci to detelrnine the oligin

¿urcl stt'nc:tnlzll configur'¿-ltion of this rtnicluc geological stntctulc. A selies of c¿'lr'c-

fìrllv plzr¡¡ccl seismic crxpeliurertts aucl othet' non-seismic; geophvsiczi,l sttlveS's h¿r,ve

þec11 c¿¡r'r'iecl out since 1990 in the Stclbru'y aïea ¿ìs a pat't of the LITHOPROBE

Al>itilti-G¡enville, Suclbru'y sul¡-tr'¿r,nsect ltloject. In this thesis lesea,r'ch, higli lr:s-

olltion seisrnic lcfi'action, regiorrzrl a,nci high lesohition seistnic leflection, ¿rncl the

rnllti-off'set 3-component VSP (\rcltical Seisrnic Plofililg) e'xpt-'r'iurcttts \\¡c're utilizc'cl

to investigate the gcologiczrlly nnic¡re Suclltuly Stntctule ¿urcl tltc sullourrcling ¿ì'1'c¿ì.

A ¡rllti-offset 3-cornponent VSP cxper-iment was c¿'¡r'r.iecl otit to stucly the shalloi'v

seisuric velocity stmctnle in the ccntel of the Suclbury B¿rsin. Irr aclclition to obtaining

r-e¿-rlistic P- ¿r,ncl ,9-r,r,aves velocity moclels through tr-avel time invelsion ancl WI(BJ

sy¡thetic seisrlic mocleling, the VSP experiment plovicles us r,vith an inclepenclent

estimation fol the clip of the contact betr,veeu the Chelmsfolcl ancl Onwatin fonlations'

The velocity values ¿l.re also in goocl agleement with lal¡oratoly meastlrements fi'orn the

ch'ill core szrmples. The VSP-CDP tlansf'ormecl section ancl cot'riclor- stachecl section

collelate r,vell with the high-r'esolution sltrface teflection clat¿r. The results inclicate

that the rnulti-offset thr-ee-component VSP expeliment provicles important constraints

ancl auxiliary infolmation fol shaliorv crttstal seisrnic stuclies.
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The LITHOPROBtr seismic lcgionzrl leflection line 42 was reprocessecl in this

thesis ¡esea¡ch to imzr,ge the snbsnlface stntctttt'e not'thwest of thc Suclbuly Basin.

Czr,r'ef¡115, clesiglecl tr¿rclitio¡al processing stcps combinecl urith tirne r'¿rr')'ing closs-clip

collection ¿trrcl thc rv¿r,velet tlansf'olm foL r.ernov¿ll of the gt'ottncl t'oll noisc h¿l,r'e ch'¿rma't-

ically enh¿r,¡cecl the sr:isrnic leflection irla,gc, in contrast to the pt'eliuriutrt'ily pt'ocessecl

<l¿rt¿r,. Thc leplocessccl LITHOPROBE Sudbnt'y region¿rl leflct:tiott lilte 42 cl¿rt¿-r, h¿rs

slcccssfìrlly extelclecl thc I'cflcctiol pr-ofile of thc Sucibur'1, ¿rle¿r. to tl14t'<lxitrtzr,tcll' ¿¡¡

¿rclclitiol¿¡l 20 lçln northr,vest, ¿r,ncl has levc¿Llccl the sultsnt'f¿rce stntctttLe itt the Ler'¿rcli

G¡eiss Compler a,ncl sliLlonncling zr,r'ctt. Thc neivly discovcrecl closs scction of thc

Lcrr¿r,cli Grreiss Complex ¿rclcls ncr,v cr¡nstr'¿rilrts to the t'egiouai tcctollic stltrctrues. The

res¡lt trlso p¡oyi{es inv¿rlu¿r,ble infblrn¿:itiolr f'ol tlte nnclerstzr.ncliug of the uplifT of tlie

Leva,cli Gnciss Complex, r,r'hich ploberbll' pl¿tls a,rt itnpoltt-tttt lolc in t'esolviltg the ori-

gil of the Suclltuly Stluctule. A nzrjol f¿mlt ol shc¿-¡r' zotre itlz-rgecl in thc lept'occssecl

section in thc nolthurest of the LGC suggcsts cxtenciecl stt'uctur'¿ll clcfblnr¿rtiolt ilt the

no¡thr,vcst of the Slclbuly Stmctnle ancl sttppolts e'r, lzl,t'get' climcnsiorr of thc originzrl

irnperct cla,tel proposecl by Glieve et al. (1991).

Tr,vo ¿rciv¿rncecl clata processing techniclues rvele investigatecl theoletically zr,ncl nn-

r¡er-ically irlplernentecl in this thesis. The time var'ying closs-clip cort'ection zrigolithrn

clevelopecl fbr cloolçecl line clata pr-ocessing has provecl to be vely effective fol focusing

reflection energy ancl imaging complex clipping structrires r,r'ith inconsistent closs-clips.

The er,lgorithm has also proviclecl impoltant infolmation fol cross-clip attitucles of the

reflectors. The wavelet transfolm is a new cligital signal processing techniclue r'vhich

has an aclva,ntage of analyzing ancl localizing signals in both time ancl fi-ecluency clo-

rnains simultaneously. In this thesis, a non-oLthogonal wavelet tr¿r.nsfor*m algorithm



was clcvelopecl fol seisrnic z-r.pplication ancl ploglamrnecl fol impletlent¿l'tiou of l'crnov-

iug gr-ouncl roll noise. The lesults inclic¿l,te th¿r.t thc new ¿ìppl'oach is vely cff'ective

alci sr-rpelior"to the convention¿rlf-lc filtering methocl. The u'¿rvelet tr'¿r,nsfolur tr'¿r's ¿tlso

appliecl to cletect the leflection signzi,ls in ¿¡ lon' S/N latio situ¿ttion with encotu'zr.girrg

resnlts.

T[e high lesolutiorr I'efi'¿rction expelitncnt exploles ¿ì ct'oss-¿ì,I'rây of tr'vo pt'ofiles

rvit[ ¿rn a1:ploximnto 285 lirn long line in the NW-SE clir.ection ancl ¿r, 164 lnn lorrg

linc in t[g \Ãr'-E cli¡ectiou ¿ìcïoss the Al;itibi Subirlovitrce ilr the SupelioL PLovirtce,

tlre S¿clltrit't¡ Stt'ìl6¡1rc, t[e G¡enville Flont Tectoltic Zote , ¿rncl t]rc Blitt Dour¿rilt iu

the Glcnville Provincc. Tlic plelimin¿rly processecl seismic refi'¿tctiorl sectiolts r'vele

iute¡p¡etecl lty usirrg thc' Öervr:ui 's tr,vo pclint clyn¿r,lnic t'ily tt'ncing z-r,n<l moclcling

zilgolithnr. The c;ourirutecl tr'¿r,vcl times rn¿l,tch well r,vith the obser-vecl clat¿r. f'ol lttost

pherses inciucling l;oth heacl w¿ìves ancl rvicle-¿tnglc leflections. The resrilts outlirte tite

ni¿jol' cr-ust¿r,i ancl np1;el rn¿l,ntle stlltctules fbl the stucly alezr'.

Even throrigh the seismic expelirnents investig¿r,tecl in this thesis lese¿l.r'cir clo not

pr.ovicle zr complete pictule of the Suclbuly alezr, the resrtlts pr-ovicle ueu' itlf'olmation

o¡ the configuration of the Suclbury Stlucture u'hich can ¿rclcl new constlains ancl

clr.res for us to unclerstaucl the origin of the stntctule.
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il Figur-e 3.5 (\,IcGla'th ¿-tncl BLoornes, 1994)'

Glavity moclel of the Suclbuly Str-nctnt'e along the plofile N-S shown in

Figule 3.4 aftel NlcGr'¿rth ¿'L,ncl Bt'oomes (199't), w-hele N-south Range

noÌite, Gr'-gt.zrnophyt.e, Orn -Onrv¿tin FoÌrnation, ancl Ch-Chelmsforcl

Fo¡mations, IVIF-ÌVIurrzr.y Fault. Density bounclar-ies to the north ancl

south of the suclbur:y structur-e lvere not imagecl in the seismic clata. .

A new mzr,gnetic moclel obtainecl by Hearst et

susceptibility is 10-'Ì SL .

al.. 1994. (The unit of
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Z.T Cor¡þi¡ecl potzrssium inrzrge of the Suclbuly ar:ea (Singh ct trl., 1993),

q,ith the geological folm¿rtion bouncl¿rly ovell¿ricl shor,vrr lvith lccl lines.

clolo¡s nsecl to cr-eate the firr¿rl ima,ge ar.e: Ii - r'ecl; I(/etl - gleen; aucl

Ii/eTh - blue.

4.1 Gcologl' ¡rzrp of Slclltlr'y region shorving loc¿rtions of thc seisluic leflec-

tion slr.vey lincs ¿-rncl the VSP bolchole sites. D¿rshecl lincs - coiucicleltt

high lesoiutiorr liues.

4.2 S<;licrn¿rtic cliaglzl,rn of the Cheinrsfolcl nmlti-offìstrt \¡SP erpclirncttt'

4.3 Sulf¿rcc lzr,1,ei1¡ of the 3-C nrrilti-offìset \/SP exl¡erirneut in Cllielrnsf'olcl,

Suclbuly.

34

JI

39

4.4 Sruf¿rcc l¿ryont of bhe 3-C rnulti-off'set VSP

Suclbuly. The srn¿rll cilclc leplcsents the

tion Ìine 40.

4.5 Loc¿-L,tions of the 1992 Suclbuly

ancl XY. Grey circles lePlesent

the receiver st¿rtions.

expelimeut in Nolth Rzlugc,

leceivel sta,tion of the leflec-

lesolr.ttion lefi'actiott lines, Iine AB

shot points ancl tlizrngles r-elllesent

high

the

40

41

4(

Ð/5.1 Flowchart of the VSP Dat¿r Processing

5.2 lJnprocessecl thlee-component \/ibloseis VSP clata at the 150 rn off-

set (Chelmsfolcl bolehole, SuclbuLy). (a) Horizont¿rl cornponent 1; (b)

holizontal component 2; ancl (c) vertical component (no processing

appliecl) with compressional (P), sh.ear' (s) ancl convertecl (sP) waves

highlightecl
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5.3 An cxzrmple of the lotatecl holizont¿'ll coilìponeu.t of the \iSP clata

lecolclecl at the 150 m offset using the palticle motion polzrlization.

(ar.) Raclizrl componert cl¿rt¿-r u'ith SI/ polalization; (b) tLa,rsteLse collt-

1>otteut cl¿rt¿r, with SfI polat'iz¿t ti<-rlt.

5.4 fttvertccl velocity ruoclels of the P- ancl ,9- rn'ave clat¿1. fol the Chclrttsf'olcl

bolchole. The glcy clottecl liue is tlic initial P-u'¿r,ve inter-v¿rl velocity

cstin¿rtccl rising the sl¿rntccl-stlt-light li-ly ¿ìver¿ì.gc, a,ttcl the cl¿rr-ii solicl

lille is the ilrtelv¿tl vc¡lor:ity estirn¿.¡tcd using the le¿rst sqtr¿ìt'esj irtvetsiorl

The str'¿rtiglzrphic; tcLrns a,Lc rt¿ttttccl ltv F¿rlconllr-idgc Ltcl.'

5.5 Invclterl vclocity rnock:ls of the P- ¿rncl S- w¿lve cl¿-r.ta f'or the Nolth

Rzr,nge ltorehole (the cleacl tL¿rc:crs irr thc cl¿lt¿r. wele intet'polz-rtecl using

the R.¿rclon tlansf'olrn, the lesnlt only intents to plovicle ¿ìn ¿ìpplorima,te

estiur¿tiorr). The grcv clottecl line is the initi¿rl P-w¿r,ve itrterv¿r,l velocity

cstim¿r,tccl nsing the sl¿'r,ntecl-stlzright ray aver¿ìge, a,ncl the cl¿rlli solicl line

is the intelval velocity estimatecl using the le¿rst sclu¿ìtes invcr-sion. The

stlzrtiglzr.phic terms ¿r,r'e rr¿-rmecl bv IÐTS.

5.6 Velocity ancl Density rne¿ì.surelrÌent of the lecent ch'ill core samples fi'orti

tÌre stucly alea. RC:r'eflection coefflcients (Szr,lisbuly et zrl., 1994).

5.7 A schem¿ltic plot of the theoletic¿r,l 'r - 'p plane information pt'oclttcecl

by Raclon transfor-m. The upgoing ancl clowngoing \,vaves, which have

opposite signs of p) ale sepalatecl ancl ma,ppecl into clifferent quaclt'ants

59

60

61

65

in the r - 'p plane.
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5.8 A schctn¿r,tic plot

offìsets ittcrLeasc.

clemonstr'¿r,ting clecle¿se of the lay pzr'r'a.metel p :'ts

5.9 Geol¡ctlic clepictiou of thc clorvngoing ancl npgoirtg r-¿ì.y pathes irl zr

\/SP crpcrilttettt.

5.10 Schernatic plot of thc pass belncl in the hvperbolic filtcling. Scisnric

encìtg)¡ outsicle the tu'o hyperbolic c:tltvcs is tnrttecl chu'ing the filtelirrg. 76

72

74

5.11 Scpar-¿rtecl rv¿'lvcflelcl of the VSP cl¿rt¿r shor'r,ittg upgoirrg tr'¿ìt'cs ¿-rfIt')r

R,¿1clon tr'¿r,nsfolm ztncl hS,pelbolic filteling, Lcc:olclecl ¿rt the 150 nl offìset.

Cirelmsfor'(l. HOR,IZ 1:horizorrtzll cornporrent 1; HORIZ 2:holizottt¿rl

couU)on(ì111, 2; zrrtcl VERTICAL:r'er tic¿r,l cotnponcnt.

5.12 The P-$,¿rtrc fl¿rttenecì ripgoing r,v¿rv<¡ficlcl of the \/SP cl¿.'r,t¿r. ¿rt thc 150 llr

offset, Chelursfolcl, r,vith clcnsity ¿urcl r'clocity irrf'olmation. (tl) Vclocitv

estinr¿rtiorr fï'orn VSP; tlie clottccl iiuc is the initial ,9-u,¿lve iutclv¿l,l

velocity estiuratecl by sl¿r,ntecl-stlaight r'¿W àver'¿ìge, ancl solicl line is the

interv¿rl veiocity estimatecl by ¿r, least-sc¡r¿ì.r.es iuvelse; (ìt) the clensity

clat¿r. fi'on r,vell-log; (c) the leflective coefficieuts compr"rtecl fi.om the

clensity log zr,ucl the P-wave intewal velocity (z'L result fi'om ¿r, le¿rst

scluale invelsion); ancl (cl) the P-r,v¿rve VSP flattenecl upgoing w¿lvefielcl.
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78



5.13 The,9-rv¿lr'e flattenecl upgoingw¿r,veficrlcl of the VSP cl¿rt¿r at the 150 m

offset, Cirehnsfolcl, with clensity ancl velocit,v inf'olrttzttion. (a)Velocity

estim¿r,tion florn VSP; the clottecl lint': is the initi¿l ,9-wave itttet'v¿rL

velocity estimatecl by slzrntecl-stlzright r'¿ìy ¿ìvcl'age, zrncl solicl linc is the

intelv¿r,l vclocity estimatecl by zr lezrst-sclu¿ìr'cls inxrlse; (b) tlie clensity

cl¿r,t¿r fi'orn rvcll-log; (c) the leflectirrc¡ coefficients courptitecl fi'om the

clelsity log anci the ,9-lva,ve intelv¿rl velor:ity (zr result fì'otn ¿r,lczrst scltrzr,t't-'

invelsiorr): nrrd (<1) thc ,S-r,v¿u'c VSP fl¿rttcnecl ripgoing rv¿r.veficlcl.

5.14 Scheru¿r,tic <liagt'am of the VSP-CDP tr'¿lnsfoltn ¿r,ncl liot'izont¿r'l st¿rcli

of t[e VSP clata. The top is ¿l VSP tL¿-L,ce LccoLclecl ¿-rt clepth z? ¿ìllc-

couveltecl to the tu¡o-$¡ày veltic¿r,l tr'¿urel tinre. Thc ior'vcl pzrlt of thcr

clizr,grzrrn shorvs the foul leflcction cvetrts in ¿r, tr,vorv¿ty tinte ¿urcl offsct

plzrne. (\4oclificcl flonr H¿r,r.clzrge ( 1983))

5.15 The \/SP-CDP tlansfollnecl P-rv¿r,r'e section 1>lottccl ¿-rncl insertecl into

the high-r'esolntion sulf¿rce reflection section. The reflections ¿rt clepths

of 560 m, 650 rn, 1240 m, 1520 m ¿'lncl 2305 m m¿ltch lvell between the

tr,vo sections.

5.16 The corriclor'-st¿clcecl P-w¿r,ve VSP clat¿r folm the Chelmsfolcl bor-ellole

is splicecl into the interpretecl high-r'esolution seismic reflection clata

(iVlilher-eit et al., 1992). The two nrzr.jor-lithological contacts at 0.21 s

ancl 0.45 s collel¿rte u'ell.

5.17 Schernatic cliz'rglzr.m clepicting the basic principle of the particle motion

hoclogram estimating clip of leflectors.

80

82

87
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5.18 Scheru¿r,tic cliaglzr,m clepicting geometric priuciples for- estitnating the

tr:ue clip fi'om ¿tu zrppzr,r-cnt clip nczrsut'ecl fi-om the hoclogt'a,m elnzrlysis.

5.i9 The ltalticle rnotion hoclograms for the P-u'ave reflection fi'om the

Chclnlsfolcl- Ornvatin cont¿rct lecolclecl by a thlee-contponeilt geoplione

loc¿rtecl br:tu'een 340 m ancl 370 m clcpths lvith the sou-rce offset of 150

l¡. Hclc the tinrc rvinclolv length is 16 tns, irncIZ leplesents the vct'tic¿r,l

corrrponent artcl X rcplesents the iror-izortt¿rl crotllponellt 2. .

5.20 A glzr.phic: solution pt'ocess f'ol estirn¿ting the tme clip / of thc I'efltrctoi'

se(luclrce ¿r,t thc clcpth levt:l of 380 m using pzrlticlc rnotion cl¿rt¿r, r'ccolcl-

ccl bctn'een the 340 rn ¿-¡ncl 370 m clepths. The sonlcc offset is 150 m

ancl thc pzr,r'tt,rnetels usecl hr-.Le ¿rle the s¿r,rnc ¿rs clescr-iltecl in Figule 5.18.

5.21 Thc VSP d¿r,t¿r lecolclecl ¿r,t the offìset of 150 m (Chclrnsfblcl): (zr) thc

ver-tic¿l com.ponent of tlie original VSP lecord; (b) the veltic¿r,l compo-

nent of the WI{BJ synthetic VSP seismogr'¿ìnr.; (c) the collesponcling

velocity rnoclel plottecl with the well-log Iithological cl¿r,t¿r, (Falconbriclge

Ltcl.. ). ( Alg-¿1¡gillite, Wach:gr¿ìy\Macke, ancl lnt:intlnsivc).

90

92

93

96

6.1 The pleliminzn'ily processecl profile of

line 42 of the LITHOPROBE Suclbury

6.2 Flor,v char-t for leplocessing of the line 42

m ¿rncl tirne var.ying closs-clip colt.ection

clevelooecl in this thesis lesear-ch.

the regional seismic leflection

Transect.

clat¿1,. The r,vavelet transfor--

are the tr,vo nelv techniques
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6.3 Geornetr'1' of thc line 42 sulvey line ¿'rncl CDP binning: clots r-epresent

the rnicl-points l¡etrveen each r-eceiver- ¿u<ì shot pzrir'. The folcl covet'age

is sholvn ìr1' glcl, Ievel plot at the top of the figule. The bin height is

1000 rn ¿rncl ltin lviclth is 25 rn. The slalom line is clepictecl ¿rs a thirt

linc in the rniclclle 108

6.4 AGC ancl bancil>trss filteling: arr exzr,nrple of the oligintrl r'¿lw shot g:r,thel

¿lfIel AGC zrucl bauclp¿rss filtct'ittg. . . 109

6.5 A segrnerrt of scislnic st¿lclieci section shou'illg t'efì'¿rc'tion st¿-rtics: (,.)

r,r'ithout lcfì'action stirtics; (b) with refï'¿rction sttr,tics; (c) r,vith both

lefì'¿lction ¿r,rrcl lesiclnz'rl sttrtics; (cl) the bizrs plot of (c) zr,ftct'cohclcuc5,

filteling. Ciontintte to the foilor,r'ing p¿lges. . i10

6.6 Rernov¿rl of glouncl loll uoise using tire ./ - Ä; filtelirig: (a) tlie oligirra.l

shot gather', (b) the s¿ltnc: shot gzlther ¿'tftet' thc ,/ - Ä; filtelilg. I77

6.7 Removal of gr.ouncl Ïol1 lty the WT: (a) the oliginzrl shot gz'r.ther; (b)

Leconstluction of the cl¿rt¿r, b1i tr1," invelse WT aftel removal of the lt¿-r,ucls

containing the glouncl loll; (c) r-emoval of glouncl loll lty combination

of the cleconvolution ancl the lVT methocls. . 118

6.8 Geornetly of CDP stack: (a) strzr,ight sulvey line ancl fl¿r,t leflector; (b)

stlaight srllvey line with a clipping reflector; (c) clooiiecl sulvey line

lvith a fl¿l,t leflector'; (ct) cr-oohecl sulvey line with a. clipping reflector.

Continue on the follor,ving tlvo pages. L20
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6.9 Schern¿-rtic clizr.gr:an f'ol tlle gcometry of the closs-clip collcction. At

the CDP bil A:, Af¡¡ is the closs-clip colr:ection fol the tt'¿rcc associatecl

rvith tlie shot trunrbel i, ancl rcccirreL nurnber'.i, u¡ is the velocity at the

CDP bin A;, cr¡ is the closs-di1; znrgle at the CDP k, g;¡ is the tL¿r'nsveLse

offsct l¡ctr,r'een the rnicl-poiut anci the collesponcling CDP poirrt, zr,ncl ¡.r

is thc closs-clip lay p¿r,r¿ìûreter'. L26

6.10 Tu'o rcflectols rvith ¿r,r.'l¡itl'¿ì1'y closs-clips. Aú¡; is the c:t'oss-dip tltovcottt

f'or the CN4P ltoint u'ith the shot nunrbel t, aucl leccivìt uttriber'.7. 727

6.11 Florvch¿rlt fol thc cross-cliìt collcctiorr. 128

6.12 The seconcl segmerrt of the sl¿rlonr lino ¿ucl CDP binning f'ol c;ross-clip

r:oLlecrtion. Dots lepleserrt the rnicl-poirt betrveen c¿ch lec:eivcL alrcl

shot. The folcl covcr'¿-rge is shorvn l;y gley levcls. The l;irr hcight is 1000

rn ¿rncl bin wiclth is 25 ln. Thc sl¿rlom line is clcpictcrcl ¿rs ¿r tltin lilte

in the rniclcile. The collcsponclirrg ¿lrnounts f'or thc closs-line clip zrle

t¿r,lxrlatecl on the top of the clizr,glam. 131

6.13 An exa,mple of the

diu collcctiou ¿rttcl_'_r --^^

CIVIP gzr,ther' (CN4P 4150) clata: (a) r,vithout cross-

(b) with closs-clip colrection. IJJ

6.14 The velocity sernblance plot for the CIVIP gzrther' 4150: (zr) r,vithout

closs-clip colrection ancl (b) with cross-clip corr-ection. 134

6.15 A segrnent of the leprocessecl st¿l,checl seismic section: (a) withoui the

cross-clip correction ancl (b) with the cross-clip correction 135
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6. 16 \/elocity ¿rn¿rlysrs:

a,nzrlysis, ancl (lt)

rrrlocity ¿rrralysis.

¿1, staclç section ivith applic¿tion of lough velocity

salne st¿rch section with zrpplication of cat-cfitl

ticc colresponcling to the r,vavelet tr-ansfot'n- The c,,'¡ is z'r

¿r,tecl r,vith the motheL u,¿lvelet, (Ls : ) ancl Â is assrttrlccl

(u)

the

6.17 Sulf¿rcc-consistent t'csiclu¿ll st¿-rtics moclel elfter' (Yilmaz, 1987).

6.18 The flou'ch¿-rlt fot' t'esiclu¿ll st¿rtics collection.

139

141

143

165

6.19 The final st¿rcli ser:tion: (zr) thr: st¿rcli sectioli rvithout closs-cli1) col'-

¡cctiou; (b) with closs-clip collectiou; (r:) the bias plot of fin¿rl st¿rcli

scctiolr ¿rfttrl closs-cli1t collection, r'csiclrt¿ll st¿ttics ¿urcl coltclent filttlring.

Contiuue oti tlte fbllorving P¿ìgcrsi. f44

6.20 The schern¿.rtic plot of the noltheru poltìou of the lile '11 ¿rncl lille 42

plofilcs u'ith plelirninzr,ry intelplctrrtions (Fol loc¿-¡tions of lirlc' 41 arrcl

42 see Figule 4.1). 149

6.21 The C-SAR. irnt:r,ge in the nolthu'est poltion of the Süclltuly Stmcttlcr

r,r'ith prclintin¿r,r-y intelpletatiolrs ¿r,ncl the loca,tion of line 42. 153

7.1 Ph¿rse spelce l:rt

consta,ut ¿rssoci

to be evcn. i61

7.2 The function of the iVleyer wavelet ancl the tnoclule of its Fouliel trans-

folm. (a) The Nleyel wavelet function; (b) tlie moclule of its Foulier

tlansform



7.4 The

Lc'¿rl

7.3 Tilc fìruction of the Daribechies r'r'avelet ¿rnci the rnoclule of its Forit'iet'

tr'¿r,nsf'olnr. (tr) Thc Daubechies lvavelet function; (b) the moclule of its

Fouliel tt'a,nsfblm. i66

leirl prr.r't of the l\,Iollet r,v¿r,velet ¿utcl its Fout'iet' tr'¿rnsfot'm. (z-i) The

1>zrlt of the N¡Iorlet r,vavelet fìrnction; (b) its Four-iel tr'¿rusfbr-nl. 166

7.5 The f¿rnril)' of the Nlorlet w¿rvelet usccl ¿rs the opet'zrtols in the \\¡T

intcglzrl. Tltc oct¿r,vc I'zltLges fi'onr 0 to 8 (rn:O,1,..8) ancl thc'rrutnllcr

of voicc is 4 (N:4) 169

7 .6 A srtnrplc st:islnic tr¿ce ancl its wa,r'elet tr'¿r,nsfbltn of the 33 octavc l¡¿rticls

(rn:0,1,...8, N:4). The 33 tL¿r.r;es in the uppcìr pzr,r't of the fignrc tr,t'e

tlie rv¿rvelet clecornposccl tlzrces; thc rniclcllc tr'¿l,ce is thc oligirrzrl seisrnic:

tr'¿rc.c; ¿rncl thc bottour one is the-. rccolstluctecl seisrnic tr'¿r.ce. I70

Compzrlison of the spectla. of the lcc:ottstLttctecl seislnic signzrl q'ith the

oligiuzll signzll. (zr,) The spectlurn of the originzr.l seismic tlace (left);

(b) ttre collesponcling spectla. of tire leconstructecl trace (Light). I7I

An oligiuarl seismic shot gathet' fi-om the Sriclbuly Linc 42 rcgiouzr,l

reflectioll cl¿r.ta.
1',|Ð
-L¡Ù

7.7

7.8

7.9 The r,r'¿lvelet

7.8. Ever';' 4

ancl N:0.

tr'¿r,nsformecl pzr,nels of the test shot gi-r,thel shown itr Figule

octave bancls ¿lre shown which cot'responcl to m:0, 1, 2,...8

7.10 The corlesponcling Fourier spectra of the wavelet transfolmecl panels

176

shon'n in Figule 7.9.
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7.11 (a) Reconstnrctioll of the shot ga.thcl by thc invelse w¿rvelet tr-¿rnsfolm

¿rftel lernov¿rl of the bancis containing the glourrcl loll noisc; (b) rernova,l

of glouncl loll uoise nsing the f-k filteling tcclutiqtte. 178

7.12 Spectmrn of the recorrstluctccl clater usiug the iuw:r'se rvavelet tr'¿'L,nsfolm

compalecl u'ith the spectnun of the oliginai clata. (a,) Tire spcr:tntm

of the oligirriri clatzr; (lr) the spectmnr of LccoustLnctecl clata hzr,ving

glouricl loll noisn lcnrovecl cluling the iurclse u'¿tvclct transf'ot'tri. 779

7.13 Arr cxtrrnplc shou's cletcction of clisc;ontinuity trsitig the rv¿rvelet tr'¿urs-

folrn: (n). clec¿-rving sinusoicl rvavc s1(t), s2(t) arlcl thcil snntrna,tioll

s(t); (b) tltc u'¿r,r,elc:t tr'¿rnsfolnr of signzrl s(t). 182

7.74 
^ 

synthctic scrisnric: sec:tiotr ¿urcl the rnoclcl ttsecl fot'syrrthesis: (zr.) the

vclocity nroclel; arrcl (b) the synthctic seistttic sectiou. 183

7.15 The highest oct¿rvc lt¿r,ncl of the

thetic seisrnic section in Figrn'e

u'¿rvclet tr'¿r,lsfblnecl clata" of the syn-

t.r+D. 184

8.1

8.2

Geological rnzrp in the nor-tltwest of the Sucll¡rir:y Bz'Lsin a,fter Ca,rcl

(1994). Thlee clcfolmation zones are iclentificcl. The seismic leflec-

tion line 42 is ¿-riso nat'lcecl ¿rs a solicl line in the figure. 193

A schematic cliarglam of the velocity stntctule moclel for the Suclltttry

ale¿1, basecl on intelpretation of the LITHOPROBE seisrnic r-efi'action

ancl leflection clata. The number*s represent P- lvave velocities (km/s).20I
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8.3 A closs-section of the i

Stntctnt'e b¿rsecl on the L

offset \/SP lesults. The

fi'orn Wu et al. (1994).

ntelpletecl stluctitr'¿ll moclcl fol the Suclllr,rly

ITHOPROBE seismic reflectiou ancl the multi-

geometly in the south of thc LGC is zrclaptecl

202

8.4 Shzrpe, rclative size, a.ncl clistribution of shocli clefot'ln¿r,tiort f'e¿r,tut'es of

SLrclltuly B¿rsin. Note that Suclbnly irmptive clir-L,grz-rrn shorvs outlilc of

iufcllecl ontcr ling, not the SuclJnr-y Igneolts Contl>lcx, fioru Golcl (1980).206

,{.1 Seisrnic clzr,tzt. proccssiug system l¿'r,y-out. 226

8.1 Loc¿rtion of the 1986 GLINdPCE lcfi'action seisrnic erpelirnetrt. Line

J tr'¿'¡velses fï'orn the Britt clomain, the GFTZ, ¿rucl to the Sor"tthet'rt

Plovince (Epili ancl N,leleu, 1991). The relative loc¿l,tion of the Sttdbnlv

Stluctulc is shown rvith respect to the regiona,l tcctouic setting. 233

8.2 The / - A; rnigrzrtecl seislnic wicle-zr,ngle leflection clata of the c¿rster-n

palt of the GLIIvIPCE seismic rrr¿lr.ine plofile J ¿rcloss the Glenville

Flont Tectonic Zone (GFTZ) ancl interiol of the Glenville Ologen in

L¿-r,lçe Hulon/Geolgizr,n B¿ry. After Green et al. (1990). Note the steep

clipping reflectot's in the C+FTZ ancl Blitt Dotl¿r,in. 234
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Chapter l-

lntnoductior¿

The contirrelt¿r,i lithosphelc. is the founcl¿'r.tiou on r,r'hich the c¿-ilth's lliosphclc exists,

¿rncl the ¡cpository of our niner'¿l trncl cnelgy rcìsouïces. The ct'nst, lvhich is 30 to 50

lir. thicli, fol¡rs nrncil of the oritel most pzr.lt of the contirrent¿r'l litirospher-c. Stricly

of the c¡enic¿rl compositiou ¿¡ncl geornctlical coufigulzr,tion of thc geologic¿rl llloclis

a.'cl thei' r.cl¿r,tio¡ships to ve-rrious geological pr-occsses iu the E¿uth is esscuti¿r.i f'ol an

¿l.ccn¡a,te ulcle¡st¿urcli¡g of our planet Ea.rth. This lcnor'vleclge, in tuÏn, is cÌuci¿rl f'or

explo'ation of b¡r'iccl rninelal ¿'¡ncl fossil fuel r.esonlces, zr.ncl fol provicling a lie1' to tht:

unclerst¿l.nciing of natnLe, oligin ¿rncl histoly of plzr.te tectortics'

Ou' hnowleclge of the lithosphele ma,y be gainecl clilectly from srilface ura'ppiug

ancl cleep clrill cor-e observ¿tions ot' gzrinecl inclilectly fi'om a variety of geophysici-r'l

srl'veys which recor.cl geophysiczr,l signatures that reflect the sultsui-face ¿lttÌibutes ¿l'ncl

geometly of the r.ocli ttnits at clepih. The phVsical property anomalies ¿r'ncl the hev

geological signzl,tul'es can thus be tlacecl to the surface by means of geophysical plofiles

or extraction of well log clata from clepth'

Among many avail¿-¡ble geophysical methocls, seismic techniclues play a liey lole in
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deep lithosphelic explolz'r,tiol, because the seismic signzrl czm penetlate cleeper iuto

the E¿rltli rvith grezr,tel lesolution th¿rn most other: geophysiczrl signzrls. The seisrnic

leflection nlethoci c¿r,n nrost eff'ectively imzrgc geological bonnclat'ies l¡etn'een litholog-

ical units ¿urcl ¿rss<tcizrtecl geologiczrl stmctures in tlte subsut'f¿rce. A combin¿r,tion of

lcgionzr,l ancl high lcsolutiou leflection tecltnic¡tes pt'ovicles us l¡oth sholt rvavelcngth

zrncl high lesolutiol scisuric rrn()t'g)¡ which ima,gcs thc sh¿rllor,r' sr.tbsnlf¿rce stluctrtles

tvith gle¿rt clct¿r,il rrucl long r'¿l,rrelcngtli scisurit: enet'gy lvhich penetlzr,tcs to thc crttst¿rl

<lcpth. Rapicllv clcvcloping clzlta plocessing teclttticltrcs along u'ith irrcr.e¿rsing corttl>rtttrl

powct'rn¿r,lie thc lcflcc:tion nrcthocl rnoLc cffectivc th¿r,lt zrtty othel souucling tcchtticlttcs.

Scisrnic lefi'¿tc:tiou slu'vcys itlrrl, ern essenti¿rlly complirneutzrt'y t'ole to the clccp leflec-

1;ion technicpres. Irr contr'¿rst to the ltear'-veltical inr:idcut seisrrlic lcflection sltt'vovs,

seisnic lefi'¿rction suï\¡evs nr¿llie use of tìrc ¿r,LLi-n¿tl tintc ttncl zr,tnplitucle of lt:fr¿rr:tc'cl

seislnic w¿ìvcs tlzrveling thlough the clust¿1,l intcrf¿r,ces. A veltical scrisrnic plofiliug

(VSP) techniciue rn¿rlies use of the boleltoles ¿-lncl r'ecolcls seistlic signzrls clilcctly at

clepth up to ¿r, fcr,v liilometels cleep. Bv collelzrtiug ¿-r,ncl linliing the chzlr'¿rctelistics of

the scismic r.esponse with geologici,rl r,vell-log inf'orrnzr,tion, the VSP technic¡re bliclges

the obselvation gap between the surface observecl t'eflection profiles ancl the borehole

sonic logs. It thus provicles invalu¿ble infonn¿r,tion for stt'r.tctut'a1, stt'atiglaphic, ancl

lithological investigation iu complex geological ¿ì't'e¿ìs.

Integlation of valions ¿.r,ltove seismic technicpres zrlong lvith other- auxiliary geophys-

ical techniques gleatly extencls the capabilities of seistnic techniques. Integr-zr,tecl seis-

rnic stuciy has ah-eacly proven to be a very power-ful technique in petloleum explo-

ration, ancl it has also become a very successful apploach in lithospheric exploration.

Duling the past a few clecacles, a number of such integratecl seismic investigation
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f'ol scientific pur.poses h¿r.r'e bcen carliecl out thlotigltout the rvorlcl. Thcy cousti-

tute the cc¡tr'¿r,l cor.es of sevelal n¿rtion¿r,l collabor'¿rtive, multiclisciplinaly ea,r'th scicnce

lesearch progr'¿urls snch ¿rs LITHOPROBE in Czluzrcla,, ACORP in Aristr'¿r,lizr, zr'ncl

ECORS in Fr'¿lnce (Be'r,raza,ngi ¿lncl Blown, 1986, lVleissnel et zr,l., 1991). In this thesis

reseaLch, multi-offìset thlce coÌnponent VSP, sur-f¿rcc t'eflectiou, zr,lcl high lcsohition

lcfì'a,ction techrric¡ics u'r:r'e utilizccl to stucly the cornplicatt:d Suclbuly Stt'uctnlc ancl

stllourrclilÌg ¿ì,r'c¿t. The scisrnic sur.veys iuvestigatccl ¿r,re ¿r, pttlt of the LITHOPR,OBE

Abitibi-Glenvillc. Tl¿r,uscr:t (AGT) (Suclbtly sub-tL¿lusect) lrlojcr:ts. The ltzrlticiPilnts

of the LITHOPR,OBtr AGT Suctbur.y sub-tr¿r,rsect incluclc Écok' Polytccinliclue, Lzrvtr,l

U¡ivclsity, Univelsity of Nzlirrritol;zr, Univelsity of N,Ioutleal, Univelsity of \\¡est On-

tzrlio; Geological Srrlvcy of Canacla, Ontellio Geoiogiczr.l SttLt'el, (OGS), US Geologicarl

Sulvcv (USGS); Irrco Explor'¿rtion ancl Tcr:huic:a,l Selvice (ItrTS), F¿-rlconbliclgc Ltcl.

¿urcl of hel lo c¿-L,l rrtirtet'al incl ustry p zr,t't ic:i1t a,nts.

1.1 Study Area and Objectives of the F[esearch

The stucly area is the Suclbuly Stlucture ancl surlouncling ¿ìt'e¿ì. in nolthern Ontzrt'io,

r,vhich is -,r'ell linor,vn fol its unicßre geological stluctule ancl the gt'eat economic value

of the al'e¿ì's miner¿ll cleposits. It r,vas chosen as a LITHOPROBE AGT Suclbuly sult-

tlansect ¿rs well as ¿-¡ mnlti-sensor- geophysiczrl survey site (1989) by the Geologiczr,l

Sur-vey of Ca,nacl¿r. Fol similal reasons, the Suclbury area was also chosen as one of

the scientific verification sites for the Ealth Resoulce Satellite (ERS-1) (1991) by ihe

European Space Agency. A vast number of lesearch activities r,ver.e car.r'iecl out in the

past ancl the trencl is expectecl to continue in the fittule. Table 1.1 lists some of tlte
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gcìophysic¿ìl zrncl geologiczrl clzr,ta sets ¿rvail¿rble for- this thesis lesea,r'ch in the alea.

T[c first leflectiot seisrnic srlr'vey in t]re Sucibuly Basit rv¿ts c¿rlliecl out in 1965

lty zr Cz-rlg¿rly contlactol GSI Inc. fbl IETS. The clynzr,tuitc snt'vey cltr,tzr,, covelitrg

¿l,bont 6 lint ¿rcloss the Nolth Rangc ne¿r,r' Wclsnel tor,vnship) lvcrtì of vely pool qr-rz-r,lity

¿r,ncl the usefirlness fbl rninel¿rl cxplolzltion w¿ìs ruat'giual. In 1985, the geophysics

gïoitp ¿¡t thc¡ Univr:r'sity of N¡I¿r,uitolrtr plzr,nrrecl ancl contr'¿tcteci ottt a high resolutiort

lefl<rction seisrnicr sltl've\¡ ¿ì.cross the Nolth Range (lVloon ct 2r1., 1989). Tlte srtlvt:y

u'¿rs clesigrrecl ¿rs ¿r. sh¿lllorv high rcsolutiorr leflection srtlvey rvith ¿r total line length of

zi,pPloxinzrtcly 5 lin er,long ¿,n ¿r.b¿r,nclonecl por,vcl line. A high speeci explosive soufcc)

u,¿rs usecl irr clrilleci shot holes. The fina,l plocessecl sectiou itla,gecl ¿rt least two sor"tth

cliltping lcflection zolìcs) one of urhich a.ppealecl to leprescut the grzrrtitic gneiss u'zlli

loclc.

The LITHOPROBE Snclltur'1' snit-tlansect expcliments \\¡cìr'e pltr,nned fol investigz-r-

tiol of the t¡¡e th¡ee-climelsiou¿-r,l geornetly of the Suclbrtt'v Stnictule, thc Sucllmt'y

Igneous Cornplex (SIC) ¿r,ncl ¿rssociateci major faults, the geotnetly of the nticl ¿rncl

lou'er- cr-ust beneath the Suclbuly Bzrsin, ¿rncl the geometly ancl geologic¿rl relationshiil

with ttre Glerrville Front bonnclz-rry (Clowes, 1989).



T¿r,blc 1.1: Geologicrzrl zrncl geophysiczrl cl¿rt¿r sets ¿rv¿r,il¿r,ltle in the Suclltulr)¡ ¿tte¿1,

Lithoprobe Seismic Data
R.cflection clzrtzr (both legional irrcl high t'csolrttion )(O<rt., 1990, 1993)

\/SP d¿rta (Veltica,l Scismic Profilirrg) (Oct., 1990)

High lesolutiou lcfì'¿rction clatzr (Jtly, 1992)

Well-log clatzr (SLrnrrncr', 1991 )

Multiple Sensor Geophysical Data
¡\ilborte C-SAR d:rtz-r (C-b¿urcl synthetic a,peltule laclar) (1989)

L ¿r,ncls ¿rt TIVI ( t trelrn¿-L,t ic.: rtì ¿ìpp er cl zrt zr, 1 9 8 8 )

Glor.tncl gla,vit¡' clata (1988)

Glouucl a,ncl ait'J¡olne rnzlgttctic cl¿tt¿1, (1988, 1989)

I 
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Limitecl local mining cornp¿ìny ûì¿tps
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The seisrnic cl¿r,t¿r obt¿rirrecl fr-om the LITHOPROBE seismic sruvevs, in<;lucling the

lcgio'zrl a'cl high lcsolntion seismic leflcction (1990), thlce cotttporreilt rllrlti-offset

\isp (1gg0), zrncl liigh lesolution lefi'¿rction cl:r.tzr (1992), Itnt'e beeu" plocessccl ¿ncl

inteÌpretccl irr this thesis. The scientific olljectives iuclucle:

ø Desigl of ¿r1 cffcctive clata ploccssing rìjc(iut:ttcc ¿urcl estiur¿rtioil of optirnzrl p|o-

cessiug paLirr¡eteLs f'ol seislnic leflection cl¿rt¿r zrcc¡tilecl in cr'5'stzr,llirtc lor:li ter'-

ï¿Ìnes s.c¡ ¿rs t¡c Slclbuly ¿ì,r'ea, zrncl iruzlging of the snbsnÌfi'ice stÏucttrlc.s ¿rsscl-

ci¿rtecl *ith the Lcv¿lcli Gneiss Corlplcx in nolthu'c'st of the Sricilluly Str.uctrtlc.

e Appliczr,tiorr of tÌre 3-Cornponent (3-C) rnulti-off,set VSP clatzr plocc'ssiug a'ncl

i'tcr'p'c-.ta,tiorr tcchnic¡res to explolcr sh¿t,llou' stmctuLes in thc SuclllttrY B¿rsiu

¿rrrcl ¿r,'cl colr.cl¿r.tiorr of the VSP cl¿-rta rvith thc higli lc:solutiotr lcflec:1,iol cl¿tt¿r tcr

'esolve 
t¡e 1c-.1¿r,tiolships bctlveen thc seclilnerrtzl,r'y laYels within thc b¿rsin'

s De'elopnent of neu, seismic cl¿r,t¿r plocessing technic|-tes fol both VSP ¿rncl Leflcc-

tion seisrlic cl¿r,t¿:r, to image complex str.nctur-¿rl fe¿rtules such ¿rs clippiilg geologi-

c¿rl clisconti¡liiies ancl to improve the S/N r¿'r,tio of the clata fi'onr lorv acoustic

intpeclance contt'ast meclia of tlie Suclbulv region'

ø pro'ision of ¿r preliminaly imagc of the major- clnsta,l fe¿r,tuÌes in the vicinity

of the Slclblry Structule by cornbin¿rtion of the lesults fi'om the reflection ancl

the high lesolntion refi'action clata'

ø Interp¡etatio¡ of the seismic clata together lvith auxilialy airborne ¿r"ncl satellite-

J¡orne geophysiczr,l clata to resolve ancl clalify the geologically signifi-cant seismic

fe¿l,tures.
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ø \,\¡hile seismic explola,tion techniqucs h¿lve ]recome thc plimaly explolzrtion tooÌ

of thc pr:tloleum inclustly, these techniques have seeu little appliczttiott by the

rniner'¿r,l inclustly iu the past. However', both ma,.jol types of the ole bocli<'rs f'ouncl

irr the Sucllnly ¿rle¿ì ¿u'e coinciclent rvith plonouncccl stlatigrzr,pltic reflectols

such ¿rs the secliment-hostccl sulficles lying zrlong the Onrv¿rtin sh:rlc/Ortz-r.ping triff

cout¿r,ct ¿rncl the ûl¿ìssivcr sulficles occr-u'r'ing ¿l,t the Nolite/Footw¿rìl cont¿rct. Thris

zrn intcglatcd scisrnic: stucly is ¿-L,lso c.xpcìctecl to plovicle va,lit¿r,ble inft>t'lrl¿rtiou fol

b¿rsc urct¿rl cxplolz-ltion in the Snclltuly trt'ea.

Witli thc ¿r,Jrovc o1;.iectives, this thcsis r..esc¿r,r'ch u'¿rs clevelopecl irr trvo clilectiotts.

Each ilrclivictn¿rl seisrnic; cl¿lt¿r, set r,vas ilvt'stigertecl iu clet¿lil, a,rrci intelpretatiou r,vzrs

c¿rlliecl out ir,rrrorrg v¿i,r'ious of seisllic lesnlts ¿ltrcl otltcl geophvsi<;al imtrges illtcr'¿it:tive-

l¡t. Chzrpter' 1 inl,r'ocluccs ¿rncl clesclibos thc ìra<:liglouucl ¿rncl oltjectivcs of the rc-'sc¿lrclt.

Chzrpter' 2 clesclibcs thc gcologiczr,l settirrg of the stuclv z-lLczr, the Suclbuly Stmctulc. It

itclucles the culrent geologiczr,l zrncl planetological h1'potheses on the oi'igiu, fbrmation-

s, zr,ncl ¿rssociatecl tectonic histoly of the Suclìruly Stluctnt'e. In Chz-r.pter'3, 1>tcvions

seismic ancl other'gcophS,sic¿'rl stuclies calriecl out in the Suclbiu'y ale¿ì ¿rncl t'elatecl to

this thesis Lesealch ar.e bliefly r-eviervecl. Chapter' 4 clesclibes various f'eatur-es of seis-

utic clata, acc¡risition snch as fielcl sulvey lines, r'ecolclirtg per,r'arneters, seisrnic soLtr(res

in the VSP, high lesolution zrncl legional seismic leflection, and high resolution le-

fï'actions sulveys. In the following thlee chapters, Chapter 5, 6, ancl 7, the seismic

clata processing steps ancl techniclue clevelopmeuts concluctecl in this thesis research

ale cliscussecl in cletail. Chapter 5 focuses the multi-offset 3-C VSP stucly, which in-

volves clata, processing techniques utilizecl ancl clevelopecl fol the VSP clata sets, such
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¿ìs tr¿ìvel time invelsion, \\'eìvefielcl sepali'r,tion, VSP-CDP tlzlusforn, ¿r,ncl sheal w-¿l,ve

¿ur¿rlysis techniqucs, zrncl thc VSP clat¿r intclpletzr,tion techuic¡tes, fol iustzr,uce, thc

clevelopment of a palticle motion hocloglam zrnzrlysis z-rpprorl.ch fbl estirn¿¡tion of tme

clip of reflectols, ¿r,ncl collel¿r,tion of thc resnlts u'ith snt-f¿lce high lesolutiott leflection

clat¿r. In Chapter' 6, thc scisnric leflection clntt-1, pt'ocessing tecltnic¡rcs palticulzr,r'ly

ciesiguerl fol the legional leflcction line 42 are cliscussecl. Trvo rìc\\¡ly clevelopecl cl¿lt¿r

itloccssiug techniques, thc tiure-vzrlying closs-clip c;olrection ancl lentovilrg of glorincl

loll noise nsing the r,r'¿rvelct tr'¿rnsf'oln technic¡re, :rr-c' higltlighted. An irnpolt¿rrrt lcsult

iri this cha.pter is thc sucrcc-.ssfìrll)'irn¿lgecl subsulf¿l,c:c stlncrtnlcr in the r.icinitt' of tlic

Lcv¿rcli Gnciss Cornplex, the noltliu'cst of the SLrcibury Stmctule, r,vhich is ¿¡ licy ¿r,r'c¿1.

f'ol lesolving thc enigrnz-r on the oligin of the Stclbuly Stt'uctut.e. Thc integr'¿rtccl in-

tcrpletiltion of thc stisrnic: r'esnlts u'ith other geol>li1rsi6¿¡l cl¿rt¿r sets, such ¿rs thc ERS-1

SAR cl¿rt¿r arcl othcl lcrnote sicìnsjilìg clzrtzr, is ¿r,lso cliscnssccl iu Chapter' 6. In Chzrptel

7, thc r,v¿-L,vclet tr'¿r,nsf'olrn is cliscnssccl in cìet¿-lil. The rrclva,nta,ges of this neu' technic¡tcr

ovel the convention¿rl methocls, its mathcrnatic¿rl pt'opelties, ¿'L,ncl thc effectiveness of

the new a,pploach to seisnic clatz-r plocessing ale investig¿rtecl. Tr,vo exa,rnltics ¿lr'e in-

clticlecl to clemonstr¿rte the application of the r,v¿r.velet transfor-m. Finally the over'¿rll

results of this thesis lesealch a,r'e eva,lua,tecl ¿'r,ncl cliscussecl in chapter 8. The final

concir.rsion ancl recommencl¿r,tion fbr future resear-ch ¿ìr-e surnrn¿ìrizecl in Chapter 9.



Chapter 2

Geological and Geophysical
Setti*g of the Study Area.

2.L Geology setting of the Sudbury Structure

Thc Sucllmly Stmcture (SS) is loca,tecl ¿r,t thc'jrurctior'of the Snpet'ior, Sorttheln,

¿r,rrcl Glenville stluctural plovinces of the Can¿-r,cli¿.Lu Plec¿r,urlrtian shiclci (Czr,rcl et zr,l.,

1984). The Supeliol Plovincc to the nolth consists of L¿rte Alchc¿l,tt supracr-nsta,l,

1>lr-rtonic anci gneissic loclçs. The Southcln Plovince to the southr,vcst consists of

Pr-oterozoic seclimenta,r'y, volcelnic, e-L,ncl mafic ancl felsic plutonic lochs. The Glenville

Flont, rvhich is the rrolthr,vestelr bouncl¿r,ry of the Grerrville Pr.ovince , bouncls of the

Sucll¡uly Stluctnle ¿-rt about 15 lçnr southeast. The Flont is a urzt jot'not.the¿lst tlencling

str^uctrir-al cliscontinuity ancl is i,veil cleflnecl in the legional potential fielcl rnap at the

clustal scale (Clor,ves, 1989). The Suclbury Structule is also loc¿rtecl at the intersection

of sevelal major-fault systerns, eveil. thor.rgh the ages of these faults ¿ìr-e younger- th¿l,n

the Suclbuly Structui*e itself (Peleclery ¿r.ncl Vloli-ison, 1984). Figure 2.1 shows the

regional geological setting of the Sridltury Structure.
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Thc rnajol geoiogiczrl rinits iclentifiecl in the Suclbuly alea consist of (Dlessler',

1984b):

thc Plotelozoic nt¿-¡fic a,ncl felsic intlusivc loclçs of the SuclbLrly lgrteoits Complex

(SICI), r,r'hich glzrcles fi'orn the outel ring of nor-ite thlough ¿'1, tt'¿nsition zone of

garìrìrlo to ¿r,li innel ling of glzrnophyle (see Figule 2.2),

t[e Whitcrv¿rtel gt'oup r,vithin the SIC envclope, consists of thc Chclnrsfolcl

gLe-yu'a,c:lic, Onwatin sha,lc, zrnd Orrzrping f'olnrzrtions, iuclucling Orrzr,ping sttevitc:

(bla.di ancl graly mernl;els of lrlecci¿rs) :rncl Ona,ping b¿rs¿rl rrrcntJrer' (see Figule

2.2),

t[e l¿r,te Arcìre¿r,n gneissicloclçs of the Lcv¿r,cli Gneiss Cornplex (LGCI), rvhich lies

iu the no¡th ¿r,rrcl e¿rst-sicle of the outer contact of the SIC ¿rncl cotttains pYroxenc

gla,nulitc zrncl zrmphibolitc f¿rcies loclis.

e bleccias in the Alche¿r.n ¿r,rlcl Pt'otelozoic Footw¿rll lochs of the SIC,

s the clualtz cliolite offset clilies rvithin the sttlrouncling fbotlv¿rll loclis, rvhich

extcncl eithet' rzrclially arv¿y fi'om, ol stlike palzrllel to, the SIC, zr,ncl

the post-igneous complex lnafic clilie loclts, founcl mainly in the Sorith Range

of the SIC ancl South Range Footr,vall rochs, inclucle miclclle Ploter-ozoic olivine

clial:¿rse clilies intmclecl into ¿1,11 the folgoing roclts.

The so-callecl Sriclbuly Stlucture is macle up of extensive legions of brecciatecl coun-

t¡y roch, the SIC, ancl the enclosecl Whitewatel gloup. The ofterr ttsecl telminology

of the "North Range", "East Ra,nge", ancl "South Range" is clepictecl in Figure 2.2.



1i

Figure 2.1: Regional geological setting of the Sudbury Structure (Cald et al., 1984)'
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Figur-e 2.2: Simplified geoiogica,l map shorving geologica,l fot'matious in the Sudbury

a¡ea inclucling the WhitewateÌ group (Chelmsford, Onwatiu, and Onaping forma-

tions) and the Sudbur-5, Igneous Cornplex (SIC) (Glanophyle, Gabblo and Nolite
rock units). l\4oclified from Wu et al., 1994'
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On the gravity rnz-r.p (Gupta, 1984), the Suclbuly Stluctule is situatecl rvithin a

lalge, S\\/-NE str:iking elliptical gla,vit), high of ¿r.bout 30 mgal. It is parlt of a positive

grzn'ity zr,nomaly extcncling over' ¿r.bout 350lim florn Elliot L¿rhe to Englehzr,t't, Onta,t'io.

The anortzrly itself is much l¡r'o¿rclel than the Suclbur-y Stt'ttctur-e. The ¿lirl:or.ne tot¿r,i

ficl<l nragnetic map of the a,re¿r. is char'¿rctelizecl by ¿r, setlicorrtinr.tous clliptical ling

a,rrorntr,ll' coincicleut r,vitlt thc SIC. The gzr,bblos ¿r,ncl ¿rssoci¿ltecl nltt'¿rm¿r,fic loclcs irr the

SIC m¿w l>c I'espousible fbl this ¿r'trotn¿-L'lv. A lirrea'L a'trornttll' of rrtociel'¿r'te zrnplituclcs

<rlose to thc cont¿ct l¡etu'eeu thc OnaPirrg ancl Orrr,rr¿r,tiu Fot'm¿r,tiotts ott the south sicle

of t[c ltzrsin, ¿rrrcl ¿r ll'o¿rcl positivc ¿l,uorn¿lly close to Nolth Rzr,ugc ttxtcttcliug tr<¡r't]rrvcst

to thc LGC ¿-rle ¿tlso noticc¿ble in thc ¿rclotn¿r,gnetic rnzp (Guptzr,, 1984).

Z.L.L Origin of the Sudbury Structure

Thcrc ¿r,r'e ¿-lt plcsent tr,vo nr¿r,in h1'potheses fbl tlic oligin of the SuclbLrly Stltrcturc:

thc volc¿uric explosior thcoly ¿rtlcl tlte neteolitc itrpact thcoly.

(zr) Early explosive volcanism theory. It is belicved that the Suclbuly Stluc-

turc might have originz-r.tecl frorn ¿r, volcanic exirlosion 1850 \¡Ia âgo or fi'oin othel

possiblc enclogenic pïocesses. \¡iost characteristic geologiczrl featur.es of the Suclbui'y

Stmcture czrn leaclill'be explzr,inccl thlough enclogenic processcrs. The Suclbut'y Stluc-

tule is, in valions cleglees, r'elatecl to clusta,l features such as: the Gleat Lakcs Tectonic

Z<lne - Vlur-ray F¿ult Zone; the Gr-enville Fr.ont Bounclerly Fa,ult; zr. lalge scale cur-vi-

lineal positive gravity anomaly; lar-ge elongate positive magnetic anomalies, ¿r,ncl the

lVzr,napitei structur-e (the convex shape of the East Rzr,nge, if assuming it is zr, cryp-

toexplosion). One or mot'e large intrusions unclerlying the Suclbuly Structure were
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ilrvoliecl to intelplet the irositive gr'¿r.r'ity a,nonzrly. The Sucìbrily Stlttctltle is ¿-L,lso

genetice.rllv ¿rssoci¿rtecl rvith lzu'ge volumes of volc¿uric loclis pt'esent in the Ontr.ping

folma,tiotr, ancl plttorric loclçs pleserrt ¿rs the SIC. The setting in time ancl space of

the Suclbuly Stmctule inclic¿-L,tcs th¿r,t it is nrole lihely to be of cnclogcnir: origin r'¿-rthel

than thc plocluc;t of meteorite ipp¿-r.¡ (Czr,r'cl ct zrl., 1972; Stevc'tì.son, 1980). The plc-

cise nech¿rnisrns th¿rt lesirltecl in en<logonirr shocli meta,nror'phism, ltowever, rc'nr¿rirr to

be expla,irtccl in dct¿ril.

(ìt) Meteorite impact theory. It u'¿rs ploposcd th¿l,t the oliginzrl Sucll;nry Stt'rtc-

tule nray h¿rve Jrcen ploclucccl b5, rr."1r",rttte itnptrct ¿rl¡out 1850 VIa ¿ìgo, ¿ìccolltpzrtiecl

by shoclç c:ornplcssioll ¿r,ncl exc¿rvatiorr of ¿r, tlansient clateL, zlncl ejection of melt. Blec-

ciatccl countly loclis rvelc thlown lzrclia.lly ont of the <;l¿¡tcl follor,veci by el¿rstic t'eltouncl

a.ucl isost¿r,tic ¿r,cliustllrcnt to f'orrn a, moclified cla,ter'. Tlte nolite zrncl glz-lnophl'r's ,,t,-t*-

mzr uplifT a.ucl intlnsion, zr,ncl subscc¡rent collztl-rst: fblrnecl the plesent sel,ting of the

Sr-rcll;rrly Stnrctru'c (Dt'csslcr', 198-la).

The irlpzrct theoly r,v¿rs fir-st pr-oposccl by Dietz (1964) ancl fìrlthel eviclcncc of

shoclc-inclucecl mzr,gm¿r,tisrn ¿l.rrcl tectouism was t'eportecl l¿rtel in the conntt'y loclis sur'-

louncling thc Suclbur.y Stmctule. Compalisorr of the Suclbnly Stluctnt'e r,vith r,vell

clocurnentecl rneteolite irnpact sites irrclicates th¿r,t the fe¿lttiles cliscovelecl in Suclbuly

ale of typical lzu'ge imptrct sites (Heacl 1977). These inclucle an oliginer,l polygonzrl out-

line, Ia,r'ge tlonghs at the apices of the polvgon, terlaceci wzrlls, the origin:r,l r'el¿-¡tively

shallow inr,varcl clipping floor of the structures, ancl intense ancl extensive br-ecciation

of footwall locl<s. There also appeals to be clilect linlt between bt'ecciation ancl shoclt

metz'L,molphisrn. The convex shape of the Ezrst Range (the Wanapitei stluctule) may

be yet another late meteorite impact (37 NIa) superimposecl on the original Suclbury
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Structut'e.

As rnole irnpur,ct lel¿rtecl eviclcnce is cliscover.ecl, a. majolit5' 6l scicntists t'cgzr,r'cl Sucl-

bur'5' ¿ls ¿r,lncteolite impzrct site (zrstloblerne), even tholtgh the oligin is still cleb¿rtecl.

Thc climerrsions aucl shape of tlie oliginz-r,l Suclbur:y Stluctule ¿,r'e believecl to be cliti-

c¿rl to unclelst¿r,rrcl the oligin of the Suclbuly Structnle (Boelner-¿rncl Nlilkelcit, 1994).

Since nlany oltselvecl la,r'ge impzrct sites ¿r,r'e cilcula,r', the plesettt 60 x 30 lnn ellipticzrl

shzrirc of the Su<llxly Stli.rc:tulc has been zllguecl fol nra,ny ye¿lrs. If the oliginal cli-

¿lnreter of thc Suclìrury Stmctule is 60 lnn, the crrcrgl, Lcle¿tse is not srtffìcicnt to h¿rvc

genelzr,tccl the estiur¿¡tccl wrlilrnc of the SIC ¿rs zln iurpac:t melt (Boclner'¿rucl N,Iiìlicleit,

i994). Sorne people thirrii tir¿rt the postulatecl size of the ot'igina,l cr'¿l,tel appetr,r's to

leclnile ¿ì contpolent of illtelrrzrlil, genela,tecl mzl,gur¿l,tislrr to ¿rcconut fol tho volnlnc of

thc SIC ¿r,ncl associ¿rtecl litirologics (Peleclely zrncl À,Iolrison, 1984). Hor,vevct', r'ec'cnt

isotopic, geochenical, zr,rrcl petlogr-aphic stuclies h¿-r.ve clelnonstr'¿rtecl tha,t t'oclçs ¿rncl

or-es of'the SIC li'ele clerivecl lzrlgely fì'orn the Alchc¿rn cntst ¿rncl Ezrr'ly Plotelozoi<:

covel rochs r,r'itli only sul¡olclin¿lte contlibutions (if arry) fi-orn m¿r,ntlc rnzr,gtnatism

(Fzrggalt et al., 1985; Naldlett et al., 1986; Walker et a,1., 1991; Glieve et al., 1991).

This result suppolts the impzrct oligin.

The lecent LITHOPROBE seismic high lesolntion leflection sruvey leve¿r,lecl ¿-r main-

ly souther.n clipping sul¡sulfäce geometly acloss the Sucll¡ruy Stt'uctule, r,vhich sug-

gestecl a. prominent shortening along the ÙJ\,V clilection zrncl impliecl a much lar,rger-

size of the originzi,l cliametel of the Suclbuly Structule (at ieast twice of the pt'esent

size). A clense mafic m¿rss is no longer. requirecl to interpr-et the observecl glavity

anomaly above the Suclbuly Structure basecl on the geometly clefinecl by the recent

high lesolution seismic r-esult (iVIacGrath, 1994).
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Co¡sicleli¡g the NW compr-ession of the Srrdbuly Str.uctnl'c, Roest zrncl Pilliing-

to¡ (1994) stucliecl the clef'or-mzrtion lty usiug ¿r,n infelr-ecl hor-izont¿rl str'¿r'in per'ttet'u to

'clcconrpLess' the potential fielcl cl¿rta ancl recovelecl ¿t neally cilcnlal sltzrpe of thc po-

tential fielcl ¿rnomalies. Roest ¿'r,ncì Pilhington (1994) also suggestecl th¿r,t the oliginzrl

{i¿u¡etcl of the plesent exposut'e of the SIC coulcl have ìreen ¿rt lc¿rst 65 ltm. Hos'ev-

cr', þv zrnzrlogy of the Slclìtuly Structltle to lun¿rl tna'Litl, Loq'ltla,n (i993) still f¿rvoÌs

zru o¡igi¡¿l i¡rpzrct stmctule of clliptic:zrl shape ancl only sliglttly lzrrgcl size th¿r,n thcr

1>Lcrserrt orrtclop of the SIC. In rcvicrving the lecent lc:sults fì'orn the LITHOPR,OBE

S¡clltlr'y ltrojcct ancl othcl str-rclicrs, Deutsch ¿r,ttcl Glievo (1994) cortclttclecl th¿l.t thc

p¡eserrt no11-ci¡cul¿rl sirzr.pe of tht-. SIC is c¿r,usecl by the post-iurptrc:t cluctile deform¿-l,-

tion ¿urcl lolthwest <lilectccl cornplcssiou, thus the oliginal cli¿rmeteÌ of the fin¿r,l ct'¿teÏ

conlcl bc up to 280 lim.

B¿isccl on thc ¡ece1t LITHOPROBE seismic r-eslilts, lithologic au¿rh'sis of the gco-

c¡emic¿rl co¡lponents of the Snclltr.rr'1' fb¡nr¿'r,tions, zrncl geologiczrl oltselr,¿ìtiott, ¿r, leceut

impa.ct rnoclel w¿ìs presentecl l¡y Avelm¿r,nn et ¿r.1. (1994) to illustrate the inrpzrct

[istor'1, alcl to explain the origirrzr.l size ¿r,ncl volume of the nrelt lloclies. The tnoclel

clcsc¡iltecl a sequence of the irnpact event fol the folmation of the Suclbury Stmc-

tur:e (see Figule 2.3), zr,ncl zllso suggestecl a peali-r'ing ol llulti-liug stlucttile for the

Suclbuly Stnictule with oliginal rim cliarnetel on the orcler of 200 to 250 lçm.
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Figure 2.3: An irnpact model pÌesented by Avelmann et al. (1994) to represeut

various phases of the Sudbury impact crater formation with veltical scale exaggerated:

(a) Geometel of the melt and vapor zones superimposed upon tra'nsient cavity; (b)

Èormations of the Sudbuly bleccia, Sublayer and offset dikes, and distribution of melt;

(c) fi¡al stage of the tlansient cavity collapse with folrnation of peak ring and terraced

r:i-, 
",rlplocement 

of melt sheet; (cl) modification of the fir.ra.l clater ìry deposition of

secliments; (e) the present Sudìrury Structure aftel deforma,tion during Penokean

or-ogen)¡, regional metamorphisrn, and erosion. (aftel Avermann et al', 1994).
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HolveveL, the impzlct r-ei¿tecl stmctrir'¿l f'catulcs in the bascment of the ct'tttcL, nolth

¿r,ncl uolthu'cst of the SIC u'hele the LGC is loczltecl, at'e t'el¿ltively uulinorvn. This

iucr-e¿r,ses thc irnpor:t¿r,nce of cliscovelilg the snbsurf¿rce stmctrtle in the uoltltwest of

the SIC.

Iu the f'ollorving tu,o suJ;sections, tu'o loc¿r,l geologict'il nttits, the Whiterv¿ttcr gt'oilp

wher-e the VSP bolehole locarteci, ¿r,ncl thc LGC tlic leflectiot linc 42 (:t'osses) rvill ltc

cliscnssccl in clctail to ploviclc fïrlthel gr:olo¡1ictr1 lracligt'ottud fot' scisutic cl¿r,t¿r itttcr'pltr-

tation in the l¿r,tcr clt¿r,l>tcls.

2.L.2 The Whitewater Group

The \\¡hiterv¿-¡tcL group scclirnents constist of zrlgillil,e (Ortinatin Folrn¿rtion) trncl tur'-

lticlite units (Chelnrsfblcl Folrnation) over thc Ouzrpirtg l>t'er:cizt (Figule 2.2). Algiilitc

nlits ¿rt thc lt¿tse of thc Onr,v¿rtiu fot'm¿rtiott ¿l.r'c: tltc: host of hych'othcrrn¿r,l scrk:x Cln-

Zr,-Pl¡ cleposits (Dz-r,vies et 2r,1., 1991). Stluctnr'¿r,llv the \\/hiter,vatel gloup lies a,bove

t[e SIC a¡cl is cont¿rinecl in the centla.l cleplession of the Suclbuly Stlttctule lcnor,vn

¿rs the Suclbuly B¿rsin (Dr.esslel et zr,i., 1992). Howevet'the lelaiionship betrveen the

Whitew¿l.tet'gt'oup ¿rncl thc SIC which extencls to as cleep as 2700 m along the footrv¿r,ll

contact of the Sr-rclltury Stmctnle (Roiissell, i984) is lelatively unltnown. Thloughout

the Suclltuly Bzrsin, geological units in the \\¡hitclvatel gr-orip ale poolly exposecl, er'ncl

little is hnor,vn ¿ll¡out ihe tirning ancl r¿rte of clepositiott, ancl subseclttent clefolrna-

tion. lVhere exposecl, the contacts between the Onaping, Onwatin ancl Chelmsfolcl

folmation, ¿rre ciescribecl as gr-aclational (Ror.rssell, 1984).
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2.I.3 The Levack Gneiss Cornplex

ht the outel lrolthrvestel'n lim of the Suclbur:y Stluctule, tltele is ¿1, tiolth to soutli

ploglession fï'our the AlcÌie¿ln glzrnite-gleenstone loclis thlough nassive felsic ¿utcl

irrtclmccli¿-L,te glzrnitic plr-rtons to the high-glzrcle gncissic tet'r'aiu, the Lev¿rclç Gnciss

Clonrplex (LGC). Thc LGC r,r'hich folnrs ¿1, 5-8 lirn u'icle zouc :r,long the Suclìlrr'5'

Stnrc:tule \,vf¿ìps ¿rlorurd the Nolth ¿'r,ucl E¿rst Rzrngcs of thc SIC ('Iz'r,rnes ¿rncl Dt'esslt"r',

1992). To thc nolth, it r:orrt¿rcts r,r'ith nr¿rssivc glanites of the C¿rltiel Batholitli. Tht:

corrt¿r,cts ol ì¡oth si<lcs of thc LGC, horvcvef, a,r'c cliscolcltrut (Cztt'cl, i99,1).

The LGC r'v¿rs iutmclecl ¿r.ucl extensively letrogt'zrclccl by the C¿rltiel Btttholitlt, post-

tr:ctonic Algonran gla,nites, l¿rte Alche¿rn to Ndiclclle Pt'otet'ozoic rrr¿rfic clilies, ¿t,ucl vt:iris

trrrcl illegul¿rr rn¿rssc.s of the Snclbuly Blecci¿r, (Pve et al., 1984). It is nostly courposccl

of nrigmatitic ton¿rlitic gneisses which cont¿r,in lor,r'eL clust¿r,l loclçs of p;r¡e¡¡-'1te gr'¿ìtì-

nlitc fa.cies rrc¿r,r' tho SIC ¿r,rrcl zrrnl>hil;olite f¿lcies to the trolth, irrcìiczrtirrg au oligiuzr,l

clepth t'ànge of 21 to 28 linr (6-8 hllar') assurning the utrcler:glouncl tempelature t'¿ìltges

fì'oui 750 - 800"C (Jtlnres ¿rncl Dlessler', 1992). It appeals to be suJtjectecl to shoclt

nretamorphism rel¿rtecl to the Suclbuly Event (the tectonic eveut which cr.eatecl tire

original Suclltuly Stmctur.e) ¿r,ncl contact rnet¿r.rnolphisur lelatecl to the intlusion of the

SIC. The uplift of the LGC has many similalities to the Iiapusliasing StructuLal zone,

lvhich is z'r, plominent uplifTing of a high-gracle gneissic terrain in tlie centel of the

Supelior Province. The lelationship between the stluctulal uplift (SU) ancl the size of

the Suclbruy Stluctnle snggests that the maximum uplift is of the orcler of 15-20 krn

(Grieve et al., 1991). The LGC is also consiclerecl to probably contribute significantly

to the for-rnation of the SIC ancl its ores (Cer,r'cl, 1994). The Hruonian seclimentaly ancl
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igueons loclis ¿lncl the Nipissing ur¿r,fic intrusiou (2200 iltlzr) botncl the South Range,

some of rvhich even intluciccl in thc west of Suclbur-y Stntctut'e aboltt 10 km west fi'otn

the legional seislnic sLu'vey line 42 (Figule 4.1). Even though the clefbr-rnation in

the nolthwt:st of Sncll.nr-1, is lelativcly rve¿r,lç cornpar-ecl r,r'ith the South Rauge, sirnilal

clcfolrl¿r,tion zones proìtzrbly exist uolth of the Suclìtuly Stt'nctrtle (Car-cl, 1994).

The glzr,vity zrncl rnzr,gnctic ¿rnour¿r,lics shorv th¿r.t thc LGC is situ¿l,tecl on the eclges

of tr, lirlgc line¿lr' positive gï¿ìr¡it\r ¿l.notnalv zotre ¿tncl tr,rr cllipticerl positive tnzrgttctic

etrrorlz¡l-v zone. The glarrity loiv in thc not'thu'c'st of the Suclllur'\' Stt'uctule ch¿r'r'¿rctcr-

izcs the Archca,n plutorric loclis. Ailbolnt-. ?-r¿ìy s1;cctlottietly ciat¿r outlines a r,vicler

lim of pottrssinrn zrnornur,ly in the nolthwest snllounclitr¡¡ thc Nolth Rzrnge of Suclì.lrly

Stluctrlc (Singh ct a,l., 1993). \\¡hethcr the 7-r-zw spcctLorncter'¿lnout¿tlies ¿l,r'e lcl¿rtecl

to t[c outc.r' bonrrcl¿rly of the LGC ol not r.'ent¿1ins to ltc ¿rns.,vtlLecl.

2.2 Tectonic l{istory of the Study Area

The Sucll¡uly Event (Str), u'hich fblmecl the oliginz'r,l Suclbur:y Stntctnre, occurrecl

ili the Ezrlly Plotelozoic ¿r,t abont 1850 lvla. During the Suclbut'y Event, the SIC r,v¿rs

cmplel,cecl ¿rncl immccliately follorvecl by clepositiou of Whitew¿l,ter gloltp secliments.

The tectonic event closely liniiecl to the Suclbury Stt'uctule is the Peuohean Ologeny,

a tectonic rnetamor-phic ancl thermal event which occur-r'ecl in the Huloni¿r,u str'¿l,ta of

the Southeln Pr-oviuce cluring 1800 NtIa to 1900 lVIa (Zolnai et al., 1984). The initial

cltictile cleformation of the Hulonian strata cluring the Penoltean Ologeny appearecl

to lte transportecl nolthwarcl ancl resultecl from continental-continent¿rl collision and

clepression of the Huronian r,veclge to the miclclle crustal level. The Suclbuly basin was
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the. shor.tenecl l¡y a tectonic push torvzrlcls the noLthu'est, u'hich r-esultecl in stluctut'al

clcfo'r'¿rtions incluciing foliations, liuezr,tions, clezr,vages, folcls, fz-r.nlts, ¿r.ncl ioints. Thc

clcf'or.rn¿rtion in the a,r'ea thns c¿rn be r-eplesenteci as trvo pltases, thc ple 1850 \d¿'r

cl'ctile defolna.tion ancl the post 1850 N,I¿ l¡r'ittle clefblma.tion (Zolnzri ct erl., 1984).

T¡e intc¡sity of ciefot'm¿l.tion. àppea,r'sj to clecle¿rse tou'¿l,rcl the not'tlI'i't'st.

Tu,o ititcr-1>r'ct¿-rtions f'ol the tirning of the cntstal uplift of the LGC lveÌe proposecl

lr¿rsccl on the geologicai zrrrcl gt:ochetnic¿l,l stuclies (Jzrmtls ¿-r,ltd Dlesslel', 1992). One

i'tcr.1>r'ctertiorr suggcsts th¿rt the the gricisses r,r,ele tcc.:tolicalll' tplifTecl pÌior to thtr

Snclb*'1, Event (possibll, chrling thc irtt,rusiott of the Caltiel Batholith). The otlteÌ

inter.p'eLation is tha,t thc gneisses u,cLe r¿r,isecl to epizonzrl levels ¿rs ¿L' r'estrit of rncteoÌitc

irrip.ct ¿rt, 1850 iVI¿r,. \¡Iolc stucly is uccrciccl to cletellnine lr'hen the LGC rvzrs rrpliftecl,

¿rncl hor,v the clìstÌibution of the LGC is Ìel¿r,teci to the sIC.



Chapter 3

F&,evåew of Geophysical Str-rdies orl
the Sudbury Structure

In this c[al1>ter', the pr-eviols geoph¡rsicir,l lcse¿llclt coltclttctecl on thc Su<llìu'y Strltc-

tn¡c ¿r,ncl lel¿r,tecl to the l>locessecl seisntic cl¿r,t¿r in this thesis is ìlliefly levicr'r'ecl.

Pr.io¡ to thc LITHOPROBE Abitil>i-Glenville Tr'¿rnsect expetirnettts, geophysiczr,l

stlclies o¡ the Slclltr-¡'y Structrirc u,erLe tnostly f'ocusecì on glzrvity, ura,gtretic a.ncl elec-

tlo¡rzrgnetic snlvey. Gr-avity ancl ma,gnetic rnocleling of thc cleep cmst¿ll str-uctuÌe

r,vas ¿r,ttemptecl lty Guptzr et al. (1984) to intelpret the oltselvecl grzrvitlr z-r,ncl melgnetic

anomzrly. AfIer the l¿rte 1980's, a lalge nuntJrel of geophysical snrveys h¿rve taken place

i1 the SLrclb¡ry ar-ea (see Table 1.1 ), plovicling high c¡rality cl¿r,ta, sets fol geophysical

stuclies ancl geological interplet¿rtions. Arnong them the r-esults of the seismic leflec-

tion srir-veys we¡e one of the most significant achievements, tevealing cleep subsulf¿rce

geological structtres previously unknown in the Snclbury aleel.

22
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3.1- Results from Frevious Seisrnic Studies

Onc of thc first conrrincing subsulf¿-lce cleep stlucrtur-al mocierls r'v¿rs ploposccl lty

N,lillçeleit et zrl. (1992) b¿rsecl on the LITHOPROBE seismic lcflection sru'vey t'csrtlts.

The seisrlic leflection cl¿rta (Lines 40,41, ancl 42) lvcr.e pl'ocessecl lty zr, cotttLztctor',

¿rftcl lr'hich sr:vela,l lc-plocr-ssirìg wele c¿rt't'iecl out. Plclirninzrly lesults of thcsc seismic

plofiles {:ìxcrì})t the linr:42 profilc r,vcle iltc'r'pletecl lty Nliiliereit et al. (1992).

Thc high rcsohition seismic section ¿ìcross thc'Nolth Rzrngc (linc 40-1) r'eletrvccl

thc bourrclzr,Llr þç.f1'r¡'6'n the li.r,yelecl LGC ¿rncl SIC rvith ¿r, cle¿-¡r' <:hange fì'orrr high to

lolv levels of lefler:tivitl' ,l,u., malliecl by c¡rasicontirnions leflection et'cnt E irr Figule

3.i (lviiiliclcit et zll., 1992). The LGC is lcpLesentecl by the pt'ornittcttt holizont¿rl to

soLrth-cliitpiug leflections l.rerre¿lth bourtcl¿rly E. Thc plofile ¿rlso tn¿rllis thc bottucl¿-L,t'y

witirirr the SIC (glzrnophyle to gz-rbìtlo ¿t,ncl nolitc sultlzlyel). The tr¿rnsition of rn¿r'fic

r^oclç to glzrnophyt'e pr-ocluces the prottonucecl leflection eveut.

An intelpletecl gcological moclel of tlie Suclbuly Stlltctur-e fi-om thc lines 40 arrcl 41

rl¿r,t¿llv¿rs plesentecl by ÌVlillier-eit et al. (1992) in Fignle 3.2. A conspictrous f'e¿'r,tule of

the seislnic section is the mar-kecl change in stluctut'al style ¿ìct-oss the centel of the

Chclnrsfor.cl Folmation ¿t times < 2.0 s. To the not'th, the leflectiotl zotìes (B,C,D,E in

Figure 3.2b) clesclibe slightly south clipping litliologicz-rl contacts which can lte tr'¿rcecl

il bolehole observations (see Figure 3.2a). To the south of the sectiou, the clata ¿rre

clominatecl by bloacl zones of intense leflections (P, Q, ancl R). The reflection events

A ¿rncl B repr-esent the bounclaries of units within the \,Vhitewater glonp (the Chelurs-

for<l to Onwatin Formations ancl the Onr,vatin to Onaping Folmations). The strong

reflection events P ancl Q ar-e interpletecl as major farilts or shear zonesT projectecl to
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the surface (R1 and R2 in Figure 3.2b) nolth of the mapped shear zone. In the center

of the basin, the leflections ale truncated by a steep south dipping fault marked by

S, which interlupts the layels of the Whitervater group and gt'atlophyre.
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Figur-e 3.1: The high resolution reflection section (line a0-1) in the North Range,

Sudburr, (Milltereit et al. 1992).
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B¿rsecl on these seismic lesults Nlillieleit et al. (1992) sitggestccl th¿rt the oliginzrl

ciilnensio¡ of the rnajor ¿rxis of the b¿rsin stluctnr-e rn'as ¿ìt le¿rst tu'ice of the plesetrt one.

Thc ¡ecent seisnic su¡vey lesnlts ¿rre also in agleemertt u,itlt tlic South Range She¿lr'

Zolie moclel pr-oposecl l¡y Sh¿rnlcs ancl Schwelcltner'(19912r) fi'om structulal gcologv

stuclies.

Nerreltheless, the stbsurf¿rcc stm<;ti-rle beyoncl the Not'th Rzr'lge ¿ìcloss LGC r'vas not

ir¡,cstigrr,tecl seismic¿rlly rurtil uou, ln¿rilrly clnc to the ver\¡ poor c¡rzr,litv of pr.elirninzr,rill'

p¡ocrcssecl ¡csnlt of linc 42. Sevcr'¿r,l 1>roblerns a,r'e r,r'aiting to lle t'esolvecl; one of the

o¡tstalcling p¡oblerns is the uplift of thc LGC, nrentionecl ll\' 3,r.'ttt"r' ¿lucl N¡Iillieleit

(1994) in the specizrl section of LITHOPROBE SuclbuÌy pÌoject:

"The higfly ¡eflective fbotr,r'¿rll cornplex to the SIC, the Lcrr,¿r,cli gneiss, is plornilent

gt:opliysiczrlly ¿lncl may ïeprcseut u1:lilTecl continent¿tl clnst. Thcscrs roclçs h¿rve vali¿rllle

propelties zr,lcl appezr,L to h¿lve ¿ì rrlot'e clensc ¿rttcl mole ruzrgttetic ilhase ne¿r'r the coiltact

of thc SICj. Leva,cli gneiss exhurn¿r,tion history ancl its rcl¿r,tion to the timc of folrn¿l.tion

of the SIC is crticial."

The cl¿rt¿r fi'om line 42 which act'osses itre LGC were Ìepl.ocessecl in this thesis

I'ese¿1rch rvith the objcctives of lesolving some of the c¡testions lelatecl to the LGC.

The clet¿-r,iis will be cliscussecl in Chzrptels 6 ancl 7.
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&"2 Review of Other Geophysical and Remote Sens-
ing Studies

3.2.1 Frevious Potential Field Studies

Pt'evious geologica.l noclels of the SuclburSr Stmctulc b¿,secl on glztr.,ity clata (Gupta,

et al., 1984) u¡cLe constr'¿-linecl ì>y surfnco gcology auci by clensitl, lrìe¿rsruelrcnts of

stu'f¿rcc ¿tncl bolcltolc locli samplcs. In gerrelzr,l, 1,he legiona,l glzr,vitl' loi'vs iu tire Sucl-

ìrttL1'¿1,¡6¡¿1 ¿r,r'c t'el¿r,tecl to l¿lr'gr-: rìr¿ìsses of grariitic: r'oclts, tvlÌclc¿ts t'cgioral gravity highs

zr,r'e probzr,ì;ly r:orlelzr.tecl to the gzlbìlo-zlnolthositic loclis of limitecl sulfircc expo,<jLlr'e)

lrrit rvhich rn¿r,y l>e mnch nrole exterrsive a.t rlepth (Popclzr.r', Ig77). L¿lcli of er strong

positivc glavitl' zr,nomrlly ¿rssoci¿:¡tecl lvith thc Srrclbuly Structulc irnplies rr rvc'zrli posi-

tive clensity cont,r'¿rst (< 0.1 gf un}) betr,veen the Suclbury Stmctnle ¿r,ucl snr-r'onncling

conntly loclis (Popelzrr', L}TT).

To irttet'prct thc obselvecl legionirl positive Bonguel glzrvity anorna.ly, Gtpta et z-rl.

(1984) suggcstccl ¿-¡ massive n¿rfi.c lelycl was hiclclen bene¿r.th the Sucll¡uly Stmctnle

irr tlre clepth ï¿ìnge of 5 to B linr with ¿r clensity of approxinzr,tcly 3.0 gf un3 (Figule

3.3), i'r,ncl c'xtenclccl ltrtelzr,lly to the r,vest ¿r.ncl nolthe¿rst beyoncl the plesent sulf¿r.ce

crxpressior of the Suclbur'1' Str^ucture.
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Figure 3.3: The gravity models proposed b5' 6.,trtu, et al. (1984).
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Basccl on the ncrv clcep geornetry of the SucllLruly Basin oLrtlinccl ì:y liigh lesolution

lcflection rlatrl, zr nel nroclclirrg ancl inter-pr-etaltion lvele macle on the gr:zrvity <ia.ta.

alorg the LITHOPROBE tr'¿nsect (figule 3.a) by lVlcGr'¿lth a.ncl Bloornes (1994). The

liey cliffblence betu'een tlle Gulrta et ¿r,1.'s ¿lncl il,IcGlath ¿rncl Br-oornes's rnoclels is th¿r,t

iu thc Griptzr, et al.'s rnoclel ¿-l b¿rse level BoLrguel glar,vity v¿r,lne of -58 mG¿ll was ¿rssurnecl

(Guptzr et al., 1984), r,r'hich ¿rctu¿rlly shoulcl collesponcl to a bacligrorurcl clerrsity of

2.67gf cnf of glanitic loclis (everr though 2.73 y1f knt,rl \\'¿ìs usccl by thcrn). But iu the

\LcGr'¿rth ¿r,rcl Bloonres's nioclcl ¿1, b¿rsc level v¿rhre of -42 nrG¿rl \,vrìs nst-'cl, collespoucliug

to zr lrircliglouncl clensitv oI 2.739f t:l¿3 of thc Lr.rr¿rr:li gucisscrs. Thcrcfblc zr, lztlge

clcnsc rn¿rss unclell;;i1,* thc SuciJ;ury Stmctule is no longcl necess¿lry to intelplet the

obscrw:cl lcgionzr,l positivc Botguel glzr,vity zlnomaly. A ncru'gr-ervity nroclel cornpzrtiblc:

u'ith the LITHOPR.OBtr seisrnic lesults (Figule 3.5) r,vas plesentecl. Howcvcr, ortc of

the suggestions rel¿-¡tccl to thc' LGC in theil moclel is:

"the lz:L,r'ge, r'amplihe, glzlvity zr,nomerly, palallel ìrLrt lzrlgcly cxtelu¿r,l to, the nolthu,cst

nrzrlgin of the Suclbr"rly Stluctnle is zr,n explession of ¿r, mocler'¿r,teclly rrolthivz'r,r'cl clipping

bouuclerly rvithin the Ar-chean tellain between the LGC ancl Ca,r'tiel gra.rite."

The ¿r,bove intelprctzr,tions shor,v th¿r.t the bounclaly between the LGC ¿ncl Caltiel

glanite is clipping north ancl the clense LGC layer (clensity:!.77gf cmr) is sepa,ratecl

fi'orn tlre C¿rrtiel gla,nite by an aclclitionallayel of the LGC r,r'ith clensily of.2.739f cnts

in the nolthern pzrlt of the profile (Figule 3.5). At the time of the iVlcGlath ancl

Br.oornes (1994)'s strcly, the subsulf¿r,ce structure beyoncl the LGC lvas not avail¿r,ble.

Repi'ocessing of the Suclbury legional seismic reflection line 42 becomes impoltant in

clalifying the subsurface geological structule of this region.
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Figure 3.4: The new Bouguer gravity map of the Sudbur-y area. The contour interval
is 2 mGal. The Sudbury Structure is located in the zone of high regional gravity.
Interpretation of the profile, N-S, is illustrated in Figure 3.5 (McGrath a.nd Broomes,
1994).
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Figure 3.5: Glavity model of the Sudbury Structule along the profile N-S shown in
Figure 3.4 aftel McGrath and Broomes (1994), where N-Soutli Range norite, Gr-
granophyre, Ow-Onwatin Formation, and Ch-Chelmsford Fo'-mations, MF-Murray
Fault. Densit5' boundaries to the north a,nd south of the Sudbuly Structure were not
imaged in the seisrnic data.
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N,fa.gnetic rnocleling stucly was a,lso nnclelt¿rhcn on the r-e'stra,ins of snbsulf¿-lce geonl-

etly plovicled by the LITHOPROBE high lesolution leflection cl¿t¿r, r'eccntly (Healst,

et al., 1994). Unlilie the gla.r,ity mocleling, the initi¿rl mzlgnetic rnocleling pelfolrnecl

by ligiclly acizrpting the geometly clefinecl by seisnric, d¿ta clicl not give a, goocl m¿r.tcir

to the obselvecl rna.gnetic cl¿rt¿.1 clue to complic¿rtion involvecl in the mergnetic pr-oper'-

ties of the rocli uuits in thc SS. Fulthel ertternpts rv<:r'e c¿r,rliecl out by incolpolzrting

thc lesults of rÌt:u' ft:ln¿lueut nragnetisation (NRN,Í ) ancl srisccpiibility nc¿rsulcrnrcrrts

collectecl along the seisrnic plofilc linc 41 ¿ntcl clct¿rilecl rnagnetic stluctules rvithin thc

l>r-o¿rcl geonrctlic fi¿lrncrvolli of the seisrnic arrcl gla.r,ity nroclcl.

A nerv mzrguctic ruoclcl rv¿rs then obt¿l,itecl by Hezust, ct ¿rl. witir celtain cliff'clcnccs

in cletailccl fc¿ltulcs fi'olri tlie glervity moclcl (sec Figurc 3.6). Irr thc rnzr,guctic moclcl

(Figure 3.6), thc high rrrzrgnetic a,norn¿rly r,v¿rs ¿rttlil¡utecl to the LGC sub.j¿rcent to

the Jrase of SICj. Thc Ler'¿-r,cli gneiss r,v¿rs clivicled into thlec gloups, the clense Li,'r-

ach gneiss r,r¡ith susceptibility of 550 x 10-'t SI, Lcvzr,t'li gneiss r,r'ith susccptiìrilitv of

470 x 10-'t SI intmclecl by a, couple of clial>¿rsc dihes of vely high susceptibility, ancl

clepletecl Levacli gueiss r,r'ith susceptibility of 200 x 10-4 SI, to intelplet the observecl

high mzr,gnetic auoma,ly ¿bove the LGC. The C¿u'tiel glz-r,nite \Mas r-epresentecl as lou'

nragnetic zr,nomzr,ly r,vith susceptibiliiy of 375 x 10-" SI. The high rna,gnetic anon¿rly

cli¿l.base ciilies c¿r,n be tr¿rcecl to the sulface fi'our their nl.easurement. Horn'ever', ther-e

lvas no obser-vecl eviclence of high magnetisation zone at the snr-face r,vhele the LGC

is locatecl. The genesis of the enhancecl magnetisation ancl higher clensity ¿rssoci¿rtecl

r,vith the LGC, thus, r,vas believecl to be ploblernatic geologically. (Figure 3.6) (Hearst,

et al.. 1994).
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Figule 3.6: A new nragnetic luoclel a.long the plofile N-S shown iu Figule 3.4, olttainecl
by Healst et al., 1994 (Ttre unit of susceptibility is 10-4 Si).

3.2.2 Results of Other Studies

The ailbolne rnulti-ser.sol geophysical clata collectecl in 1989 lty the Geological

Sulvey of C¿nacla (GSC) were olìe of the goocl quality clata ancl wele pleliminarily

stucliecl by Singh et al. (1993). In aclclition to the traclitional plocessing steps, plinci-

pal component analysis (PCA) was appliecl to the ailborne 7-r'ay spectlometry data

to evaluate lelative litliological information contents. It was concluclecl that the com-





Chapten 4

Seisrnic Ðata Acquisitiora

4"L Introduction

In Octoltcl of 1990, the legioua,l ancl high lesolution lcflectiori scismic sLlrveys \\¡ele

c¿rlliccl out ¿rs palt of the LITHOPR.OBE AGT Suclbur-y sub-tr'¿¡lscct. Tltlee li:gional

srir\¡cìy liucs, lino 40, 47 ¿r,ncl 42 rvitli apploxim¿l,te total lengths of 10 lirn, 42 lirn

¿r.ricl 22 llrr (Figure 4.1) r'espectively, a,ncl trvo coinciclent high t-esolntion lines, lirrc

40-1 ¿'urcl 41-1 paltially overlving the regional lines, wele sltot. Line 40 ¿lcloss the

North R,zrnge r,vas clesignecl fol explor-irrg the SIC stluctnr-e rvhich cxposecl in the

Nolth Range ¿lr'ea. Line 41 which tr-avelses the Snclbuly Basin ancl the South Range

r,r'¿rs ¿r.irnecl at ploflling the \,Vhiter,r'¿rtel group seclirnents, the SIC r,viihill the basin,

arrcl tlre South Range structule. Line 42 acloss the LGC to the not'thwest of the

Suclbuly Str-uctnle r,vas clesignecl to examine the structule of the LGC uplift ancl the

stmctur¿rl rel¿r,tionship betlveen the LGC ancl the Cartiel granites. The coincicleni

high lesolution sulvey lines lvere expectecl to image the neal surface structures in

cletail.

óÐ



36

At thc s¿r,nre tinre ¿rs the rcflcction sul'vcys) rnulti-offset 3-C VSP expelirnents rvele

calliccl or-rt usiug thc same r:ecor.cling systcm ¿r,ncl Vil¡r'¿rtor-s ¿rs r-tsccl iu thc high les-

olution reflection suf\¡eys) in ¿rclclition to a nunbel of clynamitc soulces usecl. The

\iSP bolellole sites u'ele chosen in Chclursfblcl, Nolth Ra,nge, a,rrcl Cle¿rtr Hill u'hele

thc high lcsohrtiou leflection lines,ll-1 ancl 40-1 passecl thlough (figule 4.1) u'ith

the olt.jc<:tives of explolation of the sh¿-rllorv stLuctures of the Whiter,r'¿rtel seclitnents

in Chelnrsforci, zrncl the SIC in Nolth R,ange, zrucl srtltsequent cot'Lelatiorr of the \/SP

cl¿r,t¿r, u'ith thc sulf¿rce hish lcsolution t'cflection cl¿rt¿r'.

T[e leflectiorr lirrc plzrnning ¿nrcl scoutiug \\¡er'(] cottciuctecl lty the Geological Stu'w:1'

of Can¿rcl¿r ¿'lrrcl the Ulivclsity of N¡Ianitolta u'ith logistic snppot't fì'orn INCO Explo-

la,tiou ¿ulcl Tcchnic¿rl Sclvices a,ncl F¿rlcorrblicige Ltcl.. Actu¿rl cla'tzr, zrcc¡risition rv¿rs

coltr'¿l,ctecl to JRS Explolzrtiorr Co. (Calgaly). The fielcl clzltzr, itcc¡tisitiorl fbr thc:

3-C rnulti-offìscrt VSP expelirncnt u'¿rs pl¿r,urtecl ¿-¡ncl conclnctecl lty the Urrivcrsity of

NI¿utitob¿r gcopliysic;al gloup.

The high I'esolntion lefi'action expelirnents tt'eLe also concluctecl ¿tcloss the Sucllluly

Stlnctnre in 1992 to exDlole the clust¿r,l strnctnle irr the Srtclltuly ¿r,t'e¿r,.
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Figure 4.1: Geology map of Sudbuly legion showing loca,tions of the seismic reflection
sur'\/ey lines and the VSP borehole sites. Dashed lines - coincident high resolution
lines.
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4.2 VSP Field Sunvey and Ðata Acquisition

A rnulti-offìsct thlee compolLerÌt VSP sur-vey rv¿rs c¿r,Lriecl ont at the Chehnsfolcl

ltor-ehole. Infolm¿rtion ¿r,bout the Chehnsfolcl bolehole, ploviclccl by F¿rlconl>r-iclge Ltcl.,

inclic¿rtes th¿rt the totai clepth of the bolehole is 447.I nr. It is vertic¿r,l ¿r.t the sulf)rr:cl

but slightly clevi¿-¡tcs at clepth. At the clepth of 400 m, the maxintum clevi¿rtion fì'onl

rreltical is 10o. To ¿r,rroicl zrliasing ploblcrm, the clepth sautpliug constra.ilrt t,as set ¿tt

A: ( 'u,rr¡rrf 2.furn",. tJil

The m¿rrirnurrr fi'e<¡rs11cy of the lccolclecl signz-rl, ;É,,..,.,, obset'vecl clut'ing the cxpelirneut

\\¡¿ìs ¿ìpproxirn¿rtely I70Hz, ¿-urcl the rninirnum velocity of mecliz-r,,'¿,rr?r¿) r,\¡¿rs cstirn¿rtt:cl

to ìre ¿r,l¡out 4500 nr/s. Thus Àz is choscrr ¿rs 10 ur ancl 20 rn. Tlte VSP cl¿tt¿r, rvclc

lcc:ol'clecl betlvccn 0-400 rn clcpth intelr,¿r,ls (Figrile 4.2) rvith sulface sirots ¿r,t offìsets of

150 rn, 200 rn, 250 rn, ¿-r,ncl 300 rn. B¿rsecl on the sulf¿lct: geologicra.l rnz-L,p ptrttelrr, the

multi-off'set sulvel' r,vzrs 1>lz-lnnecl along a clip-line th¿rt r'¿tn noltltwest fi'ont thc borehole

(Figule 4.3) tor,va,r'cls the high resolution seismic sulvcy line 41. Both high speecl

clynz-r,mite ¿¡nci vibra,tols wer-e usecl as enelgy soruces. Fol the viblatoi- expeliment,

the LITHOPROBE contr¿rctor.JRS Explor¿r,tion Co. (Calgaly, Celnacler,) r-ecolclccl the

cli,rta using a 240 channel StrRCEL cligital systen. The thlee-colr.ponent VSP cl¿rta

rvele collectecl by me¿ìns of ¿l GEOSOURCE thlee-component borehole geophone tool

(one veltical ancl two horizontal cornponents). The thlee sensors installecl insicle the

calipel tool ale close enough that the loc¿r,tion err-or- c¿r,n be ignolecl. In ¿r,clclition to

the bolehole tool, tlvo surface geophones v/eÌe also cleployecl. Due to limitecl time ancl

buclget, the geophone tool was not olientecl in the borehole at each clepth. Holvever,
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Æ vibrator
200 rn

T_^h:10
V

Recording truck -T-

400 m

Fi¡]ru'tr -1.2: Sc:h<rut¿r,tic: cli¿rgr¿ì,nt of thc Chclursfolcl nnrlti-off,sct \r'SP c.xlreliulc:ut.

tllt' r'ttt't'ic¿tl cotul;ottclrt sltorrlcl not rlcvi¿rtc nnrch fì'orrr r<:r'tic:¿rl siur:<l the ì;o¡cholc is

¿ìlu.lost t.rtltical ¿t,lrrl tlx¡ sizc of thc' ìtolt:holc is surall. Dciaikrcl iustnurrcnt an<l ficlcl

l)¿rr'¿tntetct's ¿ìt'c) listocl in T¿rl;lc 4.1.

The \t-iltloseis VSP cl¿rt¿r 'çvcrc ¿rls<¡ collcctecl in thc Nolth Rarrgc l;olcholc r,vith

sotllcc offscts of zrppr^oxiiltately 54.5 nr a,pproxiurately r,r,eist of thc l¡olchole ¿r,rrcl 116.7

nr rtoltiteasi of the bolehole (Figui'cl 4.4). Although the <lepth of thc bolcholc r,v¿rs

957.0 tn, the bolchole gcophone rva.s only cleployecl to ihe nr¿'r,ximum clcpth of 600

m n'ith a clepth itrtelr'¿r,l of 20 m clue to limitecl timc. Thc fielcl a.ncl instmllicrnt

palaureter-s wele thc satne as those employecl in thc Chelntsfblcl expcrr-irnent. Dat¿r.

clllâlity, howevet', is not trs goocl ¿rs that fi-om the Chelmsfolcl experiinent. Thele wer.e

high level bacligrouncl noises and also a number of clead tlaces in the Nolth Ranse

clata.

At Clean Hill, only clynarnite clata were recorclecl at the clepths of 5, 10, 20, 50,

100 m respectively in olcler to assist picking of the fir'st breaks fol the \/ibloseis data.
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Tal>le.l.1: Ecliripnrcnt ancl fielcl prrrzrrnetels of thc SLrclbuly VSP expclinrent

Source: Vibroseis

Client: Lithoprobe Borehole site: Chelmsford

Borehole tool: T42 geophone tool Resonant freq: 14 Hz

lnstrument: SERCEL,36B,SN'135 Alias filter: 178 Hzfl2 dB/oct

Sweep type: Linear No. sweeps: 4

Sweep length: 12 s Sweep frequency: 3O-140 Hz

No. channels: 5 (2H,1V,2 Surface) Sample intervar: 2 ms

Deepest receiver: 400 m Record length: 4 s

Depth intervals: 10-20 m Offsets: 150,200,250,300 m

Source: Dynamite

Shot depths: 2-3 m in water Shot size: 25O g

Record length: 4 s Sample interval: 2 ms

Receiver depths: 20,50,100,200,400 m Offsets: 55,100 m
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4.3 Regional and Efigh R esolution Seismic R eflec-
tion Data Acquisition

The LITHOPROBÐ r'egionzr,l zrncl high lesolntion leflection cla,ta acquisitiorr rvelr:

c¿r.r'r'iecl ont on bch¿rlf of LITHOPROBE by a. contr-actoL, JRS Explot'ation Co., ttsiug a

StrRC:EL 240 ch¿umcl cligital systern. Foul synr:hronizccl \/ibr'¿rtols r'r,ele eutployecl ¿rs

thc enelgv sorrcr(ì. Fol the liigh lesolution expcliment, thc-. vil¡r'atol s\,\¡eep fi'eclitcucv is

30-140 Hz. The cl¿r,t¿r u'eLe lecor-clecl ivith 20 nÌ sorllcc ¿incl 20 nr lcccivel spzrcings, 2 rrts

szrmpling intcrr'¿rl ¿lu<l 4 s r-ccolcl lcrtgth, ancl a fblcl r:ovcr'¿rgc of 1200% (scc Tzrìrle -1.2).

Fol the lcgionz-ll sjlu'\¡cìt¡ configurzltion, the sjwecp fì'ec1nrlucy q'¿rs 10-56 Hz r,vith 100 rn

soulce ¿rncl 50 m Lr:c:eirreL spzrcings. A 14 s vibla,tol sr\¡eep tinle ¿rncl 18 s listening tirno

genelzrtecl 18 s lccolcls of L¿lu' cl¿rt¿r il'ith zr szr,mpling r'¿rte of 4 rns, r:ollespouclirtg to a,

rrraxirnnm irna,gr: depth of a.pploxinrately 54 lirn. Tltc cover'¿-rgc w¿ìs 600% (60-fold).

The ficlcl sulvcy ptrlzr,metels ¿r,r'e listecl in T¿lJrle 4.3.

The Suclbuly sub-tra,nsect line 40 profilecl the North Rzr,nge igneous cornplex zrncl

Onaping Folnl¿rtion. Line 41 extenclecl fi'om tlie Nolth Rzrngc to the South Rzr,rtge

befole crossing Hnlonial locks z'r,ncl Nipissing intrusions (Figure 4.1). The regional

reflection lÁe 42 is the only LITHOPROBE reflection line th¿rt tlaverses the LGC

thlough the C¿rltier B¿rtholith to the Abitibi subplovince gleenstone belts (see Figule

4 1). This line rvas clesignecl to probe the subsulface geological stmctnles in the

northwest of tlie Sucibuly Stlucture ancl to lesolve tlie persisting c¡restions associatecl

with the LGC. It is a cloohecl line ancl starts at Caltier (Halt Township), the north

encl of the line, tulns sharply to the east near the Purnphouse Creelc, tulns to south

agzr,in ancl encls at the north shore of Wincly Lake (Figure 4.1). In this thesis teseaLclt,
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repl'ocessirlg efi'olt rv¿rs fbcnsecl on tlie line 42 regiorral cl¿r,t¿r, set.

T¿rble 4.2: High lesolution leflection seisrnic flelcl sulvey pnlarnetels

Contractor J. R. S. Exploration Company LTD.

Source

Source type :

No. of Vibrators:

Source spacing:

Vibrator

L

20m

No. of sweeps:

Sweep type:

Sweep frequency:

Sweep length:

4

Linear

30-140 Hz

12s

Receivers

Geophone lrequency: 30 Hz Field Instrument; Sercel 368, SNlgs

Group length: 20 m No. of channels : 240

No. per group & base: 9, spike Field filters: 178 Hz./72 dB/OCT.

Station interval: 20 m Sampling interval: 2 ms

Spread configuration: 160/80 Record length: 4 s



Tablc 4.3: Reeiou¿-rl leflection seismic fielcl sulvev D¿r,r'¿r,rnetels

Contructor J. R. S. Exploration Company LTD.

Source

Source type :

No. of Vibrators:

Source spacing:

Vibrator

4

100 m

No. of sweeps:

Sweep Çpe:

Sweep frequency:

Sweep length:

I
Linear

10-56 Hz

14s

Receivers

Geophone frequency: 14 Hz Field Instrument: Sercel 368, SN135

Group length: 50 m No. of channels i 240

No. per group & base: 9, spike Field filters: 89 Hz/72 dB/oct high cut

Station interval: 50 m Sampling interval: 4 ms

Spread configuration: 80/166 Record length: 18 s
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4.4 Refraction Field Survey and Ðata Acquisi-
tion

The planrriug arrcl scouting of the LITHOPR,OBtr AGT lefi'action sulvey lines wet'e

st¿u'tecl in thc sLlmlneL of 1991. Duling tltc suuunc'r'of 1992, the sulve)'lincs ¿rncl the

shot sitcs r,vcle flaggecl ¿rncl plecisely positionccl ìry Globtr,l Positioning Svstcn (GPS)

sllr-vcy LeceivcrLs. Five C¿rn¿rcli¿r,n lurivclsities incluclirrg thc Univclsity of N,iz-luitoìtzr,,

LTltivclsitv of \\bst Outtrrio, Llnivelsity of L¿lr'¿r,1, Ec;ole Polyter:hrriquc zr,ucl D¿rlhousic

Univclsitl'; LITHOPR,OBE; thc Geologic¿rl Snlvcy of Ci¿uacl¿r (GSC) ¿urcl tlie Llnitccl

St¿r.te Gcologiczrl Sru'vc.y (USGS) palticipzr.tecl ¿r.ucl cool>cleltccl fol this cxpclirneut.

Trvo high lcsolutiou. r'efi'¿lctior lines, tirc lines AB a,ncl XY, r,r'er-e cielrloyc'cl ¿rcloss the

Srrtllmr't' St,r'rit'tru'r' (Figrrlc -i.5).

Tlic SLrclbur'\, t"1t'..'t'on line AB, zr,pploxinr¿rtely 285 lim long, stalts ¿r.t P¿rlly Sorincl

in thc Glelrville Plovincc, r'nns northr,vest llelpcnclicr-rl¿lr' to the Grerrvillc fi'ottt, closscs

the Suclbury Basin, ¿r,ncl encls in the Supeliol Plovince (Figule 4.5). Tlie linc XY is

olientecl nolthe¿rst i,vith ¿'r, total length of about 170 lim. It crosses the Sucll¡ury

Stmctnle ¿rncl lVarr¿pitei Lahe (Figules 4.5), ancl fonns ¿ì cr.oss-arlay u,ith the linc

AB.

A GPS sulvey r,v¿rs carr-iecl out first to position the shot ancl leceivel sites plecisely.

The positioning systern utilizecl u'as the GPS PATHFINDtrR. It lecor.cls usel posi-

tions, static ol clynamic, eìt a user-selectecl late of up to 1 position pel' seconcl, n'ith

an antonomous accur-¿ìcy of 25 m. lVhen two GPS PATHFINDER systems a,te nsecl

in a cliffelential positioning mocle, the horizontal position accur¿ìcy càr1 l¡e increasecl

to 5 m after clifferential post-processing corrections. For the Suclbury survey, the b¿rse
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st¿rtion w¿rs set np at thc roof of the INCO Explorzrtion ¿r,rrcl Technicai Selvices buiicl-

ing, ancl the cliff'elential post-plocessing cor-r'ection r'r'¿rs appliecl to each position clzrta

to assnLe goocl positioning accuracy. Depcncling on the s¿rtellites ¿rv¿ril¿r,ble cluling thc

sLu'vey) sotue stations' positions wet'e 2-D fixecl, ¿tncl othcls r,r'cle 3-D fixecl. The ones

u'ith ¿r 3-D fir can lt¿-¡vc rtot only holizontal position, but ¿rlso cletelmine the elev¿¡tiorr

u'ith goocl ¿l(:cur'¿ìcy.

A tot¿ll of fift<.:en shot holes r,vele ch'illecl alorrg lirrc AB ¿rncl line XY (Figule a.5).

The coincicleut shot holes ¿rb5 ¿lncl xy3 rvele plzrnnecl ¿r,lrcl ch'illecl, bnt rveLc c¿r,rrccrlcrl

dne to s¿rf'ety consicler'¿ltiorrs. Scisrnic encrgl' genc.r'atccl fìoul 200 to i600 lig cly¡¿¡¡1i¡ç;

r,h¿rlges cleton¿rtecl in e¿rch ch'illecl sllot hole (a,pploxim¿-r,tely 40 m in clepth ¿rncl 20

r:rn in clizr.metcr') w¿rs lccor'(lcd l;y single rreltica.l colnponclrt scisrnoglzr.l>hs ancl siroltcr

splca.cls of thlee conrpolìcnt instmnrents cleployecl ¿r,t st¿r,tion slrzrcings of 1 to 1.5

lim (sec table 4.4, a,ncl Figule 4.5). The three colllpor.clrìt PR,S4 instluments r,ver'<:

dcployccl ¿ìcross thc Glern iile Flont Tectonic Zone r,r'ith ob.jectivc-.s of stuclying tlic

3-D geologica,l stnictule of the Glern'ille Flont (Figulc 4.5).

Foul tyitcs of seisntic recolcling systerns weLe usccl in this cxpeliment (Irvirrg et

al., 1992). The GSC (Geological Survey of Canacla) instlr.rments inclnclecl 185 ver'-

ticzr,l component Poltable R,efi'¿rction Seisrnoglaph (PRS1) ¿rrrcl 47 three-component

poltable Refi'¿'¡ction Seisnoglzrph (PRSa) systems. Geophones usecl r,vith the GSC in-

stluments wele 2 Hz iVi¿r,r'li Ploclucts L4A fol all vertical ancl holizontal componerrts

except for the 300 ser.ies PRS4 r,vhich usecl the L28LBH-4.5 Hz cletectols (see Table

4.5). The PRS4 horizont¿r,l component instruments rn¡eLe aiignecl in the magnetic N-S

ancl E-\,V clii'ections. Eight COIVIPAQ moclel 286, 386, ancl 486 personal computer

were usecl as Fielcl Selvice lJnits (FSU) to clownloacl the shot r,vinclows into the PRS's
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bcfbrc ezrch cleploynent ¿rncl to upiozrcl the lecolclecl clat¿r, aftclrvalcìs. The PRS's s-

tolecl f,clcl cl¿r,t¿r. in thcil intclu¿rl melnoly ert zr, sa,rnpling lzrtc of 120 sarnpies iter seconcl,

¿l,ncl rvcLe rnetn:l,gecl by tlie LithoSEIS fielcl softu'zrle systcm (Asucleh et al., 1993).

The USGS (U.S. Geologiczr.l Sulvev) instlumcnts incluclecl 1,10 vcltica,l cornponent

singl<: geopltoue Seistnic Gt'or.tp Recorcler' (SGR.) lvith 2 Hz geophones ¿rncl 50 vertical

corÌìpoììcr.t svstcms rvith stlings of 8 FIz geophones. The SGR ilstmrnerts lecorclecl

velticr¿l.l conìpolrcnt cla,til, u'ltich u'elc stolecl on cligita,l czrltliclgr: tztpes u'ithiu thc units.

Pliol to the clcplo¡.111srt, iustltrtneltt tit¡lt-ol1 tirnes lve¡e errte¡ecl into laptop cornpute¡s

¿l.ucl thcscr tiucs r,r'elc clolvulo¿rrlccl iuto e¿rch SGR, Lrnit. Aflcl thc instr-uurcrnts weLt:

lctlicvecl fi'olu the fielcl, thc cligitzri (l¿t¿ì. \,\¡erc le¿lcl clilcctlt' into ¿-¡n Evelex System

1800 rnicrocornptttel systeur fì'orn ficlcl tnpes ¿l.ncl lvclt: soltecl by shot ¿-L,nci st¿r,tion

nrtulltels. Recolcl section plots r,rrelcr tlten rn¿rclc. Firally the LfSGS cl¿r.1,¿r rvere written

to nine-tla,cii tzr,pes itr SEGY folnr¿-l,t. Thc SGR lecolcls ¿lt ¿ fixccl ser,rnpling ra,te of

500 sarnplcs I)cr seconcl. Duling plzr,yì>ercli, the cl¿rta rvcrlc ckrcimatecl by ¿r f¿ctol of

f'our', r'csulting in a sampling r¿lte of 125 samples pel Fjeconcl (see ta.ble 4.5).

Thc cl¿rt¿r recolclecl using the LrSGS instrunrents r,vele leszr,mplecl ¿rncl scalecl, ancl

then nret.gecl with the GSC cl¿r,t¿r. The refi-¿rction clat¿r u'ele then ¿rll wlitten into

SEGY folm¿rt ¿l,ncl sorteci b\, rho,r.

Since there is ah'eacly a lat'ge ¿r,mount of resealch wor'lc involvecl in this thesis, only

pleliminer.t'y plocessing ancl for.r,var.cl rnocleling r,vele condnctecl fol the high lesolution

r-efraction clat¿r. Deta,ils ¿r,bout the processing ancl interpletation of the refraction clata

¿rle clescr.ibecl in the Appenclix B.
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T¿rblc 4.4: Rcfi'actir.n sulvc field lo stic ¿rncl ¿-lL¿l,nteteLs

GPR Geophysics International Inc.

Shot information:

No. of shot holes: 15 Dynamite type: Hydromex T3

Depth of holes: 35 - 43 m Detonation velocity: 5400 mis

Diameter of holes: 20 cm (average) Size of charges: 400 kg (35 m hole),
800 kg (43 m hole)

Average shot spacing: 30 km

Average receiver spacing: 1 - 1.5 km

Time service system:

Absolute time source: GOES ( Geocentric Earth Satellite ) clock.
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T¿rble 4. 5 : Refi'¿r,ct ion cl ¿-r,t ¿r lccolclins instnunent Dar'¿r.meter ¿ùc Ltoil 'ccor(|.lil ìFi trllul.elì r l)¿tr¿ul Iii.L

GSC instruments:

Seiemograph:

Name of seismograph PRS1 Name of seismograph PRS3

No. of Channels 1 (verlical) No. of Channels 3 (1 vertical, 2 horizontals)

Memory size 1 MB Memory size 4 MB

Sampling rate 120 pre second Sampling rate 120 pre second

recording length 120 S recording length 120 S

Geophone type: 2 Hz Mark Products L4A (for vertical components)

4.5 Hz L2BLBH (for 300 series PRS4)

Computer for uploading and downloading: COMPAQ model286, 386 and personal 486

Software for management of PRS'l and PRS4: LithoSElS

USGS instruments:

Seismograph:

Name of seismograph: SGR Sampling rate : 125 per second

No. of Channels: 1 (vertical) recording length: 60 S

Geophone type: 2 HzL4C and B Hz strings geophone

Computer for uploading and downloading: Everex System 1800 computer

Software for management: SGR play back software



Chapten 5

Multåoffset 3*Cornporuemt VSP
lnvestigation

5.1- Background and Objectives

In ¿r, VSP expeliuretrt, clou'ngoing \,vâ\¡es) pr'opzrgir,tecl in eithcl a, stla,ight ol culvr:cl

la.y pzttlt, ¿r,r'c lccoLclccl clilcctly by ìror-ehole geophoucs iri the snbsulface (see Figule

4.3). The VSP expelirnent thus provicles clirect infolmation ¿rbout velocity str-uctr.rles

¿lucl layeling of the snbsttrf¿rce rneclium ancl ¿rlso m¿r,lies rle¿ìsrlr'ement of inter-layer

velocity more easily than iu sur-f¿r,ce seismic sllrveys. On the other- hancl, r'eflectecl

\'v¿ìves fi'om a leflectol belor,v the geophone h¿l,ve zln opposite sign of r'¿¡y prtli,r,meter p

from the clowngoing w¿ìves) allor,ving a,,vavefielcl sepzrlzr,tiou. The VSP expei'iment thns

has a special rnelit in the exploration of shallorv stmctur.e because of these par-ticulal

rrlnrrntf ioc

Cor.relation of the seismic r,vavefielcls from both sulface ¿ucl subsurface survey con-

figLrrations provicles aclclition¿rl valuable information for stmctural, stratiglzr,phic ancl

lithological interpret¿r,tion of seismic clata. Recently, sever.al such integr¿r,tecl stuclies

52
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iuchrding both VSP ancl sru'f¿rce leflectiolì sulvey have been c¿rlliecl out. They havc

irlovcrl to be very effective in the lithosphclic explor'¿-rtion fol c¿rlibrating sulfzrcc le-

flectiorr cl¿¡ta ¿rncl mapping cletailccl seisuric velocity stLuctules (Rerctor', 1988; Líischcn

et a,I., i991). The VSP technic¡re is ¿rlso usccl in cleterrnination of polzrlization of thc

scisrnic u'¿-r.vcficlcl (Li ancl CrtrnrPiu, 1993).

Thc rrurlti-offset 3-componelrt VSP expc.riurcnts in Suclbury \\¡crcì clesignecl to cle

velop zur integlzrtecl seisrnic study zlpploar:h usin¡¡ both the VSP ¿rucl higlt-r'esolutiort

sru'f¿rcc lcflcction tcrùnic¡x:s. The geological objectivcrs irtt:hicle ex1;lolzrtiou of the

sh¿rlloiv rrclocity stmctnle of thc Whiter,v¿lter gloì.rp seclirneuts, rntr,pl;irrg of sh¿'¡llorv

lcflcr:tols belorv the boleholes loggecl, ¿utcl in-situ collcl¿rtion of the VSP lesnlts r,r'ith

lo<:li 1lro1;eltics ¿l,ncl sulf¿rc<¿ r'eflection scisrnic cl¿lta. Thesc expclirnerrts r,r'ele ¿-llso

¿r,irnecl zrt hclpiug loc¿ll rniuiug inclustlic.s in ftitule explor-ation fot' rìc\\r olcr cleposits.

Irr this chtr,ptel the VSP cl:rter plocessing techniqLres utilizccl trncl/ol clcvelopecl il

this thesis lese¿lrch ar-e clesclibecl. These tcclinic¡res inclucle holizont¿ri cornporrcut lo-

tzr,tion, the le¿rst scprales tlaveltirne ilvelsion for- intelv¿rl velocity anaL,lysis, the Raclon

tr'¿rnsfolrn fbl r,r'¿L,vefielcl scpzrla,tion, sheal r,vave analysis, er,ncl VSP-CDP tlansform¿-

tion. The VSP cl¿-r,ta intelpletation erpprozrches ale ¿r,lso investigatecl, rvhich involve

conrpa,rison of the VSP-CDP tr.ansf'olmecl section ancl the colliclol stacli r,vith high

lesolution surface leflection clatz'r,, !VI(BJ syntlietic seismoglam mocleling, ancl pzrrti-

cle rnotion poler,rization ¿r,ncl hoclogr-nm an¿lysis to estirnate the clip of ¿t leflector'. The

lesults of this stucly plovicle irrclepenclent ancl valuable information fol interpretation-

s of the sur-face r.eflection clata ¿-¡.ncl r.och propelties in the vicinity of the boreholes

stucliecl (lviiao et al., 1994a).
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5"2 VSF Ðata Frocessing

A flou' ch¿rt clescriJring the VSP clata processing seclnence is shou'u. in Figule 5.1.

The rn¿rir plocessirrg steps inclucle holizontzrl courponent rot¿r,tion, velocity zrnerlysis,

rv¿rvefielcl scpzrlzr,tion, shezlf rv¿rve a,n¿,rlysis, zr.ucl VSP-CDP tr'¿l,nsfolm. An exzr,rnple of

thlee cornironcnt (holizontal 1, irolizontal 2, ¿rncl veltical) r'zrw fielcl clat¿r lecolclecl ¿-¡t

the offìsct of 150 rn, Cirehnsfolcl, is plottecl in Figulc 5.2. \ulost of the thlcc-corn1>oncnt

\iibloseis cl¿rt¿ ¿l,rc of exccllent cßrzrlity, ¿r,ncl shou' stlong clowngoiug transnissiol P-

¿rncl ^9-r,v¿rvcs (Figulc 5.2) but r,r'c¿r,liel upgoiug plirn:rly reflection r,r'hich c¿ur h¿rlclly

l;e iclcntifiecl clilectly in the r'¿l,u' cl¿-rt¿r. plots. Signzr,l cìemultiplexirrg u'zrs c¿rlliecl out

fir'st, ¿r,ncl follou'ecl ìr\, r,o1r" elimin¿rtions inclucling ba.nclpzrss filteling to lcrrrovc high

fì'cclnerrcy uoisc ¿r,ucl notch filteling to clinrirate.62 Hz genclator noise.

5.2.L Elorizontal Cornponent Rotation

Rrl the horizont¿rl cornpouent cl¿l,t¿r, thele was erriclence of seismic sensol rotatiou

¿r,t the shailow clepths. Thus a coorclinate tr'¿ursfbrrn was per-folrnccl to lot¿lte the

horizontal corlponeilts basecl on the irolariza.tion an¿rlysis of the cornplessional lvave

(DiSiena, 1981). Since the holizontal plojection of the clirect alliv¿r.l pz-r.r'ticle velocitv

has the sa.me clilection as the lay's snlf¿-r,ce projection fi'om the rvellhe¿-¡cl towarcls

the source, the clirection of this polalizecl pz-r,r'ticle velocity can be usecl as the fixecl

refer-ence frame. AfIel lotation, the horizontal components ale actu¿r.lly clecomposecl

into the r¿r,cli¿rl conlpoûent with,SV poler,rizatiott, ancl the tlansverse component with

^9,Ë/ 
poler,rization. Figure 5.3 shows the successfully reorientecl horizontal components.

In the raclial component piots, the rotation operation reconstr-ucts the clirect P- r,vave
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¿ìr'I'iv¿ìls ¿ì,lìcl c'u.h¿ìnc€ìs the ,9I,/ enelgy s'hich ¿rllo¡n s rnole ¿ìccur-ate velocity estimzr,tions.

In the tL¿l,nsverse conlponent, only par-ticlc motions in a clirection r,vhich is uolnal to

the ^9V' ancl P polzrrizzr.tions letn¿r,in. Tlie etelgy of the clilect P-wave thns ¿r,hnost

<liszlppezrrs ancl the ,911 componcut clomin¿rtes (see Figule 5.3).

5.2.2 Velocity Analysis and Travel Tirne fnversion

Iu ot'clet' to lticli the filst ble¿rli tintc acr:ur'¿l.tely ¿r, ntinirrrlun phzrsc tL¿rrsfolltr lr'¿rs

zr,p1;liccl to tr'¿r,ttsfbt'tn the trvo siclecl zclo-phascl !'ibloseis cl¿r,t¿r to the lninirnnrn phzrsc.

The filsi l¡r'cali tirnes wele nrostly pickccl fì'onr \/ibloscis cl¿lta, f'ol velocity a.lzrll'sis,

rvltile tlte cl)'lr¿r,ntitc cl¿rt¿r rvete usecl only fþt lcfelcucc ¿rncl velific¿rtion of picliing thc:

fit'st lttt:¿rli tilrres ¿ìct:ttL¿rteh¡. The Vibloseis cla.t¿t, ¿tlc of much bctter- cßrzrlit.v th¿rn thc

clynaltito cl¿rt¿r, in this erpelirrrent chre to the olcl recolcling sr,'s¡6¡1 usecl fol clyn¿rlnitcr

cl¿r,t¿r collection.

Velocity trtialysis plocecclecl rvith a. sl¿lutecl-stlt-riglrt ray rncthocl arrcl ¿r, lcerst sc¡rtr.res

invelsion (Stcr,vzr.r't, 19S4). The slantecl-stlaight lzry methocl w¿s nsecl ¿-¡t first to csti-

ru¿rte the initi¿rl ¿ìveÌ'¿ìge ¿r.ncl interv¿r,l velocity nroclels zr,veraging over mnltiple offìsets

fol Jtoth P- ancl ,S-w¿r,ve d¿ta sets. The intelval ¿rncl âverage velocities are giverr ìty

A'u : t\z l(Lt lcosî),

17

o;: (I L'u¡)f n,

(5 1)

(5 2)
J

r,vhere d is the angle subtenclecl by the iines fi'orn receiver to r,vellheacl ancl receiver

to shot point, ancl Az ancl Af ale respectively the clepth ancl travel time intelvals

between stations. Surfäce velocity (ai z:0) rnas cleterminecl lty ver.tical cornponent
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l'ecolcls of the bolchole geophoue ancl two sulface geophones together'. Figule 5.4 ¿r.ncl

5.5 clisplay thc initial vclocity moclels of both P- ¿-rucl S- r,r'aves as glcy clottccl lines fbl

thc Chehnsfolcl arrcl the Noltli Range boleholes lespcctivelr'. The nolth Range clertzr

r,vele intelpol¿l.tecl using thc R¿rclon tlansfolrn to conrpens¿¡te sorne cle¿cl traces befble

tllc vclocity anul.1'sis.

Snbsecßterrtlf ir, 1iu,,,.t lcast sclrzrr-cs tt'¿rveltitne itrvelsion zrlgolithnl \\¡as proglarnrnecl

i,trtcl pelfolruerl to obt¿rin ilìore ¿ìccur'¿'¡te interv¿rl vclocitt, estim¿rtiou by using thc ¿bovc

lcsults as the stalting ut<¡clcls. The le¿rst squ¿ì,l'cs involsiou is r:omposecl r¡f tr,vo steps.

Thc fir'st stcl> iuvohrcrs r'¿[,-tracing bzrsecl ott tht: f'orttttrl¿¡ givc--tt ilt Gt'¿r,nt arrcl \Vcst

( 1e65):

(5 3)

r,r'lreLe T(z) ís tltcr tr'¿lvcltirne ¿r,nci its clelir,¿rtive is (rltldlt,),, both of rvhicir ca,u bc:

olrt¿rinecl fi'om thc fielcl cl¿tta. The cornpute<l r¿.ly-tlacing tr'¿r,r'eltimes ¿ìre conìirzrlecl

u'ith the obselvecl tintes. The cliffelence betlveen c¿rlcul¿r,tecl ¿'lncl oltselvr-:cl tiulcs is

¿rssnrnecl to bc linezr,rly rel¿r,tecl to the cor.r'ectiorr telrns zlncl appliecl to upclate the

velocity rnoclel. The corlection telrns rnay bc cstimatecl ¿rs

r(::): 
lo' 

{, - u2(tt,)l,6 - tfffl}-"'#

Lri"t:i þ¡u,F ct:u¡

ancl f'or-mul¿-r,tecl as a rnatrix explession of

/l--¡ Jl

Y : AX (5.5),

wlrele Y is a column vector of LT|,, (the clifference between the calculatecl ancl ob-

servecl times), X is a colurnn vectol Au¡ (the corlection terrn for velocity), A is the

nratrix of pzr,rtial clelivatives dT!., f du¡.
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Plot Raw Data Profiles

Bandpass Filtering (30-1 20Hz)
Notch Filtering (62 Hz)

Minimum-ohase Transform

Pick the First Arrivals

Delay and Mute
the First Arrivals Velocity Analysis

Traveltime Inversion

Forward Radon Transf orm

Reject Downgoing Wave
Negative Pass Window

Hyperbolic Filter

lnverse Radon Transform

VSP-CDP Transform

Figure 5.1: Flor,vchart of the VSP Data Processing
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Figure 5.2: Unprocessed three-component Vibroseis VSP data at the i50 rn offset
(Chelmsford boreliole, Sudbury). (u) Horizontal component 1; (b) Horizontal cornpo-
nent 2; and (c) Vertical cornponent (no processing applicd) with cornpressional (p),
shear (s) and converted (sp) waves highliglrted.
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Figure 5.3: An example of the rotated horizontal component of the VSP data recorded
at the 150 m offset using the particle motion polarization. (a) Radial component data
with ^9V polalization; (b) transverse component data with ,911 polalization.
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q)

Velocity (km/s)

4.0 6.0

Figule 5.4: Invelted velocity models of the P- and .9- wave da.ta fol the Chelmsford
borehole. The gley dotted line is the initial P-wave intelval velocity estimated us-
ing the slanted-straight ray average, and the dark solid line is the intervai velocity
estimated using the least squares inversion. The stratigraphic terms ale named by
Falconbridge Ltd..
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lnvefted Velocity

Figure 5.5: Inverted velocity models of the P- and ^5- rvave claba fol the North Range
borehole (the dead tla,ces in the data wele interpolated using the Raclon tlansform, the
result only intents to plovide an approximateestimation). The grey dotted lineis the
initial P-wave intelval velocity estimated using the slanted-straighf, ray avelage, and
the dalk solid line is the interval velocity estimated using the least squales inversion.
The stlatiglaphic terms are na.med by ItrTS.

Meta Pegmatite

Quartz Gabbro

Felsic Norite

Sublayer Norite

Meta Breccia

\\\\\\\\\
¿tt//¿////\\\\\\\\\
t/¿Ì¿¿/¿¿¿\\\\\\\\\
ì////t/¿¿/\\\\\\\\\
/¡/////¿¿f\\\\\\\\\
Ì¡¡¿fìl¿t¿\\\\\\\\\
¿//¿¿¿ll/t\\\\\\\\\
¿¿l¿¿t¡¿/¿\\\\\\\\\

Slant-ray Velocity



62

Thc sccoucl step is the clampecl least squz'L,r'c's invelsion pr-oceclule fol rcfinernent of

the initial rnoclcl ancl c¿r.n be f'olrnul¿-rtccl as:

X : (A'I'A+ À2¡)*rA'rY (5 6)

whelc ,\ is the clarnping pzr,r'a.rnetel, a,ncl 1 is the iclentity m¿ltrix. This itelation is

lcpezrtecl tntil eithel the cliffblenc.e betu'cren thc c¿-r,lcul¿l,tecl ¿rucl observecl tr'¿rvel tirnes

u,itltin tltc cx1>clitnent¿r,l elrol ol' thc iutclr,¿rÌ velocity pallamcters corl\¡elge to ¿r set

linrit. The intelval velocity rnoctcls r:onrputccl using the ¿lltovo invclsiou plocess fol

both P- u'¿.l-r: ¿rnc S- r,v¿r,ve ¿rlc clisplavecl lespectivciy in Figulc 5.-l ¿urcl 5.5 ¿rs clalli

solicl lilcs. The fin¿rl tt'¿rvr:ltittte t'esiclrt¿rls ¿r,r'e usecl to evalu¿r.te tire solntion. In this

ex1>clirrtcrit the m¿r,xirnnm tlavc.ltirne lesiclu¿r,ls ¿ìr'e lespccitively 11 lns fol P- wave

¿urcl 16 urs fol S-tv¿l.te cl¿l.t¿1.. Erlols il the velocity cstin¿rtion ¿r,lc lel¿l,tivel1, lzrrger-at

sir¿r,llolv clePths.

5.2.3 Velocity Cornparison with Fùesults frorn Drill Core
Samples

Seisnic velocity ¿rncl roclc pr:opelties pr-ovicle impor-tant collelation betr,veen the

irter-pretzrtion resnlts of valious seismic suÌveys ancl the ¿lctu¿r.l geology of the stucly

¿ue¿ì. Fol this le¿ìson) this section tevier,r's ¿l,ncl snnlnr¿rlizes the lecent lesnlts fi'om

both seisrnic stucly ¿rncl laboratoly rneasuLernents.

The avelage P- ancl ,9- wave velocity values of rock types r,ver-e estimatecl fi'om

tire rnuiti-offset VSP velocity moclels ¿r,ncl wele comparecl with velocity rueasnlement

fi'om the ch'ill core samples in the laboratory (Table 5.1). lvleasurement of the P-
ancl ,S-q'ave veiocities from the clrill core samples were macle using a pulsed oscillatoi'



nô
oó

rvith ¿r fi'ecpertcy of 820 kHz at five clift'erent plessnles, r'a,nging fi'om 3.5 N,IPa to

44.2 NIP¿r (N,Iessfirr ancl XlIoon, 198.i). The highcst plessnre) 44.2 NIPzr,, collesponcls

to zr,pploxirrizr,tcl¡' 2 lim in clepth. Tlte r'<,'sults of the la.bolatory nl.c¿ìsuÌement ha,ve,

itr gener-a,l, highel r'-¿lues tharr thc VSP results. Tlie Suclbuly nolite sublayel zrncl

the rnetzr-gabl>ro-nolite complex lt¿vc unttsuzllly high P-rvavc velocities ¿rncl c:¿ln be

usecl ¿ts ¿r liey lcflectiou holizon in the futule seislnic cxpeliments if thcv inrclrre thc.sr,.

Iithological folln¿tions. Accolcling to ild<lssfin ancl À4oon (1984), ¿.r, m¿rssil,e sulficle l¿wel

czrn plocln(:e \()ry lzr,rgc acoristic inrpecl¿r,nce c:oltL¿ist resulting in stlong lr:flcctious.

Thc l¡oroholcs rrsecl in this stucll', hon'cveL, clicl not eucounteL nr¿issirrc sulficlcs so

ucith<:r' in-site seisrnic rrelocity estinr¿rtiou nol obseLv¿rtiou of seisuric rcflcctions coulcl

be rn¿rcle.

Aclclitional velocity ¿rnci clensit)¡ rncasurernert of the ch'iil cole s¿ì,ur.Plcs h¿lve ¿l,ls<;

been m¿rclc ìry $¿1ltbnly et ¿rl. (1994) r'eccrrtly (see Figulc 5.6). Thc lnc'¿rsulcrucnt

rv¿ts c¿r,r'r'iocl out unclel hych'ostatic confining pressulc langing fì'onr 0-600 \4Pa f'or'

120 ch'ill core sa,rnples leplesenting all mzrjol lithologies exposecl in the Suclbuly erlea,

irrchrcling samples fi'orn the Chelrnsfolcl ¿r,ncl North Range boleholes. Theil lesults

show th¿'rt the velocitv f'ol Chelmsforcl gle¡,ra'¿6iies is 5.91 km/s ¿rncl f'or Onu'atin

shale is 5.2 lln/s. Comper,lecl r,vith the VSP resrilts, the a,vel'¿ì,ge velocities ¿r.r.e 5.99

km/s for Chelmsf'or.cl gleywackes ancl 5.43 km/s f'or Onwatin zr.rgillite. For the North

Range bolehole, the velocities fi-om the labolatoly measulement are 6.20 lirn/s fol

granophyle ancl 6.rt7lim/s for- norite. These lesults are close to the velocity estintatecl

florn the VSP clzr,ta, which shor,vs an aver.àge velocity of 6.27 km/s fol felsic norite ancl

6.35 km/s fol sul:lzryer norite (Figules 5.4 ancl 5.5). The cletailecl vclocity values ¿'r,re

listecl in Ta,ble 5.2.



Table 5.1: P- ancl ,9-wave velocity for tvpical roclc types in the Stu<ly area (The
numbers in the bracket for Messfin and Moon(1984)represent the number of samples).

Rock Types

Felsic Norite
Mafic Norite
Sublayer Norite

Micropegmatite

Quartz Gabbro

Granite Breccia

Granite Gneiss

Mafic Gneiss

Massive Sulfide

Sudbury Breccia

Meta-Gabbro-
Norite Complex
Olivine Diabase

Grey Onaping
Black Onaping
Onaping

Greywacke( Chelmsford)
Argillite (Onwatin)

P-wave Velocity
Lab. Measurement
(kmls) (Messfin
& Moon, 1984)

s.sss-6.412 (3)
s.91 2-6.480 (3)

s.791-6.371 (6)

6.310-6.721 (3)

s.647-6.317 (4)

s.s68-6.1 41 (2)

s.741-6.8s0 (4)

4.s14-s.209 (1)

s.84s-6.176 (1)

6.33s-6.702 ( 1 )

P-wave Velocity
from VSP
(kmls)
(This Study)

5.837-6.790*#

6.67 -6.90*

4.50 -5.712*

4.08 -6.791 *#

S-wave Velocity
Lab. Measurement
(kmls) (Messfin
& Moon, 1 984)

3.333-3.s62 (3)
3.428-3.s40 (3)

3.444-3.600 (6)

3.638-3.91? (3)

3.1 B7-3.s8 1 (4)

2.946-3.5?4 (2)

3.34?-3.7s2 (4)

2.763-2.84s (1)

3.479-3.s64 ( 1)

3.466-3.ss 1 ( 1)

S-wave Velovity
from VSP
(kmls)
(This Study)

2.838-3.896*

3.31 7-3.960*

2.424-3.640*

3.401-4.45 1 *

4.75 _5.52***

6.41 -6.821*

6.1 33-6.363 (2)

Comments

4.700-5.425-
5.252-5.475-

4.38 -6.51**
5.'11 -5.75**

*- North Range
#- includes

White et al. ( 1 994)

#- includes
White er al. (199a)

3.620-3.686 (2)

3.263-3.935*

**"- Crean Hill

*- North Range

2.95 -3.74**
2.87 -3.08**

- Moon er at. (1989)

** includes
Moon et al. (1989) ô

È
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T¿-r.ble 5.2: The P- ¿r.rtcl ,S-u'¿r,vc velocities fi'our the \¡SP expelirnent ¿,r,ncl fìrm the
lc:ceut dlill cole szr.rnplcs (Sar,lisbulv c.t a,1., 1994).

Rock Type Velocity from VSP (km/s) Velocity from core sample (kmis)-

Vp Vs Vp

Chelmsford greywacke 5.99 r 0.54 3.49 + 0.38 5.91f 0.18

Onwatin shale 5.16 t 0.30

Onwatin Argillite S.4g ! 0.28 3.02 + 0.10

Onaping tuff 6.09 J 0.25

Meta pegmatite 5.61 -+ 0.33 2.61 r 0.35

Granophyre 6.20J 0.13

Quartz gabbro 6.56 I 0.52 g.56 f 0.37

Norite 6.47 ! 0.24

Felsic norite 6.27 ! 0.47 3.94 j 0.69

Sublayer norite 6.35 J 0.18 g.B9 f 0.14

Levack gneiss 6.57 ! 0.20

* Results from Salisbury et al. (1994)
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5.2.4 \Mavefield Separation

The clou'ngoirtg clile<:t \\¡¿ìves rvhich ¿rrlivc fir'st h¿rve lnuch str-orrgcr encl'gy tlian oth-

el'w¿ìves? ¿ucl tlte l¿-¡ter' ¿uliv¿r.ls with snr¿-r,il a,mplitucles ale clifficult to iclentify in the

oliginzrl t'ecolcls. The pur-pose of w¿vefielcl sepz-r,ra,tion is to suppless the clorvngoing

\\¡¿ìves ¿Lllcl cnlt¿rnce the upgoing \'\¡¿ìves. Of the VSP cl¿l,t¿1. plocc:ssing steps, the rv¿rve-

fielcl seitai'¿rtion is tlte most cmci¿ll step, because it cletclminc.s r,r'iretilel tlit. r'cflcction

tlteu.ts c¿ltt l:e rtscd ol ltot. Thc n¿rtnle of thc r,r'¿rvefielcl sepzl,r'zr,tiorr i>r'oltlenr ic¿r<ls to

tltc: couccrpt of velocitv fllteling, ¿-¡ lnultich¿lnrrcl pror:essing rnethocl illtl'oclucerl Jry Em-

lllec ct al. (1963). This nethocl snpplesses unclesilecl signarlswitli zr1>palcrit velocities

r,vhich tr,r'c siguific¿r,rrtlv cliff'er-errt frorn tli<¡sc of the clesilecl signzrls.

In rcr:eut )rc¿ì,rs, scvelal w¿-r,vefielcl sepirlzr.tion tec:hnic¡rcs h¿l,ve bceu publishecl r,rrhich

inclrrrle 2D .f - /i; filteling (fïccluer.cy-rv¿rvenurnbel clornain) (Hzu'clagc, 1983), the

R¿rclon tla,ttsfblm (lvloon et al., 1985; 1989), rnulti-level mecli¿ru filteling (Harcler,ge,

1983) ancl oirtimtun ¿ìr'r'ay flltering (Seeman, 19S3). The / - fu velocity filteling tcch-

nic¡te utilizes cliffelent signzr,tulcs of arppz-r,r'ent velocities between thc clorvngoirrg rvaves

ancl the upgoing w¿ìves. Due to employment of the FFT algolithm, it lequiles a con-

stant saurpling rate. \¡Ieclian filtering is a,ctually a fir'st ble¿rli muting ploceclnre r,vhich

clepencls on the statistical ch¿r,racteristics of the cl¿l,ta. Optimrim ¿ìn-¿ìy filteling is a

hincl of ¿r,utocorlel¿r,tion processing ploccclur-e. Although it maiçes no ¿ìssnmption as

to the spacing of geophones, the rnethocl recluires some knowleclge of the irnpecla,nce

structule ancl well-posecl clata for' ¿r, VSP section in r,vhich the reconstmctecl wavefielcl

is properly placecl. The Raclon transform has no requirement of a legulzrl sample

late, the wavefielcl separation in the rese¿rrch was thus c¿r,r'riecl out using the Raclon
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tlansfolrn sepaler,tion techuic¡re.

Radon Tbansform

The theor5' of the R.¿:rclon tr¿r,usf'olm rv¿rs fir'st intloclucecl to scisnoiogy by Chz-r,pman

(1981). N,I¿-r,tltcm¿r.tically the R¿rclop tr'¿lnsfo¡m is a liuc¿r,r'ilve¡tiþle i¡tegrz-r,l tr-¿llsfor'-

ur¿rtion fi'om the ;; - f (t'cceiw:r' clepth - traveltirne ) i'efereur:e plzr,ne to a lefer.ence

lrla,tre of r - 7r ( intclr:cpi tirtte - r'¿rv p¿ì,r'¿ìnretcr'), urhclle r:'t -¡rz a,ncl lay pa,lelr¡eter

p is clefincd ìtv 7-r - rt'!, r is 1'¿¡' inciclcrrt rr,ngle a,ncl u is velocity.

The 2-D Raclon tla.rrsfoltu, tulclet the ¿rssunrption of ¿r, line soul'ce. of seisrnic cl¿l.ta

u(::,t) to U(p,r) in the r - p plzrne is cleflnecl by

Lt(p,r) : l'* u(::,,¡t:: I r)rl,::. (5.2)
./ -æ

It c¿ur ltc nnmeliczrllv irnplcrnentccl by tr,rro steps. Filst, ¿1, line¿r,r'nroveont is ir,ppiiccl

to the cl¿r.ta thlongh a, coorclin¿r,tc tr.¿-rnsfolrn (Clzrcr-bout, 1978)

I 
- 

L - U.i.

Next, the amplitucles ¿rr.e summecl ¿long the ray par.ametels ovet'the offset ¿rxis. With

zr.pplication of the ec1uz.-rtion (5.7) to the VSP clatzr, the upgoing :r.ncl clor,vngoing w¿rves

rvhich h¿-r,r¡e ? values with oppositc signs are sep¿ìratecl ¿r,ncl mappecl into cliffer-ent

qnach'etnts of the r - 'p plane (see F igule 5.7) respectively.

To avoicl aliasing cluling the r -p tr-ansfolm, the szr,mpling rate for the ray parameter

p mnst be chosen to satisfy the aliasing criteria (lVloon et al., 1986). If f*n* is the

rnaximum frecluency of propagating r,vavelets, the sampling constraint is given by

Ap < If (2rf*"*znn,) (5.8)
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p- r plane

Figule 5.7: A schematic plot of the theoletic¿r,l r - p plane inf'orrnation proclucecl by
Raclon tr'¿rnsfolm. The upgoing zr,ncl clowngoing w¿ìves, which h¿r,r'e opposite sigrrs of
?, ale sepa.r'atecl ancl mzr,ppecl into cliff'elent cluach'ants in the r - p plane.

Downgoing wave

Upgoing wave
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$¡lìcre 'z,,,,,,, is thc m¿r,xintunt spzrtizrl length of the clat¿r. For thc CÌrelrnsfolcl cl¿rt¿r rvith

îJ¡¡t.tr:0.4 linr, .f,,,,,,,:110 Hz, A7,r shoulcl ltc less tha,rr 0.0036, thus AP:0.002 w¿rs

chosen as the p strrnpling ilrtelv¿rl.

Fol the Nor.th R,zrnge cla,tzr, tliele w¿ìs cle¿r,r-ly ¿r viol¿r,tion of thc Nyquist sanrpliug

corlstr'¿l,int in the clepth saurpliugintclval (see ec¡ratiolr 3.1)clue to sever'¿r,l cle¿rcl tr'¿r,crcs

irr the lecolcls. Tilc cl¿rt¿r scts lvere lcss useful ¿r,rrcl exclucle<l fi'orn thc snl;scrcrucut

ploc:essiug.

The invelst,'R¿rclorr tr¿tusfollu thzr,t irnzr,gcrsseisrnic cllelgl, fi'ollr the r-p plzuit: lt¿r<:1ç

to ihe .z - f pla,rie is clcfinecl zrs (Chzr.pmtr,n ig81)

ri(:.f) : l* *uVf,,.t - ¡t;))rtp,
J -æ Q'T

(5.e)

lvherc Ë/ r'epleserrts thc Hilbelt tr'¿r,nsfolm. It is iruplenrentecl ¿rs ¿-r. three-stcp pro-

cecluttt. The fir'st ¿rncl scc;oncl steps involve zr,ppiiczr,t,iorr of thc Hilbelt tla,nsfolm ¿r,ncl

theu cornpnt¿l,tion of the time cleriv¿rtive. Recoristluction of the r,v¿vefielcl seprrla,tccl

seisrnoglam irr the ,:; - ú pia,ne is cornplctecl by integrzr,ting the lesulting function along

cliffelent lincs of r : t -'p;:. To leconstmct upgoirrg u'avefielcl, a, uegzrtive-pzrss r,r,irr-

clor'v or filtcl is imposecl on the r - p plane so that the output plane retains only the

clcsirecl upgoing w¿ìves. Despite the fact th¿r,t the basic icle¿r, of r,va.vefielcl sepalzrtion in

tlre r - p plzrne is sirnilar. to the f - k filtering, the Racion tlansfolm methocl is mole

flexible clue to its capzr.bility to accommocl¿r.te an uneclual szrrnpling intelval a,long tìre

clepth axis.

In principle, application of a negative pass winclorv iu the r - p plane can reject

the unclesirecl clo,,vngoing r'vave in reconstructecl wavefielcl. But it is often no¡ ea"sy ro

obtain an optimutn separ-ation, energy smearing between the clowngoing ancl upgoing
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w¿ì\¡es in the r - 'p clotnain sometimes oc:cuts, espccially in the legion of small rzr,y

irztLatretels. The eff'ectiveltess of separation becomcs poot'eï ¿rs the li.r,y paramcter

tl,pplozrches small v¿rines ol' f¿rl offsets (sce Figure 5.8 for-cxplanz-r,tion).

This lnav be ¿l,ttliJ¡utccl to thc f'olloil'ing points: low acoustic impcclance contr'¿'rst in

¿r c:t'vst¿¡lline r-ocli crtvilonurent ploclucirrg lcss cleal leflectiou events, clip of reflectols

¿urcl urrrlcsir'¿¡ltle ¿u'tif¿rc:ts iu tht r - p trtr,nsfolm. Thc: Chelrusfor.cl fbr.ln¿l,tion colrsists

of cliffblent secltrclces of glayu¡¿ìclie) ¿ìciloss s'hich ¿rconstic it.r- perli.r,nce contïasts ¿ìr'c

r''clt')¡ lou'. The Orrrv¿l,tin fbrrlr¿r,1,ion li'hich uucler'lies the Chehusforcl folrration h¿rs. ilr

gt:ttcla'I, lou'el seismic vc'locitics. In aclclition to the lithologv, clip of the r.cflectots c¿ìn

¿i'lso aff'ec:t the ¿rrrirr¿rl tilnes of t'cflr:ction events. If a leflectol clips tow¿-llcl the bor-ehole,

it uriil t'csttlt itt ¿rclv¿urcecl ¿rt'r'iv¿rls of the leflccteci ener'gy, rvliich c¿lu intelf'ele il'ith th<r

clou'rigcling rv¿lves. Some of thc llnrnerica.l ¿r,r'tif'¿rcts ¿rssoci¿l.tecl rvith the r -p tlzr,nsfblrn

itttloclur:ecl lty the linc' soulcc zr.pproxirna,tion c¿r,n ¿llso be ¿ì c¿ìnse of iess sz,'r,tisfactctly

PclfoLrna,ucc of thc i,r'¿rveficlcl sepzr,r'a.tion process) cspccierlly ne¿¡r thc legion of sln¿rll

r¿:ì.y pal.¿ì.Ineters (ftrr oflìset) wht:r'c elìel'gy srncaliug occrlt's (Blvsh ¿l.ncl NlcCowan 1986).

Since tlte elergv of the clor,r'ligoing w¿ìves is at le¿rst sever'¿r.l times lalgel tha.n that

of the upgoing w¿ìves) a little energy srnealing cluling the w¿r,vefielcl sepzr,r'ation can

c¿ìtlse tr,pPreciable enet'gy of the clor,vngoing waves to be retainecl in the reconstluctecl

u'¿l,rrefrelcl.

This ploblem was zrlso t'epot'tecl ìry I(appus et al. (1990). By cornpaling the irer'-

foLmance of five cliffelent nethocls of the Raclon tlansf'olm on maline multichannel

clata ancl similar synthetic plofiles, the¡' f6¡n.1 out that ¿l,t srn¿l.ll ray païameters, on

fully samplecl synthetic plofiles, only the methocls that assurne ¿r, thlee-climensional

(3-D) nature of the point sotllce provicle correct amplitucle ancl phase information,
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Offset Distance

Reflector

Ray Parameter - Sin(Þ Sin Ot Sin qÞ2

FigLrre 5.8: A schem¿ltic plot clemonstltrting cleclease of the r¿ry palametel p as offsets
incle¿rse.
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u'h.eLe¿rs 2-D line¿rr' ,<jource anci asymptotic apploximation of point soril'ce rncthocls clo

not. Thtts a hypet'bolic filtel rvers clesignecl in this lese¿'¡r'ch. It was zr,ppliecl together

rvith the R¿rclon tlansfolm fol wavcfielcl sepala,tion.

Hyperbolic Filtering

Tlte hvpclbolic filtel zrppliecl to ¿r cl¿rta sct in the r-p plane zr,ctuzrlly ¿rcts as zr rnnting

Pt'ocess ztlottg ttvo ltypclbolic cnlvcs in thc r - p clonr¿rin. The R.¿rclon tr'¿l.usfbrrn of

c¿tch inclivicht¿r,l tr'¿rcc is umtecl zr,long the cnlves clepcndiug on the velocity limits. This

tecltuic¡rt: u'¿rs clisc-'trsscci by liel¿-rnris et al. (1989) f'or sulf¿rce leflcction clat¿1. Fol thc:

VSP corrfigrtltrtiott, sour.o moclific¿rtiolì.s \\¡ere ln¿rcle. The b¿rsic plinciples of hvpelboli<:

filtcling ¿ìr'e sllmnrarizccl as f'ollow.

Fol a tr'¿r,nsrriittccl (clorvngoing) r,vavc, thc tla,w:l time is givcu ìry

f2 : ( .:2 + r'2,,,,,.,.,) l r'. (5.10)

Diff'elenti¿l.ting f r,vith respect to z ¿lncl snbstitLrting t: r lpz into ec¡ration (5.10),

the r-¿w pzr,La,metel of the clowngoing w¿r.ve is ol¡t¿r,inecl ¿rs a function of r:
2

,n,y(totUn - -*xJrT)2 + t¡uz (5 11)

(sec rz'r,y pz-r,ths irrFor' ¿r leflectr:cl (Lrpgoing) r ¡¿ìve) the tlavel time ecination becolnes

Figur.e 5.9):

t2 : (r?o,u."" + (2lz - ,)')1,, (b.12)

wlrele /¿ ancl ;z ale clepths of leflector ancl r-eceiver respectively, r"ou,."" is offset clistance,

ancl u is velocity. The ray pat'¿ìmeter-p then is

,h
- ("'" - 1\ltP\ -, -/l -

tq
T lT'n 

- ----Lr'-rrup - 2z-V zz
(5.13)
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Bin space

I'igule 5.9: Geometlic clepiction of the clor,vngoing zrncl upgoing rzry pzrthes in ¿r VSP
cxperinrent.

r,vlriclr is a hypelbolic curve ec¡ration. Since the telm (! - t¡ ¡ u" is alwerys lzr,r'ger- than

zer.o, tlre p,p zrlways h¿r,s ¿r, negative sign, which is opposite to tlre p,¡o,,n.
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Thelcfble. tlte lange of the I'ay p¿lr¿rlnetcl p fol the upgoing waves is given by:

r l; l2rt- r m-r- l(u)'- ,;(--! -1)1t¡up<-2r+ \,f 
(y,)' -;-('--! -1) (5.11)

| "' "il¿(¿Ì

rvhelc 'ù),,,,,,. is the ulaximutn velocity in the nleclia. The p,¿o,,,,, rvill lie in thc cliffelent

palt of the r - 7r clomzr,in.

If orre lestlicts siguz'lls to u'ithin thcsc trvo hypelbolic cllr\¡es (Figulc 5.10) iu e

c¡ttrtiott (5.i4), the clesilecl itnzlge of nlrgoing w¿ìves rvill be obt¿rinecl. i\pplica,tion

of zr lt1'pclJ¡olir: filtcl to lc.a,l clzrta, 1r1' spccif'ying ?-r,,,,,, ¿rs 6.5 krn/s in this stncly, irzrs

crth ¿r,nr :c-rl t he r.cflcct ecl eriergy ¿ì,fi cL u'¿r,r<,rficlcl seir zr,r'¿-rt ion.

Thc lcsult,s of r'v¿rvefielcl seperr':rtiou tulnecl or-rt to be s¿l.tisf¿'r,ctoly, cspecially for uezr,r'

off'sct clattr (offìset : 150 m ancl 200 rn). Figule 5.11shows eln ex:r,rnple of thc rv¿rveficlcl

sepztla,tc.'cl clz-r,ta,. At the 150 rn ofÍiset, the cloivngoing rvaves rveLe ¿llnrost cornpletcrly

rejectecl a,fTcl sepztr'¿r,tion. The upgoiu.g \,v¿ìves) lvhicir r,vele h¿lr'clly lcc:ogrriz¿l,ble in the

oliginal sc:c:tion, rvele cle¿rr'ly iclentifiecl irr all of the thlee-componc.nt cl¿rt¿i.

Figule 5.12 shoi,vs the fi¿ttenecl upgoing r,vavefielcl of the vertical conìponent clata

f'or P-u'¿rve at off'sct of 150 m, r,vhicit r,v¿rs obtainecl aftel separation of ihe wavefielcl

a,ncl conveLtecl to the two-wely traveltime by the moveont correction. The infolmation

rv¿rs then plottecl r,vith the velocity, clensity (the clensity clata, weÌe plovicled bv J.

N¡Ir,veniftimbo of the GSC, ancl leflectivity coefficient. At thlee clepth levels (160 m,

280 m, ancl 380 m) rvhele the velocity ttncl clensity proclucecl an anomalous reflective

coefficient, the colresponcling reflection signals ¿r,re shown in the plocessecl P-wave

section (Figure 5.12c1). Especially at the clepth of 380 m where oltvions clecrease

occrlrs in both clensity ancl velocity, a str.ong leflection event is seen.
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T (intercept time)

hyperbolic curve 1

cuwe 2

P (slowness)

Figure 5.10: Schematic plot of the pass band in the hyperbolic filtering. Seismic

energy outside the two hyperbolic curves is muted during the filtering.
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Figure 5.12: The P-rvave flattened upgoing wavefield of the VSP data at the 150 m
offset, Chelmsford, with density ancl velocity information. (a) Velocity estimation
from VSP; the dotted line is the initial S-wave intelval velocity estimated by slanted-
straight ray average, and solid line is the interval velocity estimated by a least-squares

invelse; (b) the density data from well-log; (c) the reflective coefficients computed
from the density 1og and the P-rvave interval velocity (a result from a least square
invelsion); and (d) the P-wave \¡SP flattenecl upgoing wavefield.
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5.2.6 Shear \Mave Analysis

Thc leolientecl holizonta,l component cl¿l,ta wet'e plocessecl fbl shear- w¿r,ve an¿l,l).sis.

The u'avefielcl sepaltr,tion lesults were bettel fol the horizont¿ri corllPottoltt cl¿t¿'r, tha.n

fol thc velticai conìponent clat¿-r (Figure 5.11b zrncl c). One possible re¿rson is that

cìnergv of the clor,r'ngoing clilect P-$'¿vc, r,vhich conta,nrilt¿ttc's thc ripgoiug P-wa,ves,

is u,c¿r,lier in the holizont¿rl contponerìt clat¿-1. Sevet'al t'efler:tiott eveltts ca'n lle t¡:¿rcecl

irr thc sepir,r'zrtecl r,v¿rvefielcls of tht: horizont¿ll conLponellts ttvcrt though thele zr,ppez.r,r's

to ltc so¡re P-l,rravc ¿r,ncl co¡.n'cLtcrcl \\¡¿ìr¡ê cl¡cÌ-By. Ciornparison I'ith the P-iv¿rve cl¿r,t¿r

i¡clic¿r,tcs th¿-¡t the ,9-r,v¿l.ve clzr,t¿1, ¿,r'e rìrole serÌsitive to geologictrl irttclf¿rces prollaìllv

clte to its sholtel r,va,vclength. Discontinuities ¿rssoci¿l,tecl rvitlt e¿rch lilorvn intelf¿rces

r:¿r,rr ¿rlso be obselvecl irr thc fl¿tttclccl upgoirrg u'¿rvefit:lds (Figulc 5.13cl).

Iu tht.: oliginall lecolcls ¿r,r'r'iv¿r,l tirnes of the clolvngoing ,9-trr¿lvcr c:¿-tu be clear-ly seeu

(Figule 5.2) cxcept at vcly sil¿r,llou'ciepth. The an'iv¿ll tiures of the clor,vngoing,9-rv¿'lve

rvele lticliecl thlough ¿r.n intela,ctive ploceclure with botlt the oligirtal cl¿l,t¿r recor-cls ancl

the fl¿r,tterrecl upgoing r,r'¿r,vefielcls. If the lefiectot's u'er-e fl¿r.t ¿rttcl the ¿-rllival titncs wer.e

corlectly pickecl, the plimzr.ry r-eflections shoulcl zrlign in ¿ì.n ¿ìpploximatcly strzright

line a,fter- clelzr,ying of the first ¿u'riv¿rl times. The ,9-w¿-r,ve intelv¿rl velocit;' moclel lv¿rs

obtainecl using the same tr¿rveltine invelsion appt'oach ¿rs cliscnssecl in the pt.evious

section, r,vhich r,vas usecl latel to fl¿rtten the ,S-w¿rve ripgoing r,vavefielcl. Figule 5.13c1

shows thc flatteneci upgoing wavefielcl lecorclecl with ¿1, soLtl'ce at the 150 rn offset.

Plim¿r,t'y reflection events from the clepths of apploximz'r,tely 120m, 160 m, 280 m,

¿rncl 380 m ale cle:,r,rly obselv¿r,bie. They also collelate closely r,vith the r-eflection

coefficients computecl using the well-log clensity clata ancl the S-u'ave velocity moclel.
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Figure b.13: The ,9-wave flattenecl upgoing wavefield of the VSP data at the 150

,n-offs"t, Cl'rel¡rsforcl, with density ancl velocity information. (a)Velocity estimation
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inversion); a,ncl (cl) the ^9-wa,ve VSP fìa,ttcnccl trpgoing wavefield.
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Thc leflection event at the clepth of 380 m coinciclences with significant clecle¿rses in

botli clensity ¿rncl ,S-lv¿'lvc velocit;'. This in tuln coLr-cspolcls to the geological cont¿r,ct

bctrvceu tlie Chehnsfor'd ¿-rncl Onrv¿r,tin for-matious.

5.2.6 VSP-CDP transforrn

The rva,r'efielcl sepala,tcd P-u'¿rve sc:ctions wer-e VSP-CDP tr'¿rnsf'olrnecl to r:ollel¿rte

thc \¡SP clat¿r, u'ith the snlf¿rcc lcflcctiou d¿r,t¿r.. Thc zrlgolithnt, ì>aseri on Nzloccliel

(1986), j)er'f¿1,inr to upgoing rv¿-rvefielcls only, rvhich ¿rssumes tht:it separ'¿rtion of \\¡¿rvc-

ficlcls h¿rs bccu ¿rchicvecl ¿rncl ¿rll tire leflcctols ¿ìr'e horizonta,l. Sincc thcle ¿r,le clil>iring

rcflcc:tols involvecl, the methocl is ¿ln zl1>ploximation ¿lltcl r'¿ts tsecl to test gcologiczrl

r:ollei¿rtion. hl this tr'¿.'r,nsfblrn¿r,tion, zr,rnplitucles of zr, sirrgle VSP tr'¿-lce ¿Ìr'e ln¿ìppecl onto

serreL¿ll tLa.ces in the :t - ts plane as illnstt'¿-ltecl in Figure 5.1,tr, u,hclrl r¿: is the l¿rtet'¿rl

clist¿rucc fi'orn leflection point to thc bolehole zucl ú¡ is the tl'von¡¿r;\' tl¿r,vcl tilne. The

losulting r.'- f¡ secti<ln colrsists of tr¿rces silnilal to the tlaces of i.r ruiglzrtccl zelo-offsct

scction.

The VSP-CDP tr'¿r,nsfor.ll consists of three steps: binning, rnoveout cor-rection, ancl

stacli. As shor,vn in Figr-rle 5.9, a, VSP experiment calliecl out r,r'ith ¿ì source z-t"|, r"o,,,.""

on the sulf¿rcc Ìr¿rs a reflection point at r. on the leflector. The leflection loci loc¿r,tecl

within tlre lange of nILl2 ¿r,r'e sor.tecl into the same binning gather'.

Inspection of Figule 5.9 inclicates the lelation

(lt, - z)x"ou,.""

Let

the

'': (2lL-z) '

f6 Ìeplesent the twoway traveltime frorn the sulface to

surface, ancl f¿, represent the one-way vertical first-break

(5.15)

a r-eflectol ancl back to

time frorn geophone to
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at depth zi
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Figule 5.14: Scliematic clizr.glam of the \iSP-CDP tt'ausform attcl hot'izontal st¿rcìi of
the VSP clat¿1,. The top is a VSP tL¿r,ce lecor-clecl at clepth z¿ zì,rìcl convertecl to the

trvo-way verticai travel tirne. The lowel palt of the cliagram shows the foui* reflectior
crvents in a, twoway time ancl offset plane. (lt4oclifiecl from Hardage (1983)).
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stu'f¿ìce. Replzicing lt )ry tsf 2, ¿r.ncl ;; bv ú6 irr ecluzrtion (5.15) r'esults

(to - 2tt,):t:"o,,,.,.
(5.16)

Rcrvlite it, one has

Tlte eciuzrtion (5.17) is tlic ltin

the lzrrrge of 0 ( :ü 1 :t.:.o,,,.,."..

(5.17)

u'hc¡lr r¿ lics within

Thc folrrml¿r f'or rnoveout collection is sivcn bv

Af,:t;-tO, (5.18)

lvìrelc:

1+
Ì'2'" sô111'te, (5.1e)

(to - t¡,)zuz(to) (to - r¡)z uz(r¡) '

The VSP-CDP tr'¿l,nsfot'm¿r.tion ploceecls accolcling to the follorviug steps:

(1) ,-.our"" is evenly clivicled into z1 , !12 ....., ti ....., r,, with intelr'¿ll of A. The

intelval A is clata clepeuclent. If A is vely sma.ll, little clata will be collectecl in tr. ìrin,

r,vher.e¿rs rnole clata will be collectecl in a bin if A is very lalge, hor,vever, reflection

enelgy strteerlirrg rnay happen. The cl¿r,t¿l in ¿r, bin ale c¿r,llecl common reflection point

cl¿rta.

(2) each tt'ace leflectecl ¿t r is soltecl accorcling to the bin equzr,tion (5.17), zrncl

f; can Jte cler.ivecl fi'om ecluation (5.19). Then the cl¿r.ta set in a bin is generatecl as

follor,vs:

1Iì

2(to - t.t,)

, 2t¡r(r:"uurr," - r)
" 

1',,.n,,,.r, - ),t)

lel¿l,tiou cquzrtion, ancl is valicl only

tt,

?.1('i,,t"o.u,."", z,t) :0, if f ø lt(i,rsource, z),t(i, + !,r"ou,."u, z)f
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rt(i,rro,r,."., zrt) : ?r,(:u"o,,,."" , zrt), if t € [¿(t, itror,r.c., i:),t(i I Irr",r,,r.""r;:)]. (5.20)

Repezrt the proceclnle fol all tr¿rces.

(3) rnoveout collectiorìs ¿ìr'e zrppliecl to ea.ch set of binnecl clatzr using ec¡rz'r,tion (5.18)

to align them in trvou¡¿ry tr'¿tvcl time ú¡.

(4) uroveorit-cort'ectect \/SP cl¿r,t¿r ¿r,r'e stacliecl in c-.¿rch ìrirr (inclexecl i,) arrcl plzrcecl at

lrilr centels:
(2i + 1)^

;tri :'r.t -f jL,.f ot' i : 1,2,...'.tt. (5.2i)

The fin¿r,l st¿rcli is thcn clelivecl by the f'olnnl¿r,

n,(:r;¡, f¡) : 
",,P-_ ,-Lu¡.u,(irtT,sr¡t¿rr:t:,;:,t¡). 

(5.22)

The weighting factol u)¡ c?ìu be clctelrninecl 1t1' courrting the total nuurbel of lton-zr:r'o

corrtlibutions to tltc iltclica,tecl sunt ¿r,t tirre f^ ìr tho ilh bin.

Thc optirnltnr Jriu spztcing A lvas cletelrninecl by testing r,r'ith the clata,. Becansc of

limitecl offìsets ¿r,rcl Leceivel points, the cover'¿lgc in e:rch ltin was inhornogcneous ¿lncl

sornetirnes vely poor t'egzrt'clless of A, especi¿l.lly rvhen the leflector rvas sh¿r.llou'. A :

72.25 m was juclgecl to be a suitable bin spercing fol this experiment. The Chelmsfolcl

clata which irave excellent rv¿rvefielcl separ-ation were VSP-CDP transf'olrnation into

thez-ú6plane.

The fin¿rl CDP :r - f6 sections c¿ì.n be comparecl with tire surf¿rce reflection sections

to cletermine the clepths of leflectols (see Figure 5.15) if thele is no serions cleviation

fi.om the assumption of horizontal leflectors.
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5.S VSP Data Interpretation Techniques

Thc techrric¡res usccl fol the VSP cla.t¿r. intelpletzrtion ¿u'e rnostly clevelopecl in this

LesezlLch, which inclucle colrel¿rtion of the VSP cl¿t¿-r with the high-r'esolution sur-f¿rce

lc-'flectiorr, pzr.r'ticle urotion polzrlizzr,tion hocloglam ¿r,n¿rlysis to cstiln¿r.te clips of the liey

lcflectols, ¿rncl WI(BJ synthctic scisrnoglam rnoclcling (Chapiuaur, 1981).

5.3.1 Correlation with Surface High Resolution Reflection

The \iSP-CDP tr'¿r,nsfolrnccl section r,v¿rs inseltecl irrto the hi¡¡h-r:esolution snlf¿rcc

leflcction cl¿rt¿r, ¿lt the bolehole site. At vely shallow clepth levcl, the frec¡rency content

iir thc VSP cl¿l,ta is lor,r'c.:r'clue to the NN¡IO stletch. HolveveL at glezrtel clepths, therc:

¿r'c scvcL¿r,l r'cflections u'liich rn¿r,tch r,r'itir colr-esporrclirtg ottcs in the srrlf¿rce leflcction

sr:ction. They ale obsc'rvecl ¿rt clcpths of 560 m, 650 m, 1240 rn, 1520 m ¿r,ncl 2305

rtt lespectivell, (Figule 5.15). Th¿lt the reflcctiorr event ¿rt ¿'L,bont 380 m in ihe VSP

sectiorr cioes not match r,veli with tire higir-r'esolution sulface cl¿t¿ events is plob;r,bl5'

clne to tÌre eff'ects of the dip of the leflectol ancl weaher'-reflection in the high-resolution

sulf¿r,ce leflection section.

The colriclor'-st¿rchecl P-r,v¿rve \iSP section rvas also splicecl ¿r.t ther ¿ppt'oximzrte borc-

hole location into the intelpletecl higli-resolution snr-fìrce reflection section for- com-

pzr,r'ison (Figule 5.16). In the high-resolution leflection section two majol r-eflections

¿rre observable (also see Nlillçereit et al., 1992), which collesponci lespectively to the

lithologiczrl contacts betrn'een the Chelmsf'olcl ancl Onr,v¿rtin for-mations ancl betr,veen

the Onr,vatin ancl Onaping formations. These reflection events are also clearly shown
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in thc colliclor'-st¿rclied VSP section ¿t 0.21 s ancl 0.45 s, both of them ¿r,Le in vely

goocl agleerncnt rvith tlte sttt'f¿rce high-r'esolution clata. Siuce the high-resolution

srtt'f¿rcc cl¿rt¿r wele obtainecl ¿r,ftel cl¿rtum collection ancl sulf¿rce consistelt statics, tlic

fir'st lr-'flcr:tion event in the corliclor'-staclçecl VSP section actnalll, cot'r-espon(ls to the

rcflec:tol at the cleptii of 380 nr ¿rt thc bolchole loczrtion, ¿rncl the sccoucl ono is at the

clcpth of zrp¡rroxirn¿l,tclv 1240 nr iu ihc vicinity of thc borehole.

5.3.2 Ïfodograrn and Farticle Motion Analysis

Ðstiruatiorr of lt:flec:tol clip usiug hocioglzr,nr analysis sterns fiorn the f¿rct th¿r,t ¿.-r.

c:ottrlrLession¿rl clistull)¿ì,rìce ci¿ruscs locfi particles to oscill¿rtc in zr 1>olzlr'izecl clilection

Itollu¿tlto thc: P-rv¿r,ve rv¿l.vcfi'ont. Tims tlic palticle clisplircerneitt r:rc¿l,tecl lty zr P-r,vrrve

r,r'¿lvefielcl points to thc clilcction fi'oru lr'hich the P-u'¿r.vcfi'out cornes. This clilection

rvill bc the lzrypath's ¿r,r'r'iv¿-ll i-L,ngle ¿l,t the bolehole. The clilection of the a,r'r'iv¿r,l vcctol

c¿l,tLies infblrn¿rtion ¿rboltt thc rlip of the geologiczrl irrtelfì-rces fron u,hich the leflection

occltt's. Thelefot'e, orìe (:¿ìn estirtr¿l.te the clip of ¿1, leflector fi'om tht'ee-component

analysis of complession¿r,l leficctiori c:r.ents (Figule 5.17).

The plinciple for estirnating the clip of reflectol is clescr-ibecl by Hzrlclage (1983)

fol the case u'hen the plolraga,ting vector is nolma,l to thc reflective intelf¿l,ce ancl of

c:onst¿l.nt velocity. Thloughout the Chelmsfolcl folmation, the velocity is not constant.

Hor,vevel the clat¿-¡ nsecl for the hocloglam analysis were recolclecl in a small leceiver

clepth rànge betr,veen 340rn arrcl 370m. It r,vas assumecl that within this clepth r'¿tnge

the velocity valiation can be negligible. The methocl lequiles veltical component clata

ancl either one of the two horizontal cornponent clata zrs long as the vertical sensor-
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Figure 5.15: The vsP-cDP transformed P-wave section plotted and inserted into

the high-resolution surface Ìeflection section. The reflections at depths of 560 m, 650

m, 1240 m, 1520 m and 2305 m match well between the two sections'
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Figtlc 5.17: Schenr¿ìtic clizr,gt'a,nr clepictiug thc b¿rsic plinciple of tlic p¿ìr'ticlc nr.otion
hocloglzurr estinrzrting clip of reflectols.

stiùs w:r'tical. In thc c¿ìsc of thc Clhclrnsfolcl VSP expelirneui, thc clilcction of tlìe

plop¿ìgation vectols w¿ìsi rlot alu'¿riys pelpcnclicnl¿rl to thc leflcctot's, thet'efot'c some

rnocliflc¿r,tiorìs wele nec:essi¿ìr-y to the lnethocl. Figule 5.18 clepicts the geometly for

estina,tiug the tlirc clip (Ntlizro el, a.I., 1994). Whelr the soulcc ¿r,rrcl leflcctor' àr'e on the

s¿ìrne siclc of the boleholc, the zrpparent clips obt¿rilecl from the hoclogrzrm analysis

rvhich cor-r'esponcls to the propagating vectols th¿r,t ¿r,r'e not perpencliculal to leflectol

¿ìr'e ¿ìh\¡¿ìys lz'r,r'ger th¿rn the lezr.l clip (iVlizlo et al., 1994b). The lela,tionship between

then is given bv

(5 23)

¿rncl

tcuz(þ¡, - ó) :

,þt,:ólit,

(r?o"u.""* z2¡t/zrot(o - rþ) (5)4\
(r?o,,,"" * z2)t lzs¿n((0 - ó) + 2(lz - z)cosþ)'

r,vlrele z,¿, is the reflection zrngle with lespect to the leflector', @ is the real clip ancl þ¡,

is tlre apparent clip for the r-eceiver- station ó, anci 0 :tan-r(zlr"o,u..u) (FigLrre 5.18).
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Othel palzrnrcters ¿r,r'e the s¿me as in eqnz-ltion (5.1a). The zrngle þ6 can be estim¿rtecl

fol each leceivcl clepth on the basis of the hoclogrerm a,nzrlysis. Thus the onlS' unlinorvn

in the eclnatiou (5.21) is the leal clip angle, which c¿r,n then be cletelminecl grzr,phically.

Since the P-g'¿u'c palticlc motions in the vcltic¿ri a,ncl r'¿rcli¿-L,l colnponelìts oscill¿rtc

in the s¿ì,mc plzlut-', u'hich ¿rllor,vs mole accurater estiln¿rtion fol hocloglan. Thlts the

rrcltic¿l,l arr<l thc lcolicntecl r'¿rcli¿rl holizont¿rl corlpou{:ìrìts u'eLc rtsecl to ctstirn¿r,te the clip

of the nrajor r.eflcctol scqueilce ¿r,t the clepth of 380 m. This level r:oLlespoucls to thcr

cont¿lct ltcrtrvcctn the C)hc:lnisfolcl ¿'r,ltcl Olnv¿itin fbrrri¿rtions. The cotnputcci reflect,iorr

P-rv¿rve palticlc rnotion liocloglzr,ms ltetureen the leccivel clepths of 340 m ¿rttcl 370 m

zr,r'e plottccl in Figulc 5.19. The lesrlts exhibit ¿ur ¿llntost const¿l,nt olient¿ltion. The

zlppzr,r'cnt clip fbr c,.¿rc;h LecciveÌ' \\¡¿ìs ol¡t¿rinecl fi'oru the hockrglans, then thc rezrl clip

r,r'as estirnat<-:cl ¿rs shor'rrn in Figule 5.20. The irrtelscction of ilie ttvo cttLt'c's (figulc

5.20) thzrt Leplcsent tlie. IefI ¿lncl the liglrt sicles of the r:c¡tzrtion (5.24) t'i-'spcctivel¡, is

the solution fbl e¿r,ch Lcrceivet clcpth. The le¿l,l clip of a r^eflector sequence, thus, celn

lte obta.inecl ¿rs the holizontal coolclin¿rte of the solution. The values estimatecl in this

c¿r.se have ¿ìn ¿ìvet'¿ì.ge va,lue of z-r,pproximately 10.4'+1.94" for the 150 nt sotlt'cc offìset

cl¿r,t¿1,. Since the sulf¿rce r-eflcction cl¿rt¿r inclicatcs th¿r.t the Chehnsfot'cl ancl Onwatin

folmations ale cli1>ping southeast, the lesnlt estim¿r,tecl fi'om the hoclogram analysis

srippolts th¿r,t the leflectol leally clips tou'arcl the sotttheast at ¿l,bout I0.4+7.94'

(Figtrle 5.20).
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z=340m

z=360m z=370m

Figu'e 5.19: The particle motion hodograms for the P-wave reflection from the

Cheimsfo¡d-Onwatin contact recorded by a three-component geophone located be-

tween 840 m and 370 m depths with the source offset of 150 m. Here the time

window length is 16 ms, and Z represents the vertical component and X represents

the horizontal comPonent 2.
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5.3.3 WKBJ Seismic Modeling

In olclel to erralu¿r.te the estimatecl P- ¿rncl ,9-r'¿r,ve velocity moclels, thcoletica.l sl'n-

thctic seisrnogi.'a,m rnocleling w-¿rs ¿-r,lso c¿-u'r'iecl ont irt this lesearch. Thc synthetic

seisrnogranr zrlgolithm risecl was â. WI(BJ lnethocl developecl by Chaprnzlu (1981). It

not only c¿ur h¿urclle veltic¿rlly inhornogcncous rnecii¿-r rvith holizont¿r.l l:ryerirrg, but

¿r,ìso can <:ornpute v¿rLioris bocly w¿-r.vc phzrscs clf both plirlzrr'5' r'eflections a,ucl ¿r,ny orcler

of rnultiples li'ith r,¿r'ious soulce ¿l,ncl Lei:<,:ivcL gcoruetlies. The synthetic seisrrtogt'a,m

is conrputccl fi'otr thc solttiou of tht¡ el¿rsti<r w¿lvc cc¡r¿ìtion unclet' the \\/I{B,I appt'oxi-

rnzltiou, lvhich ¿ìssrllnes th¿lt the ch:rnge in slowlrcss firnctions in oue rv¿r,r'elengtli ntrtst

lrc much less th¿r,n the slor,vness itself. In most le¿r,listic. situ¿'L,tion the \A¡liB.I ulgorithrn

ploviclcs zrcrcepl a.l;le zrpploximeltion, zr,ncl it u¡or'lis rvell irr gcnet'zttirg scisurogrirtns fbr'

both shear' \\¡¿ìvcs ¿'r,ucl convcltecl rv¿l,vcs.

Inclepcnclcltt of the zrlgolithrn, the fiu¿rl syutlietic seismoglzur is progt'ttunrtecl as a,

sirnple convolntion moclel

z(t) :u(t)*e(t) (5 25)

whele r(t) is the seismoglam, ru(ú) is the seisrnic wavelet inclucling soLlrce signatnle

ancl lecorcler lesporse, zrncl e(f ) is the e¿l.rth's impulse r-esponse. Depencling on the ¿'ll-

gorithm useci, e(t) can be clerivecl by solving the w¿r,ve ec¡ration with specific bortnclau'y

conclitions.

The initial velocity moclels for P- ¿l,ncl S- wave wele basecl on the lesults of VSP clat¿r,

analysis, alicl the clensity moclel was cleterminecl fi-om the wcll log clata (Fzrlconbriclge

Co.). Tire final shallow velocity moclel clelivecl flom the \,VI(BJ rnocleling pr-oclucecl

excellent near true arnplitucle ancl arrival times fol ail of the four offset clata. Fistue
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5.21b shor,vs the s],nthetic section of the veltical cornponent clata fol the ofI'set of

150 m. Inspccting the oliginai r-ecolcl of the vcltical component cl¿rta (Figule 5.21a),

ole obselves th¿,lt ¿rt shallor,v leceiver- levels tlic zr,urplitucles of the clou'ngoirrg P-u'a,r.'e

a,r'e rvea,her'. As the clepth incleases they becorne glaclnzr,lly stronger-. In coritlast,

the next plorninent seisrnic phase, lvirich is the clowngoing S-lvzr,ve, sholvs stlong

zrrnplitucit:s ¿-r.t sh¿rllorv levels, while thc ¿rnirlitncle glzrclnzrll5' dq,,t.oscs rvith clcpth.

This c:¿rrt ì>c cxplzrinccl 1r¡, the r'¿rcli¿rtiou pnttelu of thc Vibr'¿-ltol soulce swecp signzrl.

At sh¿rllou, depths thc geophones lecoLclecl stlongel irolizoutal vibr'¿rtions, zìlcl ¿rs the

clcpth ilrcle¿rses thu lccolcl<.:cl veltic¿r,l vil;r'¿l,tiorrs bc<-'ome stlonger'. This f'e¿rtulc in

the r¿r,u'cl¿rt¿r scction is fir,itlifully leconstructerl in the synthetic seisrnogra,rn section.

Another f'ca,tru'cr u'olth pointing out is the vc-'r'y stlorrg clowngoirrg w¿ìves. Even thorrgh

both plimirly ir,ncl multiple leflections \,vcrcì gcueratcrcl at each leflection lc.vcl, thcl'

r,vele h¿r,rclh, obsclv¿rlrlcl iu the r'¿u,r' cl¿l,t¿r chre to lz-rlge zrrnplitucle of thc cloivngoiug

w¿ì\¡es. This is colrsistent rvith obselv¿rtion of the oligiual lecolcls. Figule 5.21c is

the vclocit-v moclel usecl fol cornputation of the synthetic seismoglams plottecl z-rlong

with the well-log cl¿t¿r. Iu general, the velocity rnoclel colrelates r,r'ell r,vith the r,r'ell-log

lithological intelf ¿-rces.
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Chapter 6

Seisrnic FÌ,eflection Investigation

6.1 Characteristics of Seismic R eflection in the
Crystalline Rock Terrane

lip<'orrrin¡¡ scisrtric reflcctiolr crì.clg): is gcrrclzrtccl fì'orn srrbsurfìrcc <'ontlasts ln ?ìcorls-

tir: ittri>r'rlit.tt<'c. The factors lrtltich ¿rffì.r't t,htr ¿l,corrstic irrrlrtrcla,r.cr. corrtr'¿ìst, ¿rctually

dcrttsitic's a,ricl seisuric; velocities withilr locli uuits, zr,Le clivelsc. Lithology is onc of

thc lnost obvious f¿rctol' th¿l.t clctclruirrc.s velocity ¿urcl rlensity of zr roclç folrnation.

Por-osity of t-oclis, tempelaturc ¿l,ncl pr'('ssurc nnclel u'hich roclis ¿-r,r'e buliecl alc ¿rlso

irttporta.ut f¿ctors fol velocity chzr,nge. Tiic intcrstiti¿rl fluicl in polons loclis c¿rn affect

thc scisuric velocity ¿ncl locli plol>elties as wcll. In telrns of the pr-opagzr.tion of seismic

\\¡àvesl reflection stlength is moclifiecl b1' geornetlical spleacling, anisotlopy of rochs,

constluctive ol clestluctive interfelence. aucl a,nelastic attenuation.

The physical plocesses of seismic reflection in a seclirnentary b¿rsin is in genelal

clifferent fi'om that in a crystalline rock terrane. In a seclimentary basin refl.ection

occuls rnostly at the interfaces between clepositional layels, at tectonically imposed
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stluctur'¿r,l bortnclaries, zrncl is govclrecl by the plopelties of interstiti¿r.l fluicls (SheLiff

¿-r,ncl Gelcl¿rlt, 1986). The signzrtttlcs of leflections ale much nlore pronouncecl tha,n

those fi'orn ¿r c:r'rrst¿rlline terla,nc.

Scisrnic t'eflection cl¿r,t¿r fi'otn ¿1, clvst¿rllilie locli cnviLonrnent ¿l,r'e nsri¿r,liy ch¿rr¿rctelizecl

ìry:

ø lou' S/N latio - r'oclç types alc usnztily of igleous ¿-r.ncl ulcrt¿lrnor'Phic oligin, zrncl

tlte ¿rcousti<; itttpecla,ttce crontL¿tst lletu'een thc.se r-ocli iurits is genelzr,lly lor,rr conr-

ltttt'ccl ivith th¿rt itr seclilnc'nta,r1,'s11vi¡onmcnt. Thete ¿r,re oflcn grarlutrl chzr,nges

irt tlte ¡lhysiczrl ploper-ties (:ìverì iil thc s¿l.me lock rinits. The intelf¿'ices fi'onr

u'ltich t'eflections occur ¿r,r'e of stmctur'¿r,l ol iutmsive otìes in nrost cì¿ìses, ¿l,lrcl the

tcflt't'tii'it1. ot't'cflcctiorr cor,'fficicnt is corrrrnonil'Iou'r,:L th¿ru th¿rt fi'<tur ¿r, trolc:

c o usis t ent ¿l,ucl cont inuotis sr:clinrc:nt ¿r,r'\¡ Jt orin cl ¿r,r'v :

I¿rc:li of later'¿l,l continuity - clistulb¿l,rice of laycling lesulting fi'om l¿ltel tecton-

ic ¿l.ctivitt, igneous intntsion, ¿rucl local metanorphic leaction superimposecl

oll olclet' clystalline locks, often complicate the geological envilonrnent (Dahl-

Jcnsen, 1989, lVlike, 1990), zr,ncl consecprently reflection holizons l¡ecorne cliscon-

tinuous ¿r,ncl ¿l,r'e cornrnonly leplerceci by clipping or^ snJrholizontal events with

compler zr,ttitucles;

sc¿r,tteling energy fi-om shallo,,v inhomogeneities - shallow sultveltical faults, joints,

a,ltcl nea,r surface fi'actule zones plocluce energy scattet'ing, r,vhich clistorts shal-

lor,v leflection itnages. Carefïrl processing is requirecl to preselve true images of

sh¿rllor,v structules (Strzr,hler, 1981 ).
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ø scnsitivc to nulti-la)'elcd bouncl¿-r,r'y - seisrnic leflections ¿ìr'e ltìote sensitive to

rnulti-la.yelecl bounclalies th¿ur to z'r, singlc lithological cont¿rct clne to the lorv

¿rcoustic impeciance contr¿rst in igueons anci metamolphic loclis units, ¿r,lrcl also

cllte to rv¿'r,vefielcl intelfelences betr,veen plimzlr'y, convet'tecl ancl nuiltiplc leflec-

tious.

hi si;ite of the ¿r,bove nnf¿n'or'¿r,ble fzrc:tors, sonrc stL<tng leflections have bccu oJ>selvecl

in clyst¿rllilli,: r'or:li telr-anes in lccclrt ye¿ìr's. Expli-lnzrtions fbl rcflcctiorr ploccss fall

irlto fivc plirtciptr,l categot'ies (Gleerr ct a.I., 1990): (1) plirnzrr'\' unnrct¿ìrnolpliosecl

clepositiorriì1la5r6¡lrrg; (2) plinraly irtr'rrsivc l¿tveling; (3) tectonically inrposi:cl layeling,

incltclingslie¿ll zones of va.r'ioris types; (.I) rnctzrniolphic Llycriug; arrcl (5) fluicl lei¿r.tccl

phcnorncu¿l. Thescr phvsical cxplzr,nal,iorìs ¿ì.r'e uot cxclnsivc of c¿rch othcr'. Depencling

otr lor:¿r,1 gcologiczrl setting, one ol rnole f¿lctot'si rnal¡ play ir rnzr,.jol lolc fbl crr.nsiug

seisrnic leflcctiol cnelgy.

Receut stucly shows that in the Abitibi glcenstone belt (Jzrclison, et zr,l., 1990)

Alche¿rn igneous laveling ancl the tectolric¿r,lly high-stlain zon.es ¿r,r'e the most lihely

soulces of strong seismic t'eflectious) even though fluicl-r'ich horizons srich as f¿rult

zolles) extensive zones of clef'ot'm¿ltiorr, blittle fault zones) rnylonite zottes, arrcl litho-

logicz'r,l cout¿l.cts may also be lesponsible for the leflections. In the l{apuskzrsing high-

glz-L,cle metamolphic tellane (Gi'een et al., 1990, ivlilker.eit et al., 1991), u'hele the

lor,ver crust¿l,l gneissic units contzr.ining grzr,nulite facies were Lrpliftecl to the sulface,

r,vith certain similalities to the Suclbury LGC, plominent r.eflection zones are associat-

ecl with shearecl roclcs along the catacl¿rstic zone ancl the inter.layerecl pachage of gneiss

ancl ton¿rlite. Shallow reflections ale gener¿ìtecl from tonalitic loclis enclosing lenses
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of mafic gneisses ancl pzrlzr.gneisses. In the Grelnillefi'ont tectonic zone (Gleen, et a,Ì.,

1990), tlte leflectiorìs ¿ìr'e chal¿r,ctet'izecl by lelativcly clisclete b¿rncls of stlong leflection

ltolcleling by the ¿rlea of lou' t'eflectivity. The stlong leflections zrle mostly genclatccl

¿rt the mylonitic l¡<xurci¿r.r'ies betrveen lenticnlal urrits of less clef'or.rnecl ol vcr't¡ fillcly

layelecl gneissicl'oclis (Gleen et al., 1989). Intensely she¿rlccl locli is plobably a,nothel

one of rnaiu sont'ces fol clir¿rncecl leflectivitv (Czllvelt ancl Clowcs, 1990). The tr'¿-urs-

pzr,r'etrt ch¿rr'¿tctclistic: of seistlic leflection cla,t¿r, ¿r,closs some high-glacle nreta,mor'1-lhic

telr'¿rn<,'s mav be cltc to vcly steep clips, Iacli of signiflcatrt va,r'i¿rtion in litholog]' ancl

stla,in, oL t)xtlenieh. complex stnrctules (Iilernpur'<:r', 1987).

6"2 Seismic Reflection Ðata Processing

Thele r,r'cle thtccr seistnic reflcctiort plofiles sulveyeci in 1990, ¿l.ncl the lesi-rlts of tu'o

plofiles (lines 40 arrcl 41) i,r'crc intelpletecl zrrrcl lxrblishecl by jVlilliercit ct ¿rl. (1992)

aftel prelirninar'1' plocessing. The r.esnlt of the pleliminzrlily plocesseci lile .12 clar,tzr,

ho\,\'et'er', r'elcavcd ¿rlrnost no iclentifiaìrle geologic¿rl infolm¿rtion. It r,vas tlnis cxcluclecl

in the publishecl plelirninzr,ry intelpr.etatiorr of the Suclbury lcflection clat¿'r, (N4iiliereit

et a,l., 1992). Thelefole leprocessing of the Suclbruy line 42 r'egional r.eflection cl¿r,ta

was plzr,nnecl ¿r,ncl ca,r'r'iecl out at the University of Vlanitoba, ancl constitutes one of

the majol palts of this thesis lesearch.

Pleliminary plocessing of the line 42 clzr.ta b1, the contlactor- incluclecl cloolcecl spr-eacl

geometry, cl¿-r,tttm ¿'r,ncl weathering corlection, velocity analysis, CDP tlim statics, s-

tacking ancl spectral l,vhitening. The cluality of the stachecl section turnecl out to

be uns¿rtisfer,ctoly, particularly in the shallow part (0-3s) where almost no significant
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lcflection cvents c¿ur lte obset'vccl (Figule 6.1). The possible reasons for the pool clnal-

ity ale ploba.bly cltte to (1) lorv S/N ratio cnvilonment in the crystalline lock terlzlin,

(2) ciisclete leflectiotr bzrucls, (3) cornplex snbsnlf¿rce stmctur-es, ancl (4) inaclecluzrte

1>t'occssirtg 1;ellrLrnctels.

Ex¿rmirtation of thc r'¿lrv r-cflection cl¿r,t¿r, fï'onl SuclbLu'y legional linc 42 fonncl ont

th¿rt t'¿ruclorn rroisr: is tnitror'. Thc m¿rirr sonrcì€ìs of uoise ¿ì,ppcr¿ìrj to bc glorurcl loil a.rrcl

¿r,iL-r,t'ave. Tlte t'cflcctions tencl to l¿rch l¿ltcr'¿rl colrsistcur;y, even though thel, ¡xi"¡ irt

1tL¿ìlìy shot ga,tiret's. Rcflcctivc pzr,ttelns ¿r.r'e thus highlv vari¿¡l>le fì'orn ouc shot gtrthel

to ¿r,nother'.

The strateg), f'ol re1>r'ocessing of the linc 42 clatn ernPh¿rsizecl irnplovement of thcr

S/N latio ¿r,ncl focusing of the leflcctiorì enel'gy, n'hic'h inclucle tr¿rclition¿rl a,pploachcs

srrclr ¿rs spectlal l;¿r,l¿r,uce, f - l¡ filt<-:ring, refi'¿rctiou stzrticrs, calcfirl velocity ¿irralysis

c¿rsc¿r,clecl r,r'ith lesiclu¿rl statics, z-r,ncl offìset limitecl st¿rclç. Irr aclclition, tlvo a,clv¿r,ncecl

ploc;essing techtric¡res r,r'ele clevelopecl for this plocessing tzrsh, rvhich inclucle fbcusirrg

of the leflection cnel'gy using the time-val1zj¡* ci'oss-clip collection ancl leniov¿l,l of

glouncl roll by me¿ìns of the r'r'avelet tla,nsfblrn. Figule 6.2 shor,vs the specially clesignecl

relllocessing flow chalt. The importzrnt leprocessing palermeters ale listecl in T¿r,bie

6.1, zucl the new plogr-zìrls clevelopecl in this thesis ¿rle ¿r,lso rlarhecl as clouble stals

iu T¿r.ble 6.1.
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Talllc 6.1: Pt'occssiug palametels anci INSIGHT ¡roclules usecl in tire lire 42 cl¿r,t¿-r,

ìrrocessinu.-U

Processing task Parameters

Spectral balance

25m
800 - 1000 m

10-56 Hz, 10 Hz slide window r^n n *
0.5 s AGC E\'¿ñÉ\

Modules

FKS2, 
*

FKSURG
**

WT program

DATM 
-

*
REFSTAT2

CDPBIN

SLNR
Time-varying 

**

crossdip correction

VAC2 
-

vsMBi vAN2.

SUPER_FOLD-

*
SELO, NMO2
STA2

SLNW

Removal of ground roll

f_k filter < 4BS0 m/s rejected

Wavelet Transform

Refraction statics
First break oicks Interactive
Datum correction 400 m. 6100 m/s
Refraction statics

Crooked line geometry
Bin width
Bin height

Cross-dip correction
Slant stack scan -0.2 ms/m - 0.2 ms/m
Cross-dip correctíon

Velocity analyses
Constant velocity scan
Semblance analysis

Residual statics
Super-fold statics
Maximum shift 20 ms

Offset limited stack sooo m

Coherency filter
Maximum slowness t 10 msitrace

Sliding window 11 traces

. --- INSIGHT module **-- j¡ house writen program
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ActLral plocessiug of thc clat¿ u'¿rs im1>lenrentecl r.rsing IT&A's INSIGHT softw¿lle

(V-clsion 4.0), to rvhich thc tewly clevclopecl loutines fol tiris ploìect wele intclfacecl.

Irr this stucly the time rar'lri¡1g- closs-clip colrection was :rpplieci to the clata with tirne

rviuclot' of 0-3 s tr,vo-u¡¿y tr'¿lveltiute. ¿rncl tire othel processing stcps r,ver-e linitecl to

the tirnr: rvirrclor,v of 0-6 s.

6.2.L Crooked Line Geometrv

Since the l'cflectiorì sjulvrìy iiuc 42 is ¿r, cloolieci line, thc couunon ciepth points (CDP)

fol c¿l.ch pzril of thc shot ¿tucl lccciver no longel st¿.'ly rrlotrg thc sruvrr5' lirrc. They ¿rre

sc¿r,ttcleci ¿r,ronncl the sulrrcy line irr J;oth in-line ¿rrrcl closs-line clilections. To st¿rcic tirc

tlac:cs in a specific CDP biu efficicrrtly, zr. sl¿rlonr linc rv¿rs cliosen to le1;Lr,ce the truc:

stu'\¡ot¡ line f'ol the CDP ìtinrring (see Figule 6.3). This r,r'¿rs zrc;complishecl lty rrsing

tlte plocessing moclule CDPBIII il the INSIGHT-4.0 paciizrge. For'plocessing without

tltc-' cross-clip cot't'ectio1r, ¿ì ìriu height of 800 rl ¿rncl ¿r bir lviclth of 25 rn wele usecl.

For 1>r'ocessing incluclirrg the closs-clip colrection, the bin height increases to 1000 m.

The CDP binniug strategv for- closs-clip corr.ection r,vill be cliscussecl in section 6.2.4

iu cletail. FigLrle 6.3 shows the snlvey line geometry zrncl the CDP binning usecl fol

processing inchicling the closs-clip cor.rection.

6.2.2 Refraction Statics and Filtering

The lar,v clata were fir'st testecl with banclpass filtering ancl automatic gain control

(AGC) to gain some ltnowleclge of the fi'equency ranges of the signal ancl noise. It

r,vas founcl that the reflection signals hacl a spectlal I'ange from 20 to 50 Hz. A
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ltanclpzrss filtel rvith the fi'ec¡rency b¿urcl fi'orn 10 to 56 Hz rv¿rs initi¿'rll), ¿rpltliecl to the

shot gzrthels ¿r,ncl an AGC rvinclou' of 0.6 s \\¡as usecl. Snbsec¡rently spectlal ba,l¿rnce

r,v¿rs calliecl out ovct. the frequencl' bancl fi'om 10 to 56 Hz with a slicling ltarnclpass

filtel of 5 Hz n'iclth ancl 5 Hz tzr.per' ¿r,t Jroth encls of the b¿rncl. A 0.6 s AGC w¿rs

also zr,ppliecl to each conìponclìt trace cluling the spectlal bal¿rnce. Appliczrtion of the

s1>cctt':rl lt¿r,l¿tnr:e slightly incle¿rsccl the S/l'tr ra.tio, bnt u'¿rs liot ¿rs effectivc zrs for high

lc'solrttiori cl¿rta ber:¿ruse of the lirnitccl s1>ectlal rvicltir of thc regionzrl clzr,tzr. Figur.e 6.4

sltor,r's zr,n extr,rtrple of ¿r, shot gzr.ther' ¿r,fTel applicaltion of bzrnclpass, AGCI zrucl s1>cctlal

b¿tl¿l,nce.

Sta,tic collections consist of cla,tnnt c:on'cction ¿l,ncl lefi'¿r,ctiolt st¿rtics. D¿r,tum cor'-

t'ectiou l\'¿Ls c¿tlliecl ont nsing ¿1. cl¿r,tunr of 400 rn ¿rncl leplzrcc-velocity of 6100 rn/s.

Tire tirne-tclrn rnethocl of Fa,r'r'cll ¿r,ncl Euu'erna. (ig84) \r'¿rs usecl to solr,c f'ol sulfäce-

consistent t'efi'¿rction st¿-ltics lty ¿rssnrnitrg it r,vea,thcring layel of vzl,r')'ir1g tfiiclin<lss ¿-lncl

velocitv ovell¿rying ¿r. h¿rlf'-sir¿rce of l¿rter'¿r,lly vzrlying velocity. In the a,pploa,ch, ezrch

fir'st br.eali tirne is consiclelecl to consist of three ter.rns as follows:

Tjr:tr¡tt,¡+'pxrjk, (6.1)

where: Ç.t

the receiver

picliecl tlaveltime f'ol a seismic lay tlavelling between the shot .7 and

t"¡ : ;:"(u:l - ul")l/21u6u,, is the clor,vnwalcl veltical tr¿veltime at soulce loc¿r,-

tion, ø" is the clepth to bech'oclç belor,v the leceiver', ù., is the weathering layer velocity,

elncl u6 is the beclroch velocity;

t,¡ : z,'(uf, - ul)1/2 lu6u- is the upwarcl ver.tical tlaveltime at leceiver locations,

2,. is the clepth to beclroch below the shot;

is the

k;
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p is the r'¿ìv p¿ìt¿ìlrlcter-; zr,ncl

z¡r is thc off'sct clist¿ince bctrveen the shot.7 ancl the receivel A.

By giving ¿lu t':stitn¿tccl half-space velocit). ¿r,ncl linolviug tltc offset <listz'L,ncc, the

rurhnown teLtns úr; fol shot location ¿lrrcl ú'¡ fcll leccivel loc¿rtion c¿r,n J¡e conrputecl l>y

the least-scpl¿ìr'e cleconpositiol lnethocl. In the tirne-telrn nrethoci, the estim¿r.tiou of

the r,ve¿rtheling velocitv is rn¿'r,cle ìry srnoothing the lesrlts of zr pleliminzlly estiln¿rtiol.

Althorigh nl¿-uly people ll¿lvc consiclelccl th¿r,t the u'c¿r.theling layer- in the crystzr,llirrc

telL¿r,lc is trsu¿rlly vt:r'v tltiu ¿lrcl lefi'¿rction st¿tics coulcl be neglectecl, thc result of

appiiczrtion of tlte lefì¿rc:tion st¿rtics to the line 42 cl¿rt¿r, h¿rs plovecl its cff'ectiveness

rvhen the fir'st lrle¿rli tilrtes wele calefìrllv piclied. I'igule 6.5b shoq's a, segmert of

t,he st¿rclicd section u,ith refì'action st¿r,tics ¿rppliccl. Thc r:ollcsponcling scgment of the

st¿rclcccl scctiorr rvithout, tr,pplic:zr.tiorr of refi'¿rction st¿r,tics is shor,r'n in Figure 6.5a. AfIel

the lefr¿-¡ction st¿r,tics, the long r,vz'rvelength ¿lronraly is lellovecl ancl leflection events

bctiveen 4-6 s ale c.nh¿urctcl (sce I'igrilc 6.5b).

The sholt rvzlvelettgth ztuorna,ly, horvever', c¿ur not bc removecl by lefi'zrction b¿rsecl

st¿r,tics (Yilrnzrz, 1987), hence leflection basecl lesiclr-ral statics was appliecl in c¿rscacle.

Figur-es 6.5c ancl 6.5c1 shor,v the lesults ¿rftel l¡oth lefi'action ancl reflection st¿tics.

Both long ancl short r,vavelength anornalies wele lemovecl. Fur-ther clet¿ril on the

rcsiclual statics r,r'ill be cliscussecl in section 6.2.5.
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bin fold bin 5365 L24.O
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Figule 6.3: Geometly of the line 42 survey line and CDP binning: dots represent the
mid-points between each receiver and shot pair. The fold coverage is shown by gley
level plot at the top of the figure. The bin treight is 1000 m and bin width is 2b rn.
The slalom line is depicted as a thin line in the middle.
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Time

0,0

Figure 6.4: AGC and bandpass fi.ltering: an example of the original raw shot gathel
after AGC and bandpass filtering.
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6.2.g Rernoval of Ground Roll Noise Using the \Mavelet
Transforrn

The / - fu filtering technic¡re has been tr'¿rclitiontrliy usecl to renìove gt'ouncl roll

rroisc. Although it is genelally verS' effi:ctive fol lemoving cohcletrt f - k clomain tloise,

tlic ¿pplozrch oflen introcluces rulclesilecl ¿rltifilcts. In orclel to ninimize pt'ocessing

zr¡tifrrcts, zrppi.r,r'ent velocitics r-rsecl fol lcjection of the gt'onncl I'oll uoistl u'elc c¿r.r'efitlly

testecl ¿urcl sclectecl fbl evell' 5 shot gtrthels. Aftel zr,pplving thc ./' - À; flltcl to thc:

<lzltir, glouucl loil noiscr \rr¿rs eff'ectively supplessecl ¿-rncl slt¿rllou' r'eflerrtions u'hich r'r'elc

o¡igirrally colt¿l,min¿r.tecl ltv the glor.rncl lo11 noise ltec¿rtnc visillltr (set: Figulc 6'6).

Horvevtrr', plocessing a,rtifilcts a,r'e c;le¿r,r'ly obscrrr¿l.ble. The rv¿lvelct tr'¿rttsfoltn t<,:cltnic¡re

rv¿rs thls clevclopecl ¿lncl tcstecl to lenrove the gt'ouncl loll noise ¿rncl ¿rssoc:ia,ted coheÏent

noiscrs.

Thc rv¿rvclet tra,rrsfbrrn (\\rT) is ¿-r rrcu' signal ploccssiug techuiclttc clevclopccl in

the cor¡pltc¡ scictce erncl enginccriug clisciplines in thc lecent ye¿ì.rs (Clrui, 1992,

D¿r.ultechies, 1990, NI¿r,llat, 1989). A specia,l char-¿l,cter-istic of the new zr'pploach is th¿r,t

it p¡ovicles insight into the cornbinecl f'eatures of time ancl fi'eclueucy clornains. It

¿r,lso h¿rs zoorn-in a,ncl zoorn-out capzr.bility in signal sarnpling. Altliough the WT is ¿r

lei¿r,tively neu, m¿r,thenatical tool, it has clevelopecl lapiclly llecause of its attr-active

featlr'es fo¡ the time-fi'ecluency zr,nalysis. It has gainecl r'vicle application in signzrl plo-

cessing alcl other- tla,nsient ptoc:ess analysis. The cleiailecl principles ancl applications

of the WT will be f¡rther cliscussecl in Chapter 7. Only the result of zr,pplication of

the lVT f'or lemoving grouncl loll noise frorn the line 42 seismic clata is cliscussecl her.e'

G¡ori¡cl roll noise genelatecl cluring the surface seisrnic sulvey is a lçincl of surface
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w¿ìr¡e ch¿ìt¿rctelizecl by lorv fi'ecluency ancl lorv appalent velocity. It becornes clisper'-

sive u'hen the plopz-r,gzr,tirrg meclium consists of multiple lzr,yels r,vith inct'ezrsing veloc-

itv rvith clcpth (Aki ancl Richzrt'cls, 1980). Hence the genelal char'¿rctelistics of thc

rv¿r'velets of the glortucl loll noise valy in botli tr'¿rveltinte ¿l,ncl fi'eqncncy. The rv¿rvelet

clecornposition of ¿r, seismic signzrl leplesents its tirne ancl fi'eclnency ch¿rL¿ctclistics

sitnttlt¿rtteonsly. Cjohet'ent noise, such ¿rs grouncl loll noise, which has clistinc;t fe¿l,tir¡es

fì'orn the scisruic signzll in ltotli tinrc ancl fì'ec1uenc1' ca.n thcu lte cffectively snpltlt:ssecl

tlrlough the lveighting of infolrn¿rtiolì contr,:nt rluling the invclse WT.

Figule 6.7¿r sltorvs ¿'L shot gzlther' (the shot ga,thel f 29) r,vhir:h cont¿rins stlong grouucl

loll noise. Reflcr:tions in the shallon' clcpth a,t ne¿rl offìscts a,Le cont¿r.rnit¿tecl by the

glortncl t'oll noisc. Figulc 7.9 in tirc ncxt chaptcl is the WT pa,nel fbl the shot gather'

29. In the pt-r,ncl, the glouncl loll is se1>alartecl 1i'orn tirc clesilecl sigrrz-rls Jty eristing onil,

in thc oct¿n¡o I'¿ìngc fi'om 3 to 5. While refler:tious lie l¡etr,vcen tirc octan'c r'¿tLg(ì of 1 to

2'i. By cxclttcling those octavc b¿r,ncls contzr,inirrg glonucl loll clur-ing thc invelse \VT,

the glouncl loll calt be lejcctecl. tr'igule 6.7b shorvs ihe shot gzr,thel aftel lernoving

gt'onncl roll noise lt5. ¡1," WT. Cornpalison of the lesnlt rvith the f - k filtelccl cla,t¿r, in

Figule 6.61t, significant itnprovement is clea,r'ly visible in the results ploclucecl by the

ner,r' WT tecltniclue. The mzr,jol t'eflection event zrt a,pploximately 2.0 s is erh¿rncecl

r,vithout significant ar-tifäcts ¿urcl the outline of tlie leflection hypelbolzr, j.s nor,r' fur.thel

extenclecl to the near offset legion. This fact clemonstlates that the new lVT apploach

call lenLove coherent noise vely effectively if its time erncl frequency characteristics ale

clistinct.

Anothel approach for t'emoving coherent noise is combining cleconvolution ancl

invetse \,VT. Florn the lVT panel one can easiiy fincl a bancl containing only

the

the
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gl'orlncl loll noise . It c¿rn be cltosen as a ternpli-r,te gathcl of the glouncl r.oll noise, anci

thelefore thc glouncl t-oll c¿r,n l¡e lemovecl by cleconvolntion of the lVT panels r,vith

the templarte gzrtlter'¿rncl fbllor,r'ecl by the invelse WT. Figule 5.7c shows the result of

coutbination of the ciecouvolution ¿rncl the WT rlethocls. Although the lesult cloes

not have a goocl qua,lit5' zrs zrpplying the WT rnethocl ¿r,lone clue to boosting of high

fi'eclttettcy coutpotìerìts b1, 6lscollvohttion, cornltin¿r,tion of otlier convention¿rl filtel u,ith

thc WT is ccltairrl-v zr goocl nrctltocl wolth to tly in thc fïrtru'c lescalch for cohclence

noisc supplessiou.
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Figure 6.6: Removal of ground roll noise using the / - k filtering: (a) the oÌiginal

shãt gathe., (lr) the same shot gather after the / - k filtering.
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reconstructiol of the clata by the inverse WT aftel lemoval of the bands containing

the g'ouncl lolt; (c) removal of grouncl roll by combination of the cleconvolution a,ncl

the WT methocls. co
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6.2.4 Tirne Varying Cross-Dip Correction

The rnethocl of CDP st¿rcli is ltasecl on the zrssnmption of flat subsrtrf¿rce reflectols

¿urcl const¿-¡nt vclor:ity holizont¿rily. If the sLtl'vet¡ lirre is str-aigirt, the reflective poitlts

rvill f'olrn ¿l line on the leflector u'hich lies veltic¿-rlly ìrelor,v the srtt'vev line (Figule 6.8a),

so th¿r.t thc CDP st¿rcli aftel NN¡IO colrection lvill irrtensif.l'the leflcction eûel'gy. When

thc sul¡si.rlf¿r<:e lcflectol is clipping but the sitlvey line is stlz-r,ight, thc CDP poirrts lic

along the sulr¡ey liuc. Thcle is no tra,nsver-sc offìsct (in this thcsis, tL¿¡lsvcLsc offìset is

clcfinecl ¿'Ls thc. offìset clist¿r.nce ltetr,veen tltc nrid-poirrt, of ¿:r, CDP l>iu ancl ¿r tr-nc rnicl-

poi¡t of cach shot ¿r,ricl Lcceivel pair) (Figule 6.8b), ltcuce only irr-linc clip tnovcortt

co¡rection (DN,IO) ur¿y be lec¡rilecl fbl fbcusiirg leflection erleÌgy. If the stu.'vey line is

clooliccl ltut thc reflcc'tol is flat, the leflectivc poittts lvill sc¿tttcl in l otll itr-liltc ¿rncl

closs line clircctiou, lnt thc ¿r,rnourrt of NVIO collec:tion will lle the s¿r,rnc fbl lcflcction

points sortecl in ¿r CjDP bin (Figule 6.8c) bcc¿r.t-tscr of the zrssnrnptiorr of tlte consta'nt

velocity holizont¿l.lly. Thele is no ¿rclclition¿rl rnoveout iuvolvccl. Holvever', r,r'lleu the

leflector. is clipping ¿r,rrcl the snt'vey line is cloohecl, tire situ¿r.tion becomcs cornplicatecl.

Reflection points ¿ìr'e no longel locatecl in a 2-D plofile, they scattel in both in-line ¿rncl

closs-line clirections (Figure 6.8c1). The clip of sul¡sulfäce leflectols in the ct'oss-line

clilection, or callecl cross-clip, can intlocluce stibstantial reflection enelg)' stne¿l,r'ing

associatecl u'ith tr'¿'lnsvelse offsets, u'hich clegr-zr,cles the seisrnic image (Larnel et al,

1979; iüm et al., 1992), bec¿l,use the amotnt of moveout associatecl with tLansverse

oÍÍ'set is not taken into acconnt in either NNIO or. DNIO cort'ections. The closs-clip

colr.ection, thus, ers a leflection enetgy focus technic¡re was investigatecl zlncl appliecl

to the line 42 clata.
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To clerive thc ct'oss-clip noveout, ¿ì 3-D coolclinate systern has to lte constluctecl. Let

,z l¡e the dcpth clit'ectiou, r: be the in linc clilection u.ncl y Jre the closs-line clilectiol.

Siuce tlte ¿'r,ltove 3-D coolclinzrte system is constnrctecl rvith respect to the sur.r,ey linc

ancl the sttt'vev litc is ttot nsually coinciclent with the strike of subsulf¿r,ce reflcctors,

botli in-line ¿r,ncl ct'oss-linc clip ale lefellecl to zrs zl,ppzlr'ent clip in the stmctur.al geo-

logiczrl telln. Wlien the suLrrel'line tr'¿rvels zr.loug the stlilçe of stmctnles, tlto. closs-clip

urugle le¿rcltcs ¿r, tn¿r,>lilnutn r'¿tltte, then the closs-dip collcction may rna,lie significzrnt

iurpLovetncnt fol focrrsing rt:flectious. \Vherr the sulve)' lilie tlavcls per'ltrtnclicnl¿rl tcr

thc stlilic, the t:r'oss-clip tr.ngle a,pploa,chc.s to ¿r, nriniutnlrr r'¿r,luc, ¿rn<l the ¿1.¡rou¡¡ of

cross-cliit rnovt:ont is negligiìtlc.

In thc 3-D coolclin¿r.te systeru, a seisruic tr'¿r.cc fbl the ¿tll shot ¿rncl the i th leceivcr

lellectccl ¿-¡t thc CDP l>in nuurbcr'fu ll¿rs ¿r, tr'¿veltintt: of:

') '> ')v.ù"ij :l ¡;52??-(¡.
'r't -- u2 '

(6.2)

lvher..e

f0 is zet'o offìset ti,vo-r,vay time ¿rt the CDP point;

ø¡,¡ is offset ciist¿urce between shot ¿lncl receiver';

{¡ is in-line clip zrngle of the leflector;

C DNI is the cr.oss-clip uroveont.

In equation (6.2) the seconcl telm is associ¿¿tecl with the zelo-clip nolmai moveout

(NN4O), while the thircl term is associa.tecl ivith the DVIO (in-line clip moveout) since

it is the moveout relatecl to the in-line clip of leflectols.
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Cross-dip moveout

To cler-ive thc tet'rn ¿rssociatecl with closs-clip rnoveout, fir'st assnme thele is only a

single i'eflectot' rvith c:r'oss-clip zr,ngle of a oi' the lcflectols unclcr-glorincl aLe conformly

clipping along tire depth clir-ection. Figulc 6.9 illustr'¿r,tes thc geouretry of the c¡oss-

clip rnoveout. In ¿r. CN,IP gz-rth<lr, ¿lfIer. NN,IO ¿urcl DN4O collection the reflectiou

lilys locatecl ill the ¡lzrthel shouicl ìre pelpeuclicril¿l.r' to the leflector'. The ra.v p¿th

colÌcspotlcling to tltc ex¿rct CDP point h¿rs ¿r tr'¿iveltinre of ú6, il'hich is t[e ex¿1ct

zclo offset (zclo in-lirrc aucl closs-line offscts) tu¡o-wav tr'¿rveltimc. Thc othe¡ r¿r,],s

rvltoscr CNIP points clevi¿tte fi'orn thc CDP point in tlic CN,,IP gz-rthel a.ll h¿r,ve two-w¿ty

tr'¿lveltimes cithcr lougel ol sholtel tli¿l,n the ú¡ clepencliilg on the closs-clip clirectiol

of the reflector'. Fronr tlte clitrgt'arn 6.9 the closs-clip rnovcorit c¿l.n be exl)r-essecl as ¿r

siuple eclriation:

Af,, : ,'tPri¡ :2¡t¡,;11¡, (6.3)

rvhelc

Aú;¡ is closs-clip collection ¿rssoci¿tecl r,r,ith the shot nnmbel z, ¿ncl ¡eceiver n¿¡rþer

i;

'u¡ is velocity at the CDP bin k;

a¡ is cross-clip zr,ngle ¿l,t the CDP k;

9,¡ is tÏansverse offset betr,veen the micl-poirrt of CDP ltin ancl the corresponcling

CDP point; ancl

p¿' is the cross-clip I'ay parameter at the CDP Jrin inclex k (as clepictecl in Figlre

6.9), in the case of confot'mly clipping leflectors, p¡ is a constant zr,long the clepth or

two-way tirne clirection.
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Hou'evcr, in rnost geologiczrl c¿ìses thele may be sever¿l,l reflectols witli albitrar-y clips.

Tirne valying, ol clepth vzrlying, cross-clip colrection is lequilecl to fbcus leflection

cllcl'g)' cfficierltly. To cornpletc this the closs-clip corr-ection tclln ÀÍ¡¡ is leplacecl by

¿1, sltrnln¿ìtion of Af¡¡¿ lvhich r-eplesents the closs-clip moveout cclllesp<tncling tcl e¿rch

Icfltlctor', u,hele the inclex / t'e1>resents ¿r inclex vali¿l,ble of tlvo-way tirne. It can be

c¿rlcul¿r,tecl rvith ¿r, varlying v¿l,lue of'pzrrzlrnetel p¡¿. The ecluation (6.3) then is moclifiecl

¿ìs

To see the physiczrl mea,rring ,rf Ir*t, ¿ì c¿l,se of two reflectols rvith ¿lrltitla,r-y clips is

iliustr'¿rtcd Jlv pi*u..6.10. Flom ihe clitr,gla,rn, the closs-clip rììor¡c¡out fol e¿ich r.eflectol

r:¿r,n Jrc clelivccl ¿rs

,\ ¿ .. Si|7Ìf-l1¡.1
At)¡l 

- 
2 \111.

'¿r1 u'J '

¿r,ncl

Thelefbre

¿urcl

wlrele ûp : sin,

clirection of clips

minus, otherlvise

-i 
[szn (a¡1+ a¡2)cosra¡7],

(if subsur-face leflectors

it is plus.).

Ai;,:ÐA¿,i,:Ð2prßJ;j
tt

Lt¿¡2 - 2
szn(n'¡ ¡ *cr',¿)cosa¡,

Pkt:

'u2

s'inart
'U1

sina¡r2
lrlr2 - u2)

the sign of

clip in the

(6 4)

(6 5)

(6 6)

(6 7)

(6 8)

plus or minus clepencls on the

sallle clirections, it shoulcl be

lJ;¡.
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Holvever tire c:ross-clip of the nct'¡r'est lcflector to the snlf¿rce c¿:r,n still l¡e cstinratccl

fi'otn eclttztl,ion (6.7) if p¡1 is linown. The v¿'¡lues of p¡¡ c:¿tn be estirnatecl throug[ i-r

slant stacli scan (clctzr,ils i,vill be cliscussecl l:r.ter').

Implernerrt¿ltion of the closs-clip corlection consists of three steps: cr-ooliecl line

geornetry, a sl¿rnt-stacli scal to cletelrninc the closs-clip ï¿ly p¿r.ra,meter 7r¡¿, a,ncl appli-

cation of closs-clip corlection (see FigLrle 6.11 for' flor,v chalt of cross-clip collectiorr).

At fir'st several binning stlategies wele examinecl ¿urcl testecl u'ith line 42 cl¿r,ta. The

final slalom line for binuing r,vas selectecl b¿rsecl on the criter.ion of r.zrising the f'olcl

covelage lly using large CDP binning lieights ancl simplifving the geological intelp¡e-

tation by straightening the slalom line cluring the binning. To exclucle the clata fi'om

very far offìsets, r,vhich may be intloclucecl by lalge ltinning heiglit, the in-line solrrce

Slnc[ r

-tv,. V, 'IJ
I

Sin cr'cos crl

I/
'2

\
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Picking cross-dip
îay parameters

Calculation of transverse offsets

Application of cross-dip correction

Residual statics correction

Figrire 6.11: Florvchart for the cross-clil> corlection.
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to receivel offset r¿ìrge u,as lestlictecì in the firra,l stacking. Thus the sl¿r.lorr line rv¿rs

stlz-rightetrecl into tnzrinly tr,vo pa,r.ts. Florr the noltheln encl (CDP number' 1025) to

the CDP nnnrltet' 3140, the line lurìs ¿ìpploxirnzrtely north-south, zr,ncl the lest of linc

rlllls ¿ìPploxirnz-r,tely r,vest-sonthe¿rst. The CDP ltin heiglrt r,v¿rs r'¿l,isecl fï'oni 800 rn to

i000 rn to ¿r,voicl pool folcl covclage lesnlting fi'orn stlaightening of thc sl¿llorn line in

tlle soutltenl cucl of the lirre, a,ncl irr-linc offsets r,r'ere limitecl to b000 nr in the final

st:rciiirtg. Thus the fblcl covct'¿rge \,vas incr-e¿rsecl ancl leacirecl ¿r, rrr¿r,xinuun folcl of I24.

Figulc 6.12 sltou's the lvcst-soutltcast pzrlt of thc CDP binning. The fbtcl covcla.ge is

siror,r'ti in the lcfT cot'uel of thc clirrgranr ancl thc ¿r,rnounts of closs-clit) rle¿lr' tht: sn¡fäcc:

clclirrecl fi'orn thc sl¿-int st¿cli sc¿ì,n ¿ìre lrlotteci ¿rt the top.

Slant stack scan

The slant-stacli is cquivzrlertt to thc R,¿rclon tla.nsfolm (cliscussecl iu Chzr,pter.S).

To coustntct sl¿rnt-st¿rch gertlrcls, cla,tir, in the time-offset coolclin¿rte a,r'e tr.¿-rnsfolmecl

irrto thc r - 'p coolcliu¿rtcs l>y strrtuning zrrnplitncles in the offìset clom¿rin along lay

pitt'zrrneters, oL slzlutecl lay pa,ths. Tlic sl¿l.nt staclç carr be implenrentecl in the CN4P

gztthet', cotllûì.on shot gathel or poststackecl sections. In the closs-clip corr.ection case,

the slant-st¿rch transfot'm is carr.iecl orit in the C\¡IP gather-s, the offsets zr,r.e replercecl

by the tLa,rsverse offsets ancl p replesents closs-clip lay palelmeter'.

Aftel the slant staclc tlansfor.rn, the tlaces with same p vzrlue are soltccl into a

stachecl section in the CN4P coolclinate. The st¿rchecl sections with clifferent values of

p construci the slant st¿rclc scan pzr,nel. Reflection events r,vith a pleferlecl zr,lignment of

special p value will genelzrte constructive w¿rvefolms, thus the p value can be estirnatecl

in the slant staclc scan without recluir^ement of prior hnowleclge about clip of the

str.uctures. This is ecluivalent to the velocity scan to estimate staching velocity values
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f'ol the Nil{O cor-r'ection.

For- line 42 cl¿r,t¿l the slant-stacli u'ith lespect to the tL¿msvelse offsets r,v¿rs sc¿l,nnecl

fi'om the tr'vo-t¡¿ly holizont¿rl slowucss of -0.2 ms/m to 0.2 rns/m with ¿ r'ay palerruetel

intelval of 0.01 rns/m, ancl pait's of r'¿w palameters ancl cor-responcliug tirnes rvele

pichecl fi'our the slaut st¿rch pzrnel.

A proglartr fbr time vzr,r'ying closs-clip corl'ectior rv¿rs u¡r'itten in this Lesea,LciL ¿r,ncl in-

seltecl into the IT&A INSIGHT-4.0 versiou to iutplcnlerrt the cross-clip collection in a

simil¿rlu¡¿'lv to the NN,IO collection. The zr.lgoiithm ouly lcqniles 1;ails of irrl>ut Pa,r¿ì,1ì-

etet's of thc <:r'oss-<lip r',ly pzrLa,rneter.' 1; ancl th<r collesponcling time clctcr-minecl fi'om

thc' sl¿tttl,-st¿rclt sc¿r,n. It is sufficiently flerible to cle¿rl r,vith leflectols rvith zr,r'l;itla.r'1,

ct'oss-clips. Figru'e 6.13 clisl>lavs ¿r, CN¡IP gzrthcl rvith ¿r,ncl rvithout closs-clip con'ection.

The C\4P gzrtitel w¿rs soltecl into tr'¿r,nsvelse offisets. The offìscts r,r'ith ncg¿r,tive sign

corl'cìspott(ls to the CVIPs situatecl in thc south of the CDP. A closs-clipping tr.encl

tou,a,rcl tire soutll in the CIUP gzr,ther'(FigLu'e 6.13a) is cleally obselr,¿'¡ltle. Ho\,r,cveL,

lvith zr,pplic¿-ttiorr of the closs-cliir colrection, the clipping tlencl l¡ecomes flzr.t (Figule

6.13b).

Tlre velocity sembl¿rnce analysis, which r,r'ill be cliscnssecl in section 6.2.5, fur.thel

clemonstrates the significant irnprovement in elimination of timc clevi¿r,tion with ap-

plication of the ct'oss-clip collection (Figure 6.14b). The leflection enelgy is oltviously

mole focttsecl after cross-clip collection. Fol cornpa,rison of the r-esnlts u'ith ¿:r,ncl with-

out the cross-clip, a portion of the stackecl section is shown in Figure 6.15, in which a

strong southe¿rst clipping reflection event at 2.0 s to 2.5 s ',¡¡as imagecl clear.ly after the

cr-oss-clip comection (Figure 6.15b). This reflection event can not be iclentifiecl in the
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oliginal 1>r'ofile (Figule 6.1), ol in the plofile befole the closs-clip collection (Figure

o.-LÐ¿t l.

The ct'oss-clip colr-ection h¿rs glezrtly implovecl fbcusing of the reflection energt'. The

ztttronnt of thc closs-cli1> v¿l,ries a,long the lirre fi'om 5.7o to 27o apploximately. At thc

southeln encl of tlte litte, tlte ct'oss-clip is r.elativcly lz,r,r'ger'. Florn thc CDP nurnltels

of 3400 t<t 4265, the r:r'oss-clip is zrbout 17.25" Jretr,r'eeu 0-1.2 s time ra,nge, llr t tht:

zlp1>a,r'ent closs-clip anglc cl<:clc:¿rses to 11.2" ¿rt 1.2-3.0 s tli¡on'¿r,y tirne. Flonr thc CjDP

nrrrnlrcls 4275 to 5365, tht: closs-clip in the sh¿r,llou' pa,r't (0-1.6 s) is sorrth clipping'nvith

a clip zlttglc of zr.pploxitu¿rtch,27'. 
^t 

cleepcl pz-rlts (1.6-3.0s), the zr,itpeu'eut r:r'oss-cli1r

bccomes mole genl,lc (FigLu'e 6.14).

6.2.5 Velocity Analysis and Residual Statics

Velocity analysis

The velocity zinalvsis \,v¿rs c¿ìtliecl out using ltoth const¿rnt velocity scan ancl sclr-

bl¿rnce aua,lysis. To gt':nelelte a constant velocity sc¿ìn p:r,nel, the CN¡IP gel,thels ale

NiVIO cot't'ectecl over' ¿r lalìge of velocity valnes zr,nci clisplzryecl sicle by sicle in a. lblrn

of panel. A leflection evcnt rnay be ovelcolrectecl if the velocity usecl is lo,,v, ¿r,ncl it

rnay be rtnclelcollectecl if the velocity is high. A flat event colresponcls to the proper

st¿-r,clç velocity value nsecl fol NN4O collection, this velocity can bc pichecl ¿rs ¿r, stacli

velocity.

The velocity sernblance analysis is an alteln¿-rtive technic¡re for constani velocity

scan. At first a velocity spectrum can be generatecl by applying NNIO correction to

a CÌVIP gather ovel a range of velocity values ancl stacliing all the traces togetlier'.
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The highest stacliecl arnplitucles occtl' r,vhen the scannecl vclocity c6ilcicles r,vith the

velocity of a, pert'ticulal leflectiorr lty1telbol¿r. Inste¿rcl of sirnply stzrcliing the a,r'ltlitucles

of the tlz-lccs, ¿l coherency techniciue, sernblance ¿r,n¿-llysis, is J;¿rsc:cl ou thc f'ollorvire

fblrnul¿r, (Yilrnzrz, 1 987) :

1 ^¿ 
lvI

NE - -: \- r\- ,,,.t,)2lt ¡,rr,r,,,,ùr?'-' ¿ ¿:r
(6.7)

rvltclc ?r¡,¡, is thc zrmplitucle of thc ith tr'¿rce a,t the two-r,r,a,y tir¡¡ t¡, 
^[ 

is t]rc nnnrbeL

of tlaccs ili the CjN,IP gather. The scmbl¿rrce 1V-Ð replesents thc ¡or.r¡a,lizccl o.tp't to
irtput elìelgY r'¿rtio. If the l¿r,teral cohclency in ¿ Ctr/P gzr,tlie¡ is goocl ¿rncl t¡e oritp.t
(ìrìergy is high, ihen the v¿r,luc of ;VE is lalge. St¿rcliecl velocities c¿lu be picliecl in stich

¿r vr.:locitV sen.bl¿urce spectt'urn. h cornpitlison r,r'ith the const¿r¡t velocity scz1¡, the

vcloc:i¡1' scttrl¡l¿-¡ncc a,trz,llysis is ttrole suit¿rble fbl cl¿-¡t¿ contzrining ¡¡rltiple rcflectio's

(ìrectl.nse of lorvel cohclency of the rnultiples th¿ui the plirnrr,r.y r.eflectiol) ancl less

srrii¿rble fi>r' ¿t complex stntctule 1>r'oblern. Figule 6.14 clisplays ¿ì1 ex¿r.mple of the

velocity serrrlll¿r'nce plot f'ol thc Ctr4P ger,iher' 4150 ovel the yelocitv r'¿ì'ge of b800 rn/s

to 7400 rn/s r,vith ¿r 100 m/s velocit), irrtelval.

AfIcl several tests with the constant velocity scan it w¿rs fbnncl th¿l,t the st¿ckecl

pzlttelns in the vet'v sh¿l,llow palt (0-1s) \,vele vely sensitive to velocity var-iation. This

pheuomenon is plobably clue to cornplicatecl sh¿r,llor,v stmctures inclucling geologiczr,l

v¿rliatiorls ¿rucl minot'structnles, r,vhich scatter the seismic r.eflection w¿rvefielcl. Th's

the sirot gathers wet'e exailtinecl again at this stage to chech the true trencls of reflec-

tions.

The velocity clepth functions r,vele pickecl for every 14 CDP gathers frorn se'rblance

plots. The final stach velocities listecl in Table 6.2 were cletelminecl by velocity analysis
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ancl testiDg rvith the clata. A noticeable point in the result of the velocity zr¡alysis

(Table 6'2) is that in the vicinity of thc CDP uuml¡er' 4200 ancl the ne¿r,L s.r.face pa.t
of the CjDP number' 4205, r'vhich collesponcls to the southeln e'cl of the lilre ¿rncl also
rvhele the Lcv¿rclt Gneiss Complex (LGC) loczrtecl, ihe velocity is much ¡igher than in
tlte lest of tlic liue, especi¿l,llv ne¿rl the snlf¿rce. This lesult inclic¿rtes th¿r,t the LGC h¿-¡s

rnttch highel 
'elor:ity v¿r'lnes than the C¿rliiel glariitic irrtlr-rsiolrs. An crxzlnrplc of the

st¿rcli sectiou rvith velocit,l' z.u..trrts is also plottccl in I'iglr'e 6.16, uriric¡ shor,vs nuch
ittrPl'ovccl st¿l<rli<lcl t'cflection pa,ttelrrs ue¿r,r' thc snlf¿rce rvhen calcful rrclocit' a,'zlh,s;is

is zrppliecl to the cltr,ta, (Figule 6.161>).

Residual statics

The t'csiclna] st¿rtics r:olÌectioli is leflection Jr¿rsecl statics. It is useci to collcct short
r'r'¿lvclengtìi ¿rrtorrt¿l,lios ¿tssoci¿ltecl lvitir lrca,r' si-rlfä,ce irlegnlalities. Base<l o' t¡e su'fa,ct:

corrsistcnt tttoclei (Figule 6.77), in 3-D sp¿ìcc the tr'¿r,veltime th¿t collespoucls to thc

Tth recr:ivel sttr'tiotr, iÌre z,th soìilce sttr.tion, ancl the ftth uriclpoi't .loug i¡c /t¡ ho'izon
c¿n Jre a,Pploxiniately rnoclclecl ¿rs:

T¡it : t,,; I t,j * gtt I n1,¡¿r¡¡ * bt¿Lt¡,i, (6.8)

r'vhcrcr

ú.,; is the tr.aveltirne fi'om shot point i to cizr,tum;

f,,; is the tr'¿rveltime from Leceiver. .7 to clatnm;

gt"t ts the norrnal two-wiry traveltime fi.orn clatum to

cDP bin Æ ancl the /th ho'izon. It refers to structural

¿ncl is c¿r,llecl the stluctural term;

a subsulface reflector at the

v¿r'iations along the horizon
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Table 6.2: Velocitv functions picked from velocity analysis.
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1t1'¡¡:r:¡¡ is the resiclu¿rl moveout th¿rt ¿rcconnts fol irupelfect NÌVIO moveout;

b¡t'y¡¡ is the r-esiclu¿rl moveout tha,t ¿rccounts fol closs-clip moveout.

Aftcl the cross-clip cor:r.ection, the ec¡rertion (6.8) can be lewlitten ¿rs

Ti¡t : T¡jt - l¡pl1¡,¡ : ú.,'; * t,j I grt f ttt ¡¡r¡¡. (6.e)

Hcrtr:c the existing convetrtiona,l lesiclual st¿r,tics methocl in tlle INSIGHT pacliage

r'¿ttì ìre applied clile<:tly ivith cnh¿urcurl accuracy (I(irn et a,I., 199-l), sincc ¿rmbiguity

assor:ia,1,trcl i,vith the closs-cliir is lcclucecl. To cletelrnine lesiciu¿r,l st¿r,tics, tr three stel>

urlgolithrtt is ilnolvecl: (1) picfiing tiurc v¿r,lne T¿¡¡ (2) cle<:ompositiou of T¡l into its

(iolllpollollts: source ¿r,rrcl leceiveL t<)Lms, stmctur-¿l,l telnr ¿'¡ncl lesiclu¿rl rnoveouts; (3)

zrpplit:atiort of thc clcrt'ivecl sonl'cro ¿tncl lccc-:ivel statics to its tr'¿rvcltirue.

A sn1;er fbicl ploglan b¿rsecl on the Rorrcn-Cl¿rclbout zr,lgolithnr (Ronen ¿rncl Cl¿rer'-

bont, 1985; Dzrhl ¿rncl Jettscru, 1989) in thc INSIGHT-4.0 pacliage \¡¿ìs nsecl to irn-

plern<:ttt lesiclrt¿rl statics. Iu thc algolithm, the tirne picliing is replircecl by the st¿rch

po\\¡el' rrl¿r'ximuln rnethocl. Tha.t is, the preliminary time shift of ¿ tlace is cleter.minecl

ìly mer'xirnutlL ct'oss-correlation r,vitìr ¿r. plelirninaly supeltla.ce, rvhile the plelirninaly

sttpcLtr-ztce itself is folmecl by st¿rchirg the NNIO collectecl tL¿r,ces in this CVIP gzr,ther'.

The pleliminaly time shifts zr,re appliecl to e¿rch tlace in this CN4P gzrthel, ancl a final

sttpeltlace is cotlposecl by stz'rcliing each trace aftel the plelirninaly time shift, ancl

it is closs-collelatecl with othel tlaces again in the gather to cletermine the final time

shifts. A st¿rclc trace is constluctecl ¿r,fter application of the final time shifts in the

CMP gtr,ther ancl this stacli trace is usecl as prelirninary supeltla'r,ce for the next CX/[P

gzr.ther-. Sultseclnently the time shifts for entile clata set can be calculatecl ancl they are
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Surface-consistent statics model
Here, I : surface topography, ,B : base of

weathering layer, D = datum to which static corrections are
made, R = deep reflector,j: shot station index, i = receiver
station index, k : midpoint location index, x¿ : offset
between the shot and receiver stations.

Figure 6.17: Sulface-consistent lesidual statics model after (Yilmaz,1987).
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then le¿rst-scpr¿ì,res clecornposecl into soulce ancl leccivcl tellns. The lesiclual st¿l,tics

then c¿r,n be erppliecl to thc cl¿l,ta set.

The plocessing florvch¿r,r't f'ol lesiclu¿rl st¿r,tics is illustlatecl in Figulc 6.18. Filst thc

Ni\4O collection wzrs a,ppliecl b¿rsecl on estinratecl velocity varhres, ancl subsequently

thc rcsiclt¿rl st¿rtics r,r'¿rs calc:ulatecl. Afïel these steps, thc' NNdO \4¡¿ìs removecl ¿lncl

t'crsichi¿rl st¿rtics wzls a,ppliecl to tlie cltltzr, a,ncl the velocity arì¿ìlysis was ca,Lliccl out

ztgrlin. Such steps wcrc lep(ì¿ìtccl thlce tirncs. Tltc ¿r,bovc applozrch n'¿rs f'ouncl to lte

vcrv offi:ctive ¿rncl plochrcecl ¿r, rntch irnprovecl snbsulf¿rr:c sr:isuric: inrzr,ge (see Figulcr

6.19ìr ).

6.2.6 Offset Lirnited Stack and Coherency Filtering

The fin¿rl plofilc r,vas obtaiuecl by stzrcliing the clata rvitliili ¿r,n offlsct limit of 5000 rn.

\4iglzrtion wzrs perf'or-mecl, bnt the cliscontinuous n¿rtule of tllrr leflectiorrs 1>r'oclr.rcecl

significar,ut conc¿ìve-up ¿r,r'tif¿r.cts r,vith this cl¿r,t¿-r,. Thus thc unnrigltr.tecl leplocessecl

scction is preseutecl in Figtile 6.19c zrftel application of the cohelency filtei'ing fol

display. It shows consiclelaÌ¡le irnplovenrents cornpa,r'ecl lvith the preliminzr,r.y plocessecl

plofile in Figule 6.1.
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6.3 Results frorr¡ r,ine 42 seismic Reflection Ðata

Tltc snllsttt'f¿rce structuLc ¿r,cLoss the Lev¿rclc Gneiss Complex (LGC) tou,¿L,rcls the

Abitil¡i glanite-gt'eenstone belts is optimally irnzrgecl ¿rfTer thc leirlocessing steps cle-

sct'illecl a.l¡ove ¿rucl is sirolt'tt in Figule 6.19c. Thc rnain fe¿l.tules of the line 42 reflection

scction iltc:litcle tht'ee ln¿r,jol loflc<:tions ¿lnrl tr, couple of rurititclpletecl erreltts.

The contact between the LGC and the cartier Granite

Tlic coltt¿rct betrveclt the LGCI aucl C¿rlticl gr-arrite irtnrsiw: r'oclis is ploba.bly zur

itittusivc iDtelf¿-Lr:e ¿r,ucl is rrr¿r,r'liccl in tirc seisnic plofile by ¿ur irr-linc czrst clipping

ct'(rllt AA'(Figrilc 6.19c). It iutclsccts the snlf¿rce close to the CDP r¡rrrrþer'3260,

u'ilich is apploxirrl¿tely 1.5 - 2 lirn nolth fì'orn the plesent geologi<ral l;ouncl¿r,r'v on thc

c:out1>ila,tioll m¿ìp (Dlcsslel ct zr,l., 1984). This is, lìolveveL, consistelt rvith the fielcl

tutri>1>ittg ca'rliecl out by Fuetcu ct al. (1992) u'ho lcpoltecl th¿rt the LGC/Cartie¡

gr':rnitc boriuclzr't'y is a cortple of liilometels nolth of its cnlleut irosition in the con-

pilzrtion map. Eveu thorigh the reflections tr,long the pro.jectecl inte¡face a¡e lot very

colteLettt, the tlenci of the cont¿rct is seen clealiy (Figures 6.1911 ancl 6.1gc).

The leflective pattelns in the LGC gener.ally valy frorn horizont¿rl to slightly sub-

holizont¿rl, aticl they change to e¿rst clipping on the r,vest sicle of the contact. Tlie

leflectecl enel'gy within the layer is probablv proclucecl l¡y the cornl:ositionally laye¡ecl

gneissic t'oclis. By meer'ns of courpression¿rl wave velocity ancl clensity measurements

to hych-ostatic confining plessr-rres of 600 VIpa for clrill coïe samples, Salisblry et al.

(1994) founcl that the LGC h¿rs velocity ancl clensity values zrs high ¿rs 6.b km/s ancl

2.869 f cnt'3 respectively ancl that the clensity v¿lue of the LGC is higltly variable. Al-
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though the zrverage t'eflection coefficient ¿rt tire nolite/LGC ltonncl¿u'y is lou, (-0.01),

clcnsity r,¿rt'iation in the LGC suggcsts th¿rt the Norite ILC+C zrncl LGC/C¿rltiel glzrnite

cont¿r,cts cr¿'¡n be stlong t'eflectot's loc¿rlly. This is consistent q'ith the obser.r,ecl leflection

pattet'us along the LGC/C¿-u.tiel glnnite bouriclzrly. The leflections fi'onr the contact

¿rle not ¿rs cohet'ent ¿rs fi'om seclimcnt¿rly coltzlcts, but they are locally stlong enonglr

¿rttcl the tleucl of the cout¿rct c¿r,n bc tr¿rcr:cl in the firral plocessecl plofilc.

I'igur.e 6.20 shorvs ¿-t scltt,'rn¿r,tic irlot of tlie plofilcs fol line 42 ancl the lelatccl pzr,r't

of liuc.{1. Flont tltc t'esults of linc -11 plofile, the lorvcl bouncl¿r,r'y of tlie LGC lics ¿rt

a,pproxiinzrtcly 2.3 s ¿r,t the nolth r:ncl of the lino 41 (Nlilkelcit, 1992). At thc sonth

cucl of line 42 thc l;¿rsc of thc LGC lies zr,t a,pploximately 1.3 s. The tr'¿rvel time

diff'crerrcc rnitv ha,ve lesnltecl fì'orn thc geogla.phic off.set of thc trvo lilrcs f'or' ¿lbout tcr

liilotnetet's (se<': F'igule 4.1). Ther thir:lness of thc LGC at the nolth encl of lilrc 41 ¿r,ncl

¿t the soutlt crtcl of line 42 ¿ìppe¿ìr's ¿rlmost uucha,ngecl. The in-lire clip of thc irrterf¿r,ce

is ilppt'oxiru¿ltelv 32" - 35" southe¿rstelly in the line 42 plofile. Tliis is stcepel theu

th¿r,t of the line 41 plofile (Figule 6.20). Accolcling to the closs-clip collection, the

closs-clip iu the shallow per,r't (0-1.6 s) of this por.tion is sonthrvest clipping rvith an

itppzr.r'eut clip z-r,ngle a,pproximately lzr.nging fi'orn 17.25' to 27o zrs it zr,pplo¿r,ches to the

south encl of the lirre.

Reflection event R2 - a major fault or shear zoneT

The most clistinct t'eflection event in the seismic plofile of Line 42 is the leflection

event R2 (Figule 6.20). It clips southeast extencling thr-ough most of the line fì'om the

CDP numl¡er 1860 on sulface towarcls the CDP number 4300 clown to the two-way

tirne of 2.5 s. It appears to be apploximately parallel to the interface between the LGC

ancl the Cartiel granitic intrusive r-ochs (event AA'). The reflection patterns acloss
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this event change rnalkeclly. Thelc is a rnain tlelrcl of southe¿rst dipping pattems in

thc hzrngirrgrvzrll sicle of the R2 cvcnt, but illegula,r' r'eflection pa,ttelns ar-e clisplewecl

in the footlvall sicle. On the geological compil¿r,tion nzrp there is no clistinct f¿urlt or.

str.uctrir'¿ll Ìtortnclzrry in the viciuity of the CDP nurnber' 1860. Thus the intcrpletir,tion

is c¿l,r-r'iecl orit r'r'itlt the ¿r.icl of a,rr ERS-1 (Ea,r'th Resoulce Satellite) SAR (Synthetic

Altet'tr,tt'e R.aclzrr') ¿r.ncl otirer' ¿r,ir'borne geophysic:tl inrzrges, n'hich will be clisc:ussecl in

section 6.4.

Other events

Two ttllinterplctatecl cvcìnts, r'cflection event 'i1 beloi,r' cvent R2 ¿rncl evelrt '12 il thcr

not'thern poltion of the line ¿-rt 2.0 to 3.0 s clepth ale plonlinent in the plofile 42. Thc

geophysicz-rl sigrtificzr,ucc of the convex-shapccl r.eflection cvent ?1 a,ncl thc south clippirrg

cvent ?2 is tirtcet't¿riu ¿rt this tirrre. Fol urole conviucirrg geologiczr,l intelplr:tntion of

these events, firlther'la,borzrtor'5, ¿rncl fielcl itncstig¿rtiou of the gcologic¿rl ¿l,ncl tectonic

evolution of thc.se lociis must be c:alliecl out.

6"4 The SAFL and Airborne Geophysical Sensor
Images

Silice no clet¿l,ilecl geological mzr.pping has been carriecl out in the northwest poition

of the Suclltuly Str.nctnr.e at the time of inter-pletation of the line 42 clata, the ERS-1

Synthetic Apet.tule Raclar' (SAR) image (Figure 6.21) along with a,ir-borne EVI ancl

magnetic clata rvele plocessecl ancl carefÏlly examinecl in the vicinity of the Iine 42

to help the interpreta,tion of the seismic clatzr (Nliao et al., 1994c). The fielcl survey

paratnetels ancl preliminarily processing of the C-bancl SAR irnage clata ancl the multi-
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pâr'allletel' ¿r'ilbolne geophysical clat¿r. ¿lle clesclil¡ecl in Appenclix D ¿urcl E respectivel;,

The main line¿lt'featnles that ¿r,t'c founcl in tlie SAR d¿r,t¿r inclucle the Purnphonse

cleeli fault (F1 in Figule 6.21) u'liich colr^esponcls to thc event R1 in the r.eplocessecl

scisluic leflection plofile (FigLu'e 6.20), thlee nolthwest stlihirrg clilies in the nolthc¿rst

col'Iìel of FigLrle 6.21 ¿lucl thc rna.jol nolth stlilcing Fecruris L¿-rlie F¿r,ult. In ¿rclclition to

thesc', thelc ale tno oth<:t'distinct linc¿l,r'f'e¿r,tnres on the SAR. ìnra,ge r,vhich intclscci

with thc noltlteru poltion of thc seismic line 42. Oue is the llo¡thrvest st¡ihing liuc¿rr'

fir¿r,trtt'e F2, ¿urcl the other is ¿r less uoticc¿r,blc line¿r,r'fe¿r,tule F3. This fe¿rtule is olicntecl

northe¿rst zlucl pzrt'zlllei to tÌre Nolth Ra,uge ling- stluctrire of the SIC. The F2 has thc

¿ìPi)e¿ìf¿ìù.cc of ¿r, mzr,.joÌ stlnctnr'¿ll f'e¿l,turc snch as ¿r, rn¿l,jor fil,ult ol shca,r' zone l¡¿rsecl

olt tlte snlfircc explessiorts. It c:ttts thlough the SIC stmctnle i¡r1tl¡'i¡g a, post-irnpzrct

oligin. f3 irr the SAR iura.gc a,lso rnzry be ¿l fault ol she¿r.r zone. Both F2 ¿r,ncl F3 h¿-¡r,c:

sttlface explessions of lrzljol suJ,rsi-u'f¿rcer stmctut'¿rl ltouncl¿llies, one of rvhich shorilcl

cotÌesponcl to the ma.jol leflection event R2 in the replocesseci line 42 seisrnic pr.ofile.

At shallou' clepths (0 - ls) of thc lepì'ocessecl serismic clatzr, the leflection event R2

is rn¿:¡inlv sor.rth clipping rvith ¿-r, slight west clip (0' - 5.7'closs-clip). But ¿s clepth

incleases, the event becoures southeast clipping r,vith ìn line clilt of zrppr-oximately 35o

e¿r,st ancl cross-clip of approxintzttely 11.2o south. The neaL suLfa,ce expression of the

leflection event R2 seetrs to align with the northwest stliking featule F2 in the SAR

irnage (Figur-e 6.21). But at glea,t clepths, the attitucle of the leflection event R2

¿lppears correlate to the line¿-rl featule F3 in the SAR image. It is also possible that

the reflection event R2 is a lesult of a latel shallow tectonic event associatecl with

the sulf¿'r.ce feature F2 in the SAR image superimposecl on the ear'lier cleep southeast
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clipping stmcture rvhich oliginallS' h¿rs a sulfacc explession ¿rssoci¿rtccl rvith F3 iu thc

SAR imzrge. Geological interplet¿rtioll of the rnajol events F 2 ¿rncl F3 r.eqLiir-cs fur.the¡

cìet¿rilecl fi elcl investieations.

Ex¿rrnina,tion of the ¿r,irbot'rtc-' nra,gnetic ¿lncl ENI total fielcl ¿urcl qnercha.tnle clerta,

togcthcl r,vith tirc SAR iurt-r,ge (sce Appenclix D ancl E fol thc SAR ¿urcl ¿lir.bolne imzrge

dzrta, processing) inclic¿rtes that thc thlee cli¿-r,b¿rse clilies in th<r noltheast corrìel of thc

SAR, irnagc m¿l,tch rvcll with tlte liuc¿rr ¿r.nom¿r,lies in the mzrgnetic ¿rrrd EN,I clat¿r. Evcnts

F1 ¿incl F3, ltowever', clo not coittcicle'uvith etny of tlie liue¿rl ¿norn¿r,liesplornincnt in ihcr

¿tit'llolrre gtlophysica,l cl¿l,t¿r. Tltet'e is, hourevc-'r', er, rna,jor' lirrc¿rr' ¿uro¡t¿ì,h¡ u,ith i¡rce¡t¿ri1

sigrtiflczr.uce in the mzrgnetic cl¿-r.t¿r. lvhich lies a feu' hunclrecl lnctels rrolthrvcst of the F3

u'ith s¿r.rne olielttatiou. The evcnt F2 cloc¡s riot exz-r,ctly coinciclc lrrith ¿1, liue¿:r,r ¿uoma,ly

iu the ¿r'ir.l¡ollte cl¿l,t¿r. The t'esohitiolr of the a,ill¡olne nra,grretic ¿r,ncl ENzI rl¿t¿r, ¿lre rnncir

lor'r'eÏ th¿m th¿lt of the SAR clzrtzr, lvhich c¿l,rr sonretimes lcsult in l;ro¿rclcr' ¿ì,ppcl¿r'¿ìnces

th¿-lu tli¿r,t of lc¿rl ¿rnonr¿-r.lies in mzrguetic: a,ncl E\¡I iruzlgcs, u'hile tirc SAR, imtrgcs clisplar.y

mttch fineÌ featrtt'es. It is, thelefole, uncelta,in r,vhethe¡ the we¿llcer- lile¿1,r. a,nom¿lies

irt the ¿-r.it'ltolnc geophysicz.r.l clat¿r. clo collel¿rte with the event F2 in the SAR irnelge.

Of coui'se not all lineal fe¿rtules in the ¿lirborne geophysical clata corresponcl to mafic

clilies in the are¿r. Some f'eatules shorvn iu the EIVI clir,ta, fol exzr,mple, clo not match

r'vith rnagnetic anom¿rlies. They ale pr.obably noise proclucecl by rn¿r,n-macle srlucrufes

snch as po\,vel lines ¿r,ncl ra,ilroacls (see Appendix E).





Chapter Y

The 1Ä/avelet Tbansfonm and
Application in Seismic Ðata

Processång

7 "t ïntroduction

7 -L.L conventional Approaches for signal Analysis

Fourier analysis.

The Fouliel tr'¿-tltsfolm (Papoulis, i962), r,vhich clecoruposes a time series into or'-

thogonal fi'ec¡tettcy coilrponents ol' vice versa? has been r,viclely usecl for geophvsical

cla.tel plocessirrg f'or ltt¿rny yeaïs. Not only is the Fouliel ana,lysis techniclue of fnn-

clamental impot'ta'ncc itt ma,ny ¿r.re¿rs of sciences zrncl engineering, but it also has a

significant pliysical intet'pletertion. In aclclition, the clevelopment of the fast Foulier

tr-ansfor-m algolithm has m¿rcle the Foulier. analysis very a,ttractive ancl useful, mainly

because of the orthogonality propelties of the Foulier series ancl of its simple exp¡es-

1Ð4



sion. Horvever', rU)on inspection of the Fouriel tlansfolrn formul¿:

F(u) : 
.[]_ f {r,)"-o''..,r,

one untst notice th¿l,t the Fouliel tlansform extracts pelioclic signals fi'orn

.f(t) of infinite time clur'¿ltiolr a,ncl the fì'ec¡rency infolmation can not be

u'ith tinrc loc¿r.lly. Onc c¿r,n only ¿urzrlyzc ¿r,ncl ploccsFi sigrrals in cithcl tirnc or

clorn¿r,in.

Short Time Fourier Transform.

t(
G 

^,t,(.f ) 
: | .f (t)"-o'' tL^(t - I))dt,

J_æ

r,r'here g(t) is ¿r. G¿r,ussi¿ln fnriction,

ft c:otnpetrs¿r,te lbl the inability of the Fouliel transfolm to cle¿rl rvith tirne-fiecllrctcv

¿rrr¿rlysis of uon-st¿-r.tiouzlr'y tinre sclics, the Sholt Time Fr¡nliel Tr'¿rnsfbln (STFT) r,vzrs

developecl. Onc such typir:¿r.l STFT is the G¿r,bor tr'¿l,lrsfornr, ¡r,hich is clefinecl as (Chui.

1 992 ):

1ÐÐ

(7.r)

¿r function

associ¿'r,tecl

fi'cqriency

(7 2)

rt (f\ - - 
j-,n_ 

tt ¡'tn.../cr\"/ 2ú(A"

It is also c¿'¡.llecl ¿-r, r,vinclow fïrnction (in othel for-ms of the STFT, the G¿l,ussi¿r,n functiou

is leplzrcecl by othel winclor,r' functions). Thus the Ciabor transform loca,lizes, or.

rvinclows, the Fouliel transf'orm of a signal /(f) alonncl t : b. The wiclth of the

r,vinclor,v is cletelminecl by a fixecl positive consta,nt cr. In all of the STFT methocls

thele is vely unclesirable computational complexiiy when nallowing of the r,vinclow

is lequirecl fol goocl localization oi- when wiclening of the winclow is lequirecl for

proclucing a rnole global pictule (Chui, 1992).
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7.L.2 \Mavelet TYansform-A New Approach

R.eccutly, :t cornplehensive founcl¿l,tion of the u'¿rvclet tr'¿rnsform (\,VT) has been

clcvelopccl (Dzr.ultechies, 1990 ancl Chui, 1992) ancl has becorne zr, powclfnl tool irr

itthomogeueous fi'act¿rl physics, in tulbnlence phase tlzrnsitiorr, ¿rs u'cll as in tr¿rnsient

sigrral a,ncl iura,ge plocessirrg rlisciplincs. The clistinct aclvelntage of the WT ovcl the

Foitliel tt'ansfolrn is th¿rt the WT has thc capzr,bility of cornl¡inirrg the fcatnles of

lroth tinre u,ncl fì'eclucnc¡r infolni¿r.tion. Orrc fe¿:r,tule especizrlly rvolth ureutioning is

tre¿'r.trncnt of tt'a,nsient effccts ¿l,ncl eveuts. ¡\ fLrlther' ¿Lclr'¿utt¿rge of the WT r,vhich

clistirrguislies itself fi'orn a,uy STFT is its zoom-in ¿r.ncl zooln-orit capability. Unlilie

1,ltc G¿rl¡ot' tr'¿lusfbt'ln in rvhich the u'iclth of the r,virrclorn' is fixccl, the \\¡T ioc¿rlizes

siglals in ¿-l v¿u'i¿'¡l¡le r,vinclou' govclttiug ìtt' ,¡,1iL-r,totl p¿ìt¿ì,nletcl a (u'liich u'ill cliscnss

lar,ter'). Hencc the szrrnplirrg la,tc is highcl fol high fï'ec¡rency colllponents ¿urcl lor,vt:r'

fol loli' fì'cc|renc1, cornponents.

Seismic signa,ls aLe char'¿tcterizecl by their tr'¿rveltime, fi'ecluency ch¿rr'¿r.ctelistics, a,ncl

phase infolma,tiou, ancl ¿rs r,vell ¿rs cohelent noise (Shelifl ¿rlcl Gelcl¿rrt, 1986). In

seislnic clata plocessing, it is often necessaly to cally ont time-evolution frequen-

cY analysis for which conventional Fouliel analysis is not sriit¿r,ble. Nonstationaly

plopelties of a seismic w¿rvelet can be cansecl by clisper.sion, attenuation ¿r,ncl other

nonline¿rl processes which valy r,r'ith fi-ecluency ancl time simult¿r,neously. The lVT is

r,r'ell suitecl for such problems ancl has a potentially por,verful application in seismic

clata processing.

The algorithm for- implementing the lVT varies clepencling on whethel the basis

r,r'avelet function chosen is ortltogonal ol non-orthogonal. For the olthogonal !VT, a
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fast algolithm conjunctecl i,vitli the multilesolution analysis w¿rs clcvelopecl zr,nd callecl

thc olthogon¿r,l multilcsolutior anzrlysis (\zlallat, 1989; Vleyel, 1985,1896). In zrppli-

ca,tious, przrcticzr,l implement¿tion of thc tr'¿lnsfolrnation is pelfolnrecl ltv using a, basic

filtel Jr¿r.rrii (n-ts(a*T), ms(u *r)e*i'), whele rn6 is a low-pass tr'¿rnsf'cl firnction ancl

nì¡ is zr liigh-pass function. They ¿r,r'e ¿r,lso c¿rllecl cluerch'atule filtels. Thc wavelct func-

tiort c¿ur be derivccl fi'out thern. Hou'crrrt¡r, the irlgolithnr irnPoses the reconstluction

cottclitiol of lrno(ø)12 * lnz¡(ø a r,)l' : 1. This oltirogonzrl lel¿rtion is vely stlici fol

filtr:t' clesigus. Frtt'thelrttore, it is iurpossiblc to fincl a srrch fìltel lr0(ø) u'itll flnite

itttpttlsc lcsjpollse (FIR) ¿r,ncl liuc¿rl phasc ¿rt the s¿r,mc tiruc (Fcz'r,i,n'carr, 1992). Fol thcr

trort-oltltogonzrl WT, the a,lgolithrns ¿r,r'e r,¿rlia,ble clepcucling orr cliff'elerrt r,va,velet func-

tions, ¿r,ltcl ¿t, fzrst zr.lgolithnr lbl ilrplcrncntatiorr of the non-olthogouzr,l WT lern¿-L,ins

unclci' iuvestigzrtiorr. Ðven thoirglì tlÌc WT ltas l¡ecolnc vcr.y Popul¿tl in the ina,gc

plocessing fielcl, zr,p1>lic¿rtiou itt seisrnic clzrtzl plocessing is lcl¿l,tively neu,. Bec¿ltse thc

populzr,r'ly clerrclopecl r,r'¿r,velet fituctions iìro colrì.pzrctly suppoltecl olthogonzrl r,v¿rvelets

u'hich ¿rle urostly rrot symrnetlic or' ¿l,nti-syrnmetlic, such as D¿l.ul;cchies r,v¿r,vclct, theil

nou-liue¿lr'pirzrses clca,te clistoltion ploblems ¿r,fter the WT. This is nnclesir¿rble r,vhen

sul;secptent cl¿l,t¿r plocessings ale lec¡rilecl. The non-oi'thogonal WT pt'ovicles ¿-r. bettel

choic:e since it behaves lilçe ¿r linear.pherse filter.

hl this chapter', the \,\¡T theoly to expla.it the lel¿r,tive plopelties of the WT ¿r,ncl

rv¿r,velet firnction is intloclucecl fir'st, which ale essential fbl unclclstancling r,vhat hincl

of r,vavelet shoulcl be selectecl for each incliviclual zr,pplication (this is also the cliffelence

between the WT ancl any other transformations, in which the operz-r,tors a,re usually

nnchangecl). Then a non-orthogonal WT using the Nlor-let wavelet function for testing

with seismic cl¿r,ta is cliscussecl. The Nlor-let r,vavelet is a continuous comÌllex w¿rvelet
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functiori, horveveL, it is cornpactly snppoltccl ¿rncl rvell loc¿-r.lizecl in timc ancl fi'ecluency

clom¿rius. Wc cxplole ¿-rlcl tly to proviclc insights into cet't¿riu pr'opelties of the tr'¿rns-

fblrn ¿rlcl its ph5,sicai mezrnings in digital signzrl analysis. Applicatio¡ of the WT is

stucliecl ¿¡ucl tcstecl rvith both synthctic ¿r,ncl le¿r.l cla.ta to a,nzrlyze the timc-clepenclcnt

fì'r:qucncy f'c¿rtulcs of seismic cl¿l.t¿-¡. A utethocl of supplessing cohclent noisc stch ¿rs

glolurcl loli is clevelopecl ancl zrpplierl to the Suclbur-y reflection line 42 ¿rs rncutioltccl iu

thc Cirzrpter' 6. Thc purpose of this stucly is to see horv the WT c¿ru zrppl¡, to scrisniic

cla.ta, plocessirrg zr,ucl lvh¿rt liincl of effects it u'ill h¿rve.

7"2

7.2.L

The \Mavelet Transform Theorv

Continuous \Mavelet Transforrn

The Forward'Wavelet TÏ'ansform.

The rv¿rvclert tr'¿lnsf'ot'm of a continltoi"ts siguzrl ,9(ú) is clefilrecl as ¿ìr. irncl plocluct in

Hillrclt Str¿rcc of thc -L2 rrorul:

I,V"(ct,b): (ttk,,b), ^9(f )) : + .l 'rrt|)t{t) rrr,

vtat"
(7 3)

r'vlrele ¡rtu'tt) - k,l+ h(+) is a farnily of rv¿rvelet functions, genelzrtecl fi'om ¿r, mother

lv¿rvelet thlougir ciilation, cleterminc:cl by the par.a.metel r¿ which govelns fi'equency,

a,ncl shifi, contlollecl by the par-ametel b which cletelmines position tlanslation

¡r(a,b) {7 h(t)
clilation a ancl shift b

The family of the wavelet functions /¿(o'ò) constitutes the l¡asis functions for the WT

ancl the WT tlansfers signals from a one climensional spâce of ú to ¿r, two climensional

sp¿Ìce of (u,b).
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The rnothel u'¿rvelet firnction /r,(ú) rnust ìre el sclua,r'e integrable function ancl satisf¡':

c,, : I d.,rlul-'lÂ(r)1, ( oo, (7.4)

rvheLe /z(or) is the Forrlier tlansf'orm of h(t) (Daubechies, 1990). This conclition le-

clttit'cs th¿rt rvlicn the fi'ec¡ierìcy ¿ìppro¿rclìes 2il1'e, the Foru'iel tlansform of the u'¿r,r'clct

firnction umst ¿l,lso zr.pplozrch zelo.

The Inverse \Mavelet Tïansform.

The invelse \\¡T is clefint¡cl ¿rs:

.9(¿) : c,,,-tJ# 
lrlbl,v"(rt,b)tt,G,,r't-c'r,-, l'# lat.¡r(t,b),^9(t; ¡¡t",r,t (7.5)

Tlrrts ¿r fiutctioti 5(f) czr,n be leconstLuctc,:cl using the invclse lVT fi'oln I4i,(u,,0). The

l¡¿rsis fïnctiolts clcfinecl irr the Hilbert sp¿ìcc ¿rlc. usu¿r,lly olthogona,l. Horvevcr', in thc.

fi'¿l,mervor'1i of thc !\¡T, the b¿rsis functiorrs ¿u'c not lec¡rilecl to bc olthogorial, rrncl the

coefficieuts ¿r,r'c not zrlways leclnirecl to be inclepenclcnt to each other'. This le¿rcls to

the theoly of the fi'alne - ¿rn a,lternativc to thc olthogonal basis functions. It has

lteen plovecl th¿it el.en r,vlten the basis fïrnctions ale not nrutually olthogorrzr,l bnt ¿ue

"ovel'comi)lete", the b¿rsis firnctions can be a goocl fï'¿rme fol clecompositions of any

signa,l function in the Hilì¡elt sp¿ì,ce (Dzr.ubechies et erl., 1986).

7.2.2 Discrete \Mavelet Tþansforrn

In ¿-¡ cliscrete tirne-fi'equency space (the tirne-fi-equency space is also callecl the phase

space), one can cliscr-etize the clil¿l,tion pa.r'ameter r¿ as ct, : cLl6', r,vhele as is a fixecl

clilation step c,6 ) 1 ancl rn is an integer, ancl talce b as ó :nbo(rl|', where ö6 is zr, fixecl



tla,nslation step (ös > 0) ancl

given w¿rvelet alc then clefinecl

i60

is an integer'. The cliscletizecl l¡asis functions of ¿r

\t,,,,,,,(t) - ¡r(ao"'."bo"o*)(ú) : (q-"'l2l¿(,ro-"' t - nbg). (7 6)

Lisrr¿rliy n0 is tttlictt its 2, in rvhich c¿ìse rn, is c¿rllecl oct¿lve. \Ã¡hen n"r ) 0, the rv¿rr.elet

s1;r'circls out, r,r'hcn rn ( 0, the u'¿l.vclet shlinhs. For ¿r finer clivision of the clil¿l,tion

palarneteL, thet ì>irsis fìinctious c¿ur lte clefinecl as:

It:i(t): a6-* /¿1r¿o-* ¿; j:0,I,2,...../V-1 (7 i)

utltcLc Àr is the uunrl;cl of "r'oices" pel octave z'r,ucl.7 r'eplesents ¿1, voice. By cornbining

cclrrzr,tions (7.6) erncl (7.7), the basis functions c¿r,n bo rvlitten ¿s

t^L

¿ìs

\i,,,.,,(t) - n¡-* h,,,,.,,(as** ú) :6¿6-* .rr,¡-î /r,(¿o-(",,+ç) t - nbç.),

r,vlrel'e nr:0,+L,+2,......, i-urcl .j :0,I,2,.....1V - 1.

(7.8 )

Figule 7.1 shorvs an exalmple of the phase sp¿ìce l¿r.ttice u'heLe the time ancl fi'e-

clltetìcy lelatiorrship associi--r,tecl r,vith each sa,mpling point is explainecl. The veltic¿rl

axis r.eplesents fi'ec¡,tency ancl the horizontal axis r-eplesents time. The szrmpling rate

in tirne is Aó - (10"' Lr¡, ancl the fi'equency intelval betr,r'een neighboling octaves is

A.¡: uscts-n¿((tlt - 1), r,vhele ø6 is a const¿rnt associatecl r,vith tlie mother- r,vavelet

firnction. Flom the schem¿rtic cliaglam one can obselve thr.ee fea,tules of the sampling

lattice corlesponcling to the \,VT apploach. Unlike the conventional Fourier tr'¿r,nsfor'-

m methocls, the fi'eqnency is t.ept'esentecl in a logar.ithmic scale. In contrast to the

STFT in which the time-frecluency sampling winclow is rigicl (Chui, 1992), the tirne-

frecluency sampling r,vinclow in the lVT is flexible. When ¡n ) 0 the samplirrg interval
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Figule 7.1: Phase space lattice collesponding to the u'avelet transform. The øo is a

constant associatecl with the rnothel wavelet, (rs:l and Î¿ is assumed to be e\/en.
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is coalser', ancl r'vhen rrz ( 0, the sampling intervzrl becomes smaller'. Therefore the

szrmpling lesohition is highel fol high fi'equency compolterts, zr,ncl it is lowcr for lor,v

fì'eclltc-'nc;, componcnts. This is zr vcly cfficieni rvay fol infolnr¿-rtion Lcprescnt¿r,tion fol

zury l,1t*. cl¿r,ta stolage ancl plocessing t¿rslis ¿rrcl fol the time-fi'cquency zrna.lysis of ¿r

sigual u'ith both high zrncl lorv fì'equency cornponents.

7.2.3 The \Mavelet Functions and Properties

Since the Jr¿rsis fìurctiorts ¿lre lv¿r,vc'let functions, thc \\rT ¿rlr,v¿ys clcpcncls on the selcc-

tion of the luothel rv¿¡velet. Uuclelst¿r,ncling tire plopclties of th<r rv¿r,elct fìrrrctiolls is

tliercf'olc vct'y import¿r,nt f'or thc selection of ¿r, ploper rv¿lvelet fbl specific zr.ppliczr,tions.

Localization of the WT Representation

Ortc of tltc impoltant plopelti<,.s of tlie \\¡T is localiz¿rtion of the WT coefficients

fol sigrtzrl t'eplesentation. A w¿rvelet firrrction is c¿l.llecl "u'ell loc¿l.lizeci" urhen only

tlrose rrz, n, fol r,r'hich {+rr0-"' , trtr0"'bs} lies in ol close to [-f), CI] x [-?, T] play zr.

significzr,nt lole in leconstniction of the signerl ^9(t) (Daul¡echies 1990). Hele [-?,?]
ancl [-f), Q] ale title ¿rncl fï'ecluency ïanges lespectively. A wavelet function can only

lte "esselttially" r,vell loc¿lizecl, beczr,use no one function ancl its Fouliel transfolm ¿rle

both conpzr,ctly suppoltecl.

The conclitions which ln¿¡ire ¿1, wavelet function well loc¿r,lizecl ¿r,r'e c¿rllecl cleca,ying

conclitions. They ale clefinecl by the following theorem (Da,ubechies, 1990).

Suppose

hn,,,,(t) : rr1"' /t lr(ao"'t - n'bs)

constitutes ¿r frarne with frame bouncls A ancl B, ancl its clual fi'ame ¡ñ* (tt " ¿u-
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erlitlr þ¡¡oueen h,,,,,, and [,o is expressecl as: fol zrny given firnction / zrncl g in the

Hill¡elt sp¿ìcc, (.f ,.q) : D,(.f ,t,.^:,)(1r,,.,,g)), then a given fnnction .g(f) € -L2 can 5e

r<,'coustLuctecl lly its ilutcr' 1tt'oclr.tct r,vith the fi'ame h,,r,,, z-ulcl the dLral fi'¿rne lÇ, as

,9(¿) : Ð Qrl,) (lru,,,,, ^g(ú)), (2.9)
ùt,n.ÇZ

tvltcl't: : is 1-D iutegel sp¿ìce. Assrrming thc I'orrriel' tr¿r,nsf'olm of the nrother u,¿-r,velct

ñ(ø) strtisfics:

li'liclt: /J )

r1alþe*rz¡-(a+Þ)t2 (2.10)

> 112 thc mothel u¡¿r,velert itself h(f ) s¿r,tisfies:

+ P)1lt¿(t)|', < oo (7.11)

06(

of Z')

¿ì

e

l¡,tr)l <

0, a ) 1, zr,ncl f'ol sorne i,

I rk(r
.l

tinre lerrrge 7 > 0 ¿r.ncl

Thelc theu exists a finit

thzr,t, fbr' ¿r,11 S(Ð e L2,

for' ¿r fixcrci

(:ollst,ant.

spzrce) sriclr

flec¡rcncy lange 0 <

subset Br(T,Oo, flr )

O, i,r'herc 0s is eì,

(the 2-D integlzr,l

l^e(¿) - I ll- t tt, q/+\\ 
|\.''nt.tt .t V vnr,?¿ ) - \') / | --+ Vel'y Sfff ¿l,ll V¿l,lUe.

rrr,n6,/36(?,O¡,f)1 )

This is equal to the phase sp¿rccr loc¿r.lization. Ecprzr,tion (7.10) a,ncl (7.11) ar..e r.espec-

tivcly the clecaying conclitions f'or the Fourier tlansfolm of ¿r. r,r,¿¡velet fnnction ancl the

rvavelet function itself. Holvever', r,v¿r,velet functions r,vhich szr,tisfy thesc tivo conclitions

¿rle oftelt not orthogonz-r,1.

'Wavelet Functions

Tllere ¿ìt-e several kincls of wa,velet functions which are suitable for normal appli-

cations. Among the common orles ar-e the N4exican Hat wavelet, the iVleyer wavelet,

the Mollet wavelet, ancl the Daubechies wavelet (Daubechies, 1gg0; Sheng ancl Szu,



1992). Sonre of tht'se r,v¿rvelet fïnctions ale olthogou¿rl s'hile othels ar-e not.

h¿ve cliff'er.ent useful ltlopelties clcpencling on zrppliczltion.

111ID4

They all

(er). The Meyer wavelet- To clelive olthonolrn¿r.l r,vavelet b¿rsis functions, ilde;'e¡

collstntctecl ¿r, ¡r'a,r'elet fuuction (lVleyer', 19S5-1986). The Forrliel tlausfblnr of the

Nleycr' \rr¿ì,vclct is clefinecl as:

H (r) : ro'/' #Q @) + Lr Ç't)), (7.12)

llrhcLc:

Ir (c,,,)

0

sirr j'r,(f - 1)

cos*¿,(P - f lz '/tT

u(a):0 fbr'.,.' < 0,'rr(ø):1fbl u ) 7, zrncl ¿(ø)*tr(1 -r¿):7foru € [0, 1]. Figure

7.2 shorvs thc r,v¿rvclet anci its I'oulicr tr¿r,rrsfblln. The Ndeyel r'v¿l,rrelet is zr, lzrlgr:ly

sttppoltccl ¿lncl ot'thonorln¿ll r,vavelct It is syrrnuctlic bnt not cornpzrctly srrppoltccl,

thus it is not suit¿tble rvhcn goocl iocalization is lcquilecl.

(b). The Daubechies wavelet- Bv givirrg ¿r set of constlaint c:onclitions f'or

quzr,ch'atrtle filtct', D¿l.ul¡echies constluctecl ¿rnother olthonolma.l clisclete u'avelet func-

tions (Da,ubechies, 1989). Figure 7.3 shor,vs the glaph of the Daubechies ¡,v¿r,velet ¿r.ncl

the moclule of its Fonlier tr.ansfor-rn. There ¿rle two featules in the gla,ph. I'ilst of z-r.ll,

it is not regnlal. It is founcl orit th¿r,t the suppolt u,iclths for w¿rvelet functions incle¿rse

linear-ly r,vith theil legulzrlity. Thus highly compactlv-supportecl wavelet functions ale

usuallv less regultrr. Arrothel featnre is the laclç of any symmetry or antisymmetly

axis fot' the wavelet. It is also hnown th¿r,t thele exist no compactly-supportecl orthog-

onal w¿rvelet bases in which the wavelet function is eithel symmetry ol antisymmetly

" 

i-!ï:f 
- 

)
-I-t
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Figure 7.2: TIte function of Lhe Meyer wavelet ar-rd the mocìule of its Fouriel transiornr.

(a) The N4ever. rvavelet function; (b) the moclule of its Foulier transfortn.

a¡ouncl ¿ny a.xis (Daubechies, 1989). HoweveL, the Daubechies wavelet is an excellenl,

compactl5,-supported and olthonormal wavelet. Based on it a fast algorithm was cle-

veloped, a¡cl it is popularly used in many image processing problems as long a,s the

non-lineal phase produced by non-symmetry of the wavelet does not affect processing

tasks.

("). The Morlet wavelet- One of the useful non-olthogonal wavelet functions

is the Mollet, u,avelet (l{ollet, 1982). It is a continuous and cornplex wavelet. l'he

clefinition of the N4ollet rvavelet and its Fouriet'transfoltn ale:

h(t¡ : trï ç¿;kot - "-+)"-* ,

- r -( u-an )2 kn2 -2
H(.) :'tT-;- ("- - .--- ¿--T ),

(7. r3)

(7.r,I)

t ) x!
wh.ele Æo: î (t,r2)t.
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Figure 7.3: The function of the Daubechies wavelet and the module of its Fouliel
tt'ansfor-m. (a) The Daubechies wavelet function; (b) the module of its Fouriel tr'¿i.ns-

folrn.

a.

ba

Figure 7.4: The '-eal palt of the N4ollet
leal part of the Mollet wavelet function;

wavelet and its Fourier transform.
(b) its Fourier tr-ansfolm.

(a,) T'ìre
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The glzrph of N,iollet wavelet is shown in FigLrle 7.4. The negative telms i¡ ec¡ra.-

tions (7.13) tr,rrcl (7.14) assule that the spcctmn clecays to zelo rvhen the fi'ec1uenc1,

elpplozrcltc's zet'o. This w¿rvelet is not olthogonal ìtut compzr,ctly suppoltecl in Hilbe¡t

SPace. The r'¿l,tio of the fiame bouucls fol the Viollet w¿'¡velet is close to 1 r,vherr ploper

para'tneters of lV zrncl ôe a,r'e choscn (Dzr,ubechies 1990). Thus, even though tlte N¡Io¡let

rv¿r.velet is not oltltogonzrl, it is ¿r,rr r:rcelleut ¿-r.ltern¿l.tive fol the olthogou¿-r,l b¿rsis. It is

¿-rlso uoticcd that the Fouliel tr¿r,nsfolrn of thc N¡Iorlet rv¿lvclet h¿rs llo imagiltr.r.y pa.r.t,

hcnccr thele is uo phzrse clistor.tiorr intloclucecl clulirg ihe wr.

7.&

7.3.L

Application of the \Mavelet Transform

Non-orthogonal wavelet Approximation Algorithrn

The N4ollet t'¿rvelet fïrnction r'vas selectecl ¿rs the basis fïrnctioll fol tcstirig of the

WT u'itir leal seismic cla,t¿1,. Tirc sclectiou u'¿rs rn¿rcle aftel c¿l,r'eful consicler.¿rtiolr clf

its pr-opclties of compzrct support, Ia.cli of phase clistoltiou, arrcl loc¿rliz¿r,tion in botlr

time ¿rncl fi'cc¡tettcy space. The WT intcglal is approximatecl by the Runge-IiLrtt¿r

a,lgot'ithm, ancl the inverse WT is basecl oil. ¿ìn apploxirnzrtion folmula clelivecl by

D¿r,ubechies (1990) as followiug:

5,,,,r,.o,. : ,+OI ñ,,,,,, I 11,,,,.,,, S ),
'- | " t.¡t,tI.

(7.15)

wlrere I hn",,,,S > is the inner pr-ocluct of the r,vavelet function lz-,,, r,vith the signal 
^g

(it is also the WT of the signal S), ancl A ¿ncl B ar-e the frame bouncls of the wavelet

function. If the parameter-s 0¡:Q.9, (Ls:), ancl 1V:4 are chosen (see ecllation (2.8)

fol cletail), the ratio of A to B for the Vlollet wavelet is equal to 1.0006 (Daubechies,
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1990). Thris the forrnula (7.15) becomes a goocl apploxinationfol the lccoustlr.rction

equation (7.5) (Dzr,ubechies, i990).

The f¿lnrily of lv¿vclets usccì as the opclz-r,tols of the WT is shourn in F igule 7.5.

Figule 7.6 shou's tltc clecotnposition of a scisuric tl'Acc-' into cliff'clent b¿rucls usirrg the

\\¡T. The originzrl signal is siror,vn in the micldle of the plot. The 33 tr.¿rccs in the

lIPpel h¿lf of tltc figulc sitow 33 octave b¿rncls of tire u'¿r,r'clet tla,nsfollnecl cl¿r,ta of thc:

origirral signtll. Thc oligirr¿r.l tl¿rce is shown iu the rniclcllc of the figr-rlc. Fol clisplay

pllr'po,scsj, thc tr'¿rccs ¿ìre rìoml¿ìlizecl. Sin<;e n6 is 2, ciiffelent v¿r,hics of rn lcplcsent

cliffelerrt oct¿r,r¡es as dcsclibecl by the clefinition in ec¡rntion (7.a) ¿r,ncl e¿rch or:t¿r.r,e is

clivicleci itito ¿r ltttnrbcl of voices r,vith ¿r phvsiczr,l rneaning sirnilal to thc one in mnsic.

In this cxtr,tnplc, the oct¿r,vc nì r¿ìrlges h'oln 0 to 8 ¿rncl the nnrnl¡el of'r,oiccs is 4. The

tr'¿lc'.c utith <,¡<:t¿r,te l¿:0 h¿rs the fincst lesolntion ¿lucl the olie r,r'ith oct¿wc n¿:8 h¿rs

thc co¿r.r'sest resolutiou, r'r'hich ¿rlso h¿rs the lorvest fï'ecßrcncy. Tlle tr'¿l.cc ¿rt the bottorn

of the flgnle is the lccoltstLuctccl one nsing the WT.

Figtile 7.7 shorvs cotnpa.r'ison of the spectlzr, of tire leconstructecl tr'¿rce rvith th¿rt of

the oligina'l oric. Both the Leconstluctecl tr'¿rce ¿-r,ncl its spectmnr are alrnost iclerrtical

to tlte oligilz,rl tr'¿r.ce ancl its spectmm in evely clet¿-r,il. This sterns fi.om the pr.opelties

of the NIor'let \,v¿ìr¡elet, i.e., when ploper value of ô6 zr,ncl lV ale chosen, it ser-ves as a

goocl fi'zrrne in the Hilbelt space.



Figure 7.5: The family of the
The octave lanqes flom 0 to

Mollet wavelet used as

8 (rn:O,1,..8) and the
the operators in
number of voice

169

Octave

the WT integlal.
is 4 (N:4).

B

I7T
7

I6ã
6

1sî
5

1,2

ol-!2

I2T

1

12

I
2

n

-!--_

---ì#

-¿--¿

-=

-Ð
-d

-.

E.-
E-.--t

,Ãá.4
-------¿ ll
:"-r /
È-.-- -¿ù_/,/
*\--1./

*¡ll /.^,//

b.-_ -E- ---
a----
ht---hVM

-----.-
--ù ,d-ú--

.4 la-

.t/

v
Y

t'
I



170

E

--
r-

=---€--\--- l^\-Y
\\-/^\L\Êr RL^.^-/<ffi

,^t-,\-^ \_--..

-^-A-¡----1/i-A

Y,¡."¡,"¡.ì,r"nt1\,4-A-Â' \-A",a *M4
^*

r-,^,-a-,^. .,a-^/4.¡

ffi-"¡IA 
¡v¡.ì -^-^-^w^-- '^vrl^l

^tr'r"r ¡

v
rt¡-.--^' tvr"¡-^^

"u|{T''

Al\^/v

^/t"A/

ll ¡. I

\MÀ *"1-^ A^{

\r\\¡-,

,\,V,*

.0 0.1 o.2 0.9 0.4 0.S 0.6 0.7 0.8 0.9 1.0

WT traces

Oríginal
trace

Reconstructed
U d.utt

Time (s) o

0

Figure 7.6: A sample seismic trace and its wavelet transform of the 33 octave bands
(m:0,1,...8, N:4). The 33 tlaces in the upper part of the figure are the wavelet
decomposed tlaces; the middle trace is the original seismic trace; and the bottom one
is the reconstlucted seismic trace.
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Figule 7.7: Compalison of t,he spectra of the leconstlucted seismic signal r.r,itlr llrr:
oliginal signal. (a) The spectlum of the oliginal seismic tlace (left); (tr) the colrr:-
sponding spectla of the leconstlucted tlace (Light).
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7.3.2 Removal of Ground Rotl Noise

A leflectiorl shot ga,thel fì'orn the LITHOPROBtr Sucll¡u'y line 42 rvas 
'secl 

to test

the effèctivelìess of tltc WT iu lemoving cohelent noise. Figule 7.8 shows the origi.zll

shot gzr,tltcr. The usri¿rl ch¿rr'¿rctcristics of the fir'st bleali, glonucl ¡oll ¿l.ncl 
'eflections

¿lre ¿r,ll incluclecl in thc cl¿rt¿1.

Figule 7.9 sltou's clccompositiolr of the oliginzrl shot gzr,thel using the WT. I¡ this

exarnlrlc the s¿lme oct¿l,ve r'¿ìuge (rn: 0-8) ancl the nunil¡cl of wrices (N:a) as i¡ thc

previons exatnple ¿r,r'c tscrl. Altogethel thcle ¿l,r'e 33 oct¿l,rre b¿rncls clec:or'pos<.:cl a,ncl

plottecl. Fol converriencc of rlisplay, oniy evcly 4 b¿r.ncis ¿l.Lc shor,r,n in the Figur.e 2.9,

rvlriclr r:olLesponcl to rn:0, I,2, J,4, b, 6, Z, aricl 8 ¿ncl f{:0. The oct¿rve b¿¡ncl 1

(rn:O) h¿rs the filtcst t'csolrttiou. TItc rvavelet tr'¿rnsfolrnecl cl¿l.t¿1, in octa,r,e 1 ¿'cl 2 h¿rvcr

lcl¿l,tiveiy highel fï'ec|rencies ¿urcl ihe leflectiors ¿ìl'e clolnin¿r,tecl. Irr both oct¿r,ve l¡arrcls

thele is lLo ¿ì.11v siglificzrnt ilrtlic¿l.tioll of the glonncl loll. T¡e fir.st brealç is 
'el¿-rti'ely

u'e¿r.lç ¿r,lso. ID the oct¿r.ve 3, the fir'st bre¿rli becorne stlongel as the clorlinant fi'ecluency

z-t1lpÌoz-r,chcs that of the tluc fir'st ¿r'r'ival waves. As the oct¿wc b¿l.ncls incLezìse, gr.ou'cl

loll appea,r's ancl it becomes the strongest in octave 4. Rcflections zrle completely

invisibie in these lor,r' fi'eclnency bancls. ln the highel oct¿rve l;ancls, low fi.ecluency

cornponerìts become clotnill¿r'nt. From the WT panels, one can iclentify leflections,

grouncl roll, the fir'st ble¿-¡lis ancl othel coherent events. A1 import¿rnt fact is that

li'hen m changes, evelì iu a vely nallow banclwiclth, signals still maint¿r,in their. time

positions.
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Figtu'e 7.10 sliows the cot'r'esponcling spectr:r, of the WT panels (Figule 7.g). In the

octave ìltrncl 1, rvhich has the highest lesolttion, thc spcct¡al þ¿ncl is bro¿rcle¡ ancl it

cont¿rins the highest fi'equency contporlents. As the octave ltancls inc¡e¿se, t¡e ¡ighest

peahs of the spcctt'a shift to lor,vel fi'ecßrency ¿-rncl thc b¿r,nchviclth becorncs n¿ì,r'l'o\Mel

llec¿i-tse of the tight localiza.tion of the signzr.l inf'olniatiou. In oc:t¿ìr,e b¿r,ncl 1 a,lcl 2,

the leflc'ction siguals ¿,1,r'e dornin¿urt. Glouncl loll noisc st¿r,r'ts to zlppetrr-ili b¿lllcl 3

¿r'ncl llecorue clourin¿-lut irr ba.ncl 4. Ill b¿rncl 4 the gronncl lo11 noisç h¿rs ¿r clo¡rilrant

fi'crclttettcy of zl1>ploximer,tely L7.0 Hz. The othel WT pzr¡els ¿ìppo¿ì,r' to c:o¡iairi sign¿l,l

infbllnation of 1or,r' fi'eclrcncy coml>orrerrts.

The ch¿l'¿rctelistics of the wr pa,nels shor,vn ¿l.Jrove ¿l,r'e veïy usefìrl f'ol lernovai

of specific coheleut uoise. Figule 7.11a shou's thc leconstmctecl shot gather-using

tlte Invelse WT. The t'econstmctiolt u'¿ts pelf'olrnecl by siurply crcluclirrg thc b¿rncls

coutzr.iuing the glouncl loll noise. They ¿rle the b¿r,ncls 11 to 15 . Orc c¿ru sec th¿-r,t

thc gt'otiucl loll is ¿r,lmost cornpletely Leuror.ed ¿rncl the lcflection cr¡c¡ts ¿r1c elh¿rlcecl

compzr,recl to the oliginzr,l shot gzrther (Figru'e 2.8).

The Foulicr spectlum of the leconstmctecl gnther (Figule 7.7A:) olttaiuecl fì'our the

iuverse lVT is ex¿rminecl a.ncl cornirarecl ivith the spectlr-rrn of the oliginzr,l shot gzr,ther

(Figure 7.12a). It can be seen thztt glonncl loll r,vhich has the pea,li of fi.equency at

¿r,bont 7I Hz is effectively supplessecl. This fact fulthel clemonstlates th¿-rt the new

lVT approa,ch can r-emove cohelent noise vely effectively if theil time ancl frectuency

charactelistics ale clistinct.

A banclpass filter can not be compalecl to the \,VT in cohelent noise supplession.

Because in most cases signal ancl noise are mixecl in the same fi'ecluency range. In
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the WT method, both time and frequency features of the data are utilized and also a

spatial filter can be applied to the octave bands which contain both noise and signal.

The inverse WT, thus, can reconstruct the signal with noise suppressed. \\¡hile a

bandpass filter can not achieve such a result. The computation speed with the present

version of the wavelet transform algorithm is not as fast as the conventional FFT

algolithms. However, a fast wavelet transform algorithm (ì\4allat and Zhong, 1gg2)

can be adaptecl to increase the computation speed for this application.

Tlre above results (Figure 7.I7a) are also compared with the f-k filter-ed <iata (Fig-

ure 7.11b). Significant improvement is clearl¡' visible in the results producecl bv the

nerv \\¡T approach. The major reflection event at approximately 2.0 s is enhanced

without significant artifacts and the outline of the reflection hyperbola is now further

extended to the near offset region. The results of the WT processecl shot gather is

obviously superior to the f-k filterecl one. Tire f-k filtered shot gather exhibits pro-

cessing altifacts. Anotirer point worth mentionin¡5 is that suppression of the groun<l

roll using the WT is not limited by the geometry of field survey lines. Data from very

crooked survey lines is not suitable for the f-k filtering approach to remove ground

roll, however, it can be accepted by the WT approach.
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shown in Figure 7.9.



Figure 7.11: (a) Reconstruction of the shoi gather
aftel lernovai of the bands containing the ground
roll noise using the f-k filtering technique.
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7.3.3 Detection of Reflection Events

The characteristic of simultanuous time and frequency localization allows the WT

technique used for detecting amplitude and phase discontinuity of a signal. The initial

test was carried out with simple sinusoid v/aves. Figure 7.73a shows two decaying

sinusoid waves sl(t), s2(t), and their summation s(t). The sl(t) and s2(t) have

frequencies of 48 Hz and 55 Hz respectively. The s1(t) starts at 0.078 ms and ends

at 0.924 ms, and the s2(t) starts at 0.098 ms and ends at 0.902 ms (Figure 7.13a).

After summation, it is difficult to see when the signal s2(t) starts and it ends. The

WT was tested to detect the arrival and ending times of the signals sl(t) and s2(t).

Figure 7.13b shows the wavelet transformed result of the signal s(t). Four peaks in

the Figure (7.13b) clearly marh the arrival and ending times of the original signal

sl(t) and s2(t).

Further test was carried out with a synthetic seismogram modeling. The model is

a two horizontal layers with a limited extent thin layer inserted between them. The

velocities of the two layers are respectively 3550 m/s and and 3850 m/s, and the

velocity of the thin layer is 3680 m/s, and the thickness is 8 m as shown in Figure

7.I4a. A Ricker wavelet was used as the source wavelet and the receiver interval was

25 m. Seismic modeling was carried out using the modules in ITA INSIGHT 4.0

seismic processing software, and the synthetic traces are displayed in Figure 7.I4b.

From the data shown in Figure 7.14b, the effect of the thin layer across the section

can be hardiy identified and it is impossible to tell where the thin layer starts, pinch-

out, or how thick the thin layer is. To detect the thin layer, the WT approach was

tested. Figure 7.15 shows a corresponding wavelet transformed section of the synthetic
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data in Figure 7 -I4b at octave band m:0. It is the the octave band having highest

resolution. In this band, short wavelength discontinuities in the signal are detected.

The starting and pinch-out points of the thin high velocity trapezoid can be easily

identified. The corresponding four velocity discontinuity points are respectively at

the offsets of -400m, -200m, 200m and 400m. With enlarged vertical scale, the two

amplitude peaks corresponding to the reflections from upper and iower boundaries

of the thin layer trapezoid can also be distinguished. This result suggests that the

wavelet transform provides a powerful tool for multi-resolution analysis. The short

wavelength discontinuities can be effectively detecied in the high resolution octave

band, while the long wavelength variations can be characterized in the low resolution

octave band. The above tests suggest that the WT method can find wide applications

in raising resolution for thin layer and fine structure exploration in the oil and gas

field, even though more tests are certainly required to overcome the noise problem in

real applications.

7.4 Summary

The WT can localize information in both time and frequency space simultaneous-

ly. It thus provides a potentially powerful technique for seismic data analysis and

processing. Based on the preiiminary analyses and tests with real seismic data. the

following points can be summarized:

1. The \\''T provides an efficient sampiing method, which has a higher sampling rate

for high frequency information and lower sampling rate for low frequency components.

2. The \\''T critically depends on selection of the mother wavelet function. Cer-
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Figure 7.13: A test example showing detection of discontinuities using the wavelet
transform: (a). decaying sinusoidal waves s1(t), s2(t) and their summation trace s(t);
(b) the wavelet transform of the signal s(t).
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tain wavelet functions which are compactly supporied and well localized may not be

orthogonal, whereas certain wavelet functions which ale orthogonal may not be com-

pactly supported- However, there exist wavelet functions that have both properties.

For seismic application, the non-orthogonal Morlet wavelet provicles a better choice

clue to its properties of good localization in the tirne and frequency space and lack

of pÌrase distortion, which, Ìrowever, exists in the compactly supportecl orthonormal

\\¡T.

3. By representing an<l localizing signals in both time an<l fi'equency space simul-

taneously, the \\'-T provides a new approach for time-depenclent frequency analysis,

which can mahe significant contributions in seismic data analysis, ancl ¿etection and

enhancemeni of reflection events.

4. Aftel decomposition of seisrnic data by the \\"T, coherent signals, such as seismic

reflections, refractions, air wave, and ground rol1, can be icleniifiecl in tire time an<i

frequenc¡r space panels, ancl unwanted coherent noise can be removed <iuring the

inverse \\"T. Both the <lirect \\¡T and tlie \\¡T - cieconvolution methods tested in

this paper were veÌv effective in removing the grouncl roll noise without significant

artifacts. The results are superior to the conventional f - k filtering technique.

5. Application of the WT approach for detectin¡4 cliscontinuity shows that the

\\"T provides a powerful technique for high resolution analysis which can be used for

detectin¡5 short wavelength discontinuity effectivelv.

Even thouglt the test results with seismic clata are superior to other popular pro-

cessing application results, further investigation will certainly broaden the theorv and

and application of the \\,'T techniques in seismic clata processing.



Chapter I

l?,estllts, lnterpretations and
ISCIISSt0nS

Thc- sullsnlf¿r,ce stlttctnles of Suclbuly ¿¡ncl tire snllonncling ¿ìr'e¿ì rvere investiga,tecl in

this thesis lese¿r.r'ch by mcatts of the seisrnic leflection, r'efiactiorr, ¿rrcl VSp technic*res.

Consiclet¿rblc efforts were clcrotecl ¿r,ncl significi,-urtl), ncr, ¿-r,ncl intclesting lcsults r,velc:

oJltailrecl. Itl the fbllor,ving sections, the ovr:r'¿rll lcsults fì'onl e¿rr:h cxpcr-irnent ¿,r,r'c:

si-rurmalizecl.

8.1 Results of the Multi-offset vsp Experiment

The VSP techniclue provicles specizrlly va,luable ancl clet¿r.ilecl infor.rlation on velocity

structure ancl stlatification of locl<s ¿rncl clilectly linlis the velocity info'mation to

lithology when well log infolmation is availal¡le. The multi-offset th¡ee corlponent

VSP experiilents calriecl out in Suclbuly replesents one of the first such experiment

for ct'ustal seismology lese¿r,rch ancl the lesults can be surnmarizecl as follor,vs:

(1) The P- ancl ,S- r,vave interval velocity moclels obtainecl using the least sq¡aïes

186
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Ittl'el'siorl a,pprozrch plovicle the b¿rsic velocity inf'olm¿tion for the Chehnsforcl bo'e-

holc, zrncl cot'rel¿l,te well rvith thc rvell-log clata. Tlie liorizontal cornpo¡e¡t rot¿r,tion

1,rt'ocessittg has impt'ovecl thc ¿ìccru'¿rcy of vclocity estim¿l,tion for- the ,S- rvave. Basecl

on the VSP cl¿-rt¿r,, the avelagc P- w¿r,e velocities a.r'e 5.99 km/s fo¡ the Che¡nsfo'cl

gt'eyr'vat:kc a,ücl 5.34 ltrn/s fol th<l Onrv¿r,tin zrlgillite, which ar.e close to t¡er lzlbo'atory

tne¿ìsru'cìlllerrts (Szrlisbuly et al., 1994) of b.g1 lnn/s fbr the Chehlsfbr.cl gleyu,zrclie ancl

5.16 lnu/s fol thr: Our,r'¿-rtill sh¿tlc. The lesults of the VSP ¿llso inclic¿r.te th¿rt thc seismic

w:locritV cotttL¿tsts lletwecn cliff'elcnt lithological unit zr,r'c signifir:a,nt ctrough th¿r.t t¡cr

scisnric tcchuicßrc c¿n bc vely usefirl fol both clirect ancl ilclilect nrirrera,l cxlrlor.¿rtiou

zpplic:ations.

(2) Thc R¿rclou tt'¿-¡ttsf'ot'n u'¿r.veficlcl sepzr,r'trtion tecùnic¡re hzrs pr.ovecl to ìrc ver1,

eff'ectivcr fbt' scpzr't'ztting the upgoing rv¿rvr: fì'orn the clou,ngoi¡g rvä,vc. Ai;pliczr,tion of ¿l

hy1;er'ìl<llic filtel fulthel implovecl the rv¿rvcfielcl sepalation, ¿rucl t¡c ve¡tic¿rl ¡esolutiorr

of the priurtrt'y reflection clat¿r, r,v¿rs iuclczrsccl, espcrcirr,lly fol tire near offìsct cl¿rt¿r. As thc

offìset irtcLezìses, lvhich colresponcls to the r'¿y p¿ìr'¿ìnìetel clirninishing, cneïgy smealing

betn'eelr the upgoing ancl clor,vngoing \,\¡¿ì.ve ûì¿w happen. This is pzr,r.tially c¿r.usecl

lly the line¿l,r' sottrce apploxirnation in the Raclon t¡ansforrn i¡rplement¿ltion. Low

ztncl ilÌegttlat'acoustic irtrpeclancc contr¿rsts in the c¡ystalline ¡oclc cnvir.onnent r,vith

cotnplex g-eological stt'uctules ancl ¿rclvancecl leflection arriv¿lls fì'o¡r reflecto's clipping

tor,v¿r,r'cl the bolehole ar.e also lesponsible for this energy smealing.

(3) Frorn the flattenecl r.rpgoing wavefielcls of P-wave ancl ,S-r,vave clata, three ¡e-

flection events from the depth levels ai 160 m, 280 m ancl 380 m c¿n be cleariy

iclentifiecl. They ale in close agreenent with the lithological infor.mation obtainecl

fi'orn the r'vell 1og clata. The leflector at the i60 m clepth colresponcls to .m i'trusion
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(Figul'e 5.9c), ivhich is plobabiy ¿r loc¿rl fe¿rtnle nea,r' the borehole. The leflectol at 2g0

rD col'l'esponcls to tlie intelf¿rce betweeu clifi'elerrt r,vacli secluences in the Cheh'sfo'cl

folrna,tion, ancl the leflectol at 380 ln repleseuts the litliological inte¡face betrvcen the

Cìrellnsfolcl ancl Onlv¿r.tin folm¿rtions.

(a) The effì:ctivettcss of thc CDP stack aflcr' \/SP-CDP tlansfor.nr clepencls c¡¡cially

on thc pt'tlceclilg t'¿lvefiel<l sepa,rzr,tion. In Chehnsfcllcl the \¡SP-CDP tr.a'sfor.mecl

VSP scctiort ltas goocl collela,tion u¡ith thc high-rosol¡tioll sri¡f¿rce ¡eflectiou cl¿rta at

scrreL¿ll dc,.r:ir hcllizorrs.

(5) The cot'ricior.'-staclierl P-rv¿rve \¡SP scctiou is in exr:ellcnt a,gLccmcnt u,ith the iu-

telirletccl sur'Iìlccr high-r'esolrttiou t'eflection cl¿r.ta fbl tire tr,vo nrajor lithological co'ta.cts

(Figule 5.i6). Tlte reflections fi'om tiresc trvo cort¿rcts c¿r,n lte consiste.tly icie'tifiecl

in lloth secti<-rrts. They a,r'e loc¿¿tecl ¿r.t the clepths of ¿lþout 380 rn ¿r.ncl 1240 nl r'e-

spectively ¿llrcl collesponcl to the lithologiczr,l irrtelfäces Jtetr,vecn the Chehnsfo.cl ¿r,ncl

Onlv¿ttilt fblttt¿rtions ¿trcl betwccn the Ornv¿rtin zrncl Onrr.ping f'olrnzrtions.

(6) The hocloglzrm at¿rlysis lesnlts baserl on the leflection events fi.orn the corìr¿ì.ctr

betr,veen the Chehnsfolcl ancl Onwatin f'olln¿r,tions at ¿ln approximate clepth of 380 rn

inclicates th¿rt the geological coutact clips towz'lr'cl sonthe¿rst with an estirn¿l.tecl t''e
clip angie of 10.4'.

(7) The \'VI(BJ synthetic seismoglams compntecl u'ith the velocity moclels obt¿r,inecl

in this experiment clemonstlate lemalkaltle similalities with the original VSp fielcl

r*ecolcls. This inclicates that the velocity moclels obtainecl in this stucly 
'epresent

nea.r ttue sullsuÏface velocity stlucture at the survey site, ancl has clemonstr¿r,tecl that

the synthetic seismogram mocleling techniclue can provicle an effective tool fo¡ true
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¿ììlli)litu(le wavelet analysis when the clip of the leflectol is not too steelr.

8.2 Results and rnterpretation frorn Seismic FRe-
flection l-ine 42

Itt colttr'¿rst to the lefì't-Lction, the seismic reflection tcchniclue irnzrges s¡5sri'fa.ce

stLttctrtles in gt'ca,ter clet¿ril clttc to its highel spz-r,tizri lesolntig¡. Re1>r.occ.ssecl line 42

Ic'flcc:tiorr <la,ta, usittg tr¿rclitiou¿rl aucl rtorrel seisrnic clatzr plocessiug techniclues has

sttccessfullv irnzlgecl the clttzrsi 3-D srrbsulftrcr: geological stmctules in tire nolthurcst

of the Suclìnly B¿rsir. Thc lesults c¿r,u be sumrnalizecl ¿rs f'ollorvs.

1' C¿lr'efirl clcsign i-rncl implenrent¿r.tion of the leplocessing steps risi'g the t'acli-

tiolt¿rl lll'ocessing tcclinic¡tcs, snch ¿rs lefi'¿rction st¿l,tics collec:tiolr, rrclocity z¡rÌa,l;rsis,

¿lncl t'esicln¿ll st¿r.tics cort'cctiou, zrlong q'ith thc newly clcvelopecl technic¡res, s'ch zrs

ttlttìova,l of the gÌonncl roll noise nsiug thc rv¿rvelet tr'¿r,nsf'olnr ¿rncl tinre vzr¡yi¡g c'oss-

clill cot'r'ectiott, ztLe shor,vn to bc'essc¡lrtizrl f'ol imaging of the tr¡e snl¡sut'face geologiczrl

stllictttlcs. The lept'ocessing effolt li¿r,s lcsultecl in ¿r, significzrltiy irnp¡ovecl seis'ric

iurzrge (Figulc 6.19) cornpalecl to the plelirninalily processecl one (Figu¡e 6.1). The

Ïcsult htrs pt'oviclecl valualtle ne\,v inf'olmation f'ol the stluctnr'¿rl interpr-etation of the

nolthr,vesteln pot'tion of the Suclltur.y Stlr,rctnr.e.

2. FÌom the i'ept'ocessecl seisrnic leflection line 42, tlu'ee rnajor leflection events c¿r,n

be iclentifiecl.

LGC/Cartier Batholith Contact.- The contact between the LGC ancl gra¡itic in-

trusions (AA' in Figur-e 6.20) is e'r,pploximately a few kilometers north of the present

location in the geological compilation map (Dlessler, 1984), ancl has a in-line clip of
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¿-r.pPloxilll¿ìtcly 30" - 35o sonthe¿rst. This lesult is consistent with the fielcl stluctur-al

tnzrilllilig c¿'llt'ieci out by Fueten et ¿ll. (i992), who also inclic¿l,tecl th¿r,t the tlue loca-

tion of the ltottnclaly is ztpploxinra.tely 2 hm nolth of the cuLlent geological mzr,p. The

colrt¿rct is not ¿rs coher-ent seistlically as that of ¿1, seclimentelr-y bounclaly in a seismic

sectiott clut: to the clensiiy v¿r,t'i¿r,tion in the LGC. The tlencl of the cont¿ct. hos,ever'.

c¿u be clezit'l1' seett. Strong loczrl r-efler:tiorr enelgy c¿rn be obsclvecl, u'hich lepr-esent

lor:trl irigh-a,rnplitucle t'eflcctions zlloug thc-' cont¿rct ¿rncl r,riithiu the LGC. The lcsult of

vcioc:it.v zrttzrlysis rvith thc reflcction dzlta (Ttr.blc 6.2) shou's tli¿rt the vclocity of the

LGCI is I'clv ltigh. At the sulfircc the vclocity lezlcires 6.4 lmr/s It is rnuch highcl

th¿ui th¿l,t of the uolthelrt neighboulilg zr,r'ezr., r,rrheLe thc s¡r'f¿rce velocitv is only 5.g

lim/s. Tho velocity vrrlia,tion clealil, nra,Llis thc petr-ologiczrl ltounrlzr,r'y betrveen the

high vcìoc:ity LGC ¿r,ncl the lor,v velocit), Ci¿ilticl B¿r.tholittr. The lcstlt of this vclocitv

trntrlysis is in goocl zlgt'ceurent lvith the rrclocity lnc¿ìsul'eul.ents u'hich lcpoltecl a,lì ¿ìv-

cr¿ì.go veloc:ity of 6.5 lim/s fbl the LGCI (Salisbuly et a.l., 1994). It is ¿r,lso compzr,tible

i,vitlr the lecent gltrvity rnoclel th¿r.t ¿rssrirnecl a vely clensc (2.BTgf cnt:r) LGC l¿wel

inulecli¿rteh' unclcrlving the SIC (N4cGr'¿rth ancl Bloorne, 1gg4).

HoweveL, in orclet' to moclel the glavity anomalies ¿rssociatecl with the Suclbury

Stt'ttctnt'e ancl the sulr-ourrcling ¿ì,r'e¿ì., an ¿clclition¿r,l LGC layel rvith ¿r, clensity of

2.739f cnt'3 \,v¿ìs asstlrìecl to follor¡¡ the clerrse LGC layer' (2.87gf mt3) ancl h¿rs a north-

lr'arcl clipping ltounclary r,vith the uor-theln Caltier granitic lochs (lvlcGlath a.rrcl B-

roollì.e) 1994) (see Figure 3.5). This is incornpatible with thc result from the ïeplo-

cessecl seismic section. The replocessecl lesult shor,vs that the contact betr,veen the

clense LGC ancl Cartier granite is clipping southeast, ancl no aclclition¿-r,l layer with

clensity of 2.739 f cnz3 lies between them. Insteacl, a majol shear zone or fault, clipping
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soutÌìe¿ìst, ilìarliecl as R2 in the line 42 reflection plofile (Figulc 6.20), iies trcl.jtr,ce't to

the LGC/C¿u.tiet'cout¿rct on thc nor.th sicle. Florn thc snlfäce exposule, thc: rocli type

lletu'een the LGC/C¿rt.tiel glzrnite contact anci the leflection event R2 is the C¿r¡tier

glzrnitic intt'ttsive t'ocli, r,vltich has lolver.. v¿r,lnes irr both seisuric velocity aucl clcnsitlr.

A rn¿ljol shc¿l.r' zorle ol f¿r,ult R2.- The rrcu'ly cliscovelccl majol sontlic¿rst clipiring re-

flectiou evcttt R2 ¿r,huost cxtencls to the sulf¿r,cc, rvhich plobatJrly corr.cspoucls to the

suLf¿rce liueal fc¿rtules of eithel F2 ol F3 in thc ÐRS-l SAR image. Thc ERS-1

SAR imzrge sltou's that F3 stlilies nolthlvcst, u'hich shoul<l co¡r'esporrcl to ¿r, sll;s¿r.f¿rcc:

stÌltctttltr $'ith soirtltu'cst clip, ¿r,ncl the othcr linc¿r- featu¡c F2 st¡ihcs uo¡t¡e¿rst ¿urcl

collosPoucls to ¿t sorttlte¿rst clippirtg stluctule (Figule 6.21). B¿rsccl on thc cross-clip

colL<,:ctiort inf'or-ln¿rtiou, the leflection el'orrt R2 h¿rs ¿r,n ¿lttit¡cle of sontheast clip. Th's

it zrppctrrs to collt-:sponcl to the snlf¿lce explession of F2. It is ¿¡lso possil;le th¿r,t the

Ìcflectioll event R,2 is ¿r. t'esnlt of ¿r, latel sh¿r,llorv tectonic event associ¿l,tecl rvith the

sttt'fa,cc. f'e¿ltule F 2 in the SAR irlelge sr-rpclirnposecl on the e¿'r,r'lie¡ clcep so¡thez-rst cii,-

ping stluctnt'e lr'hich oliginally has a sulfäce expression ¿rssoci¿rtecl r,vitli F3 in tlie

SAR im¿ee.

Purnphottse Ct'eeh f¿r,ult.- The Purnphonse Cleeh fa.ult, which exists in the geologicaì

compilatiotl. llì¿lp ancl cleally shows in the SAR, image, appeal's in the leplocessecl

seismic section ¿rs ¿ln almost vet'tic¿rl shallow f¿r.ult. The clepth extension ¿ìppears vel.y

limitecl.

3. The I'eprocessecl seismic profile fol the Iine 42 also inclicates th¿r,t the srrucrule

further north of tire leflection event R2 (Figure 6.20) is quite clifferent fi'om that of

the southern sicle. llihether- this irnplies that the reflection event R2 r'eplesents the
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last lirrg stluctulc of the oliginal basin stluctule lem¿r,ins to be iuvestigzr,tecl in the

futrilc.

4. Oue of thc tuntsrial fe¿rtules of the line 42 r'eflcction pr-ofilc is numeLorrs sc¿r,tterecl

lorv fi'ecluenc)¡ r'eflectious rn¿rr'liecl as loc¿r,l high zr,mplitucle leflections. Does this lcl¿rte

to clensitl' va.r'ia.tiott of the LGC? Ol cloes it leplesent sorne olclel locli tr':r,ppecl by l¿r,tcl

gt'ttnite intrttsion (xenoliths)'l A ploba,ble geologictr,l intelplet¿r,tiou conl<l be that tht:

olclcr LGC lr'¿rs ttpiiflecl to sulfäce with ¿r. rvicler' ¿ì,r'cr¿r,l c-.xteut th¿ru it is noiv, ¿:r.lì.cl ¡,¿rs

tlten ilttltrclecl lty thc Ciartiel B¿¡,tholith. The laycr' ìretu'ccn the LGC/C:ar.ticr cont¿rct

ancl the mtr.jor. shca,r' zone ot' f¿-r,ult R2 ¿ìPpo¿,r.rs to bc thc' rnzu'gin of the iutr.usion.

¿rucl thrts conta.itrs sotne tlappecl xenoliths of tho LGC, uririch gcnelzrte loc¿rlly stloug

leflections.

The mtr.jor f¿l.ult ol shc¿l,r zore R2 shouicl be investigatecl fulther' ¿r,ncl velifiecl ou s¡r'-

ftr,cc l;y clet¿r,ilecl fielcl rnz-r,pping. Flom a lecent geologiczrl stucly, Calcl (1gg4) r.cpoltecl

th¿l,t thele lveftl tr,t¡o rnajol cluctile sheal zones, ol ciefblm¿,rtion zones, iclertificcl to

the northwest of Suclltuly. Figtu'e 8.1 shows the schemzrtic geological map plepar.erl

llv C¿rrcl (1994). The Benny clefbrrn¿¡tion zone is loc¿r,tccl neal the Caltier"B¿r,tholith

- Benny Gleenstoue Belt, a.ncl the othel is fbuncl ne¿ll the contact Jretween the LGC

¿r,ncl Car.tier B¿rtholitli ¿rncl it is callecl the Pumphouse Clereli clefolmation zonr:. How-

evet' the sulfa.ce expt'ession of R2 is a few lçilometers north of the Punphorise Cr.eelç

clefolmatiorÌ zorle.



Figure 8.1: Geological map in the northwest
Three deformation zones ale identified. The
as a solid line in the figui'e.
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8.3 summary of the Theoretical studies - the
xMavelet Tlansform and the Time varying cross-
dip Correction

To itrtlllove the c|rality of leflection irnelgcs, tr,vo aclva¡cecl seisr¡ic 
'eflection 

cla,t¿-r

pÏocc'ssitlg teclttticltrcs wele irlvcstigzrtccl thcol'ctic¿rlly zr¡cl the algorithrns r,r,r-.Le clc-

voiollecl f'ol scismic <lzr,tzl ploccssing applic¿rtious. Thcse rìcrr,v tt <:huic¡rcs çe¡e ver¡y

succ:r,:ssfìrl urith tr:st cLttzr, ernd thcy ltl¿lyecl lic1, r.oles in enhzr,nc:ing the rr:flcction ima,ge

of the LITHOPR,OBtr seistnic linc 42 cl¿tt¿r. The lesuits of thc tjicor.ctic¿rl investis¿rtiorr

ura¡r l;s srrnrnr¿ll'izccl ¿rs follows:

1. Thc tirrie r'¿r'yitlg closs-clip coLLcction, ¿r lon-tr¿rclition¿l,l pr.occ-.ssilg tcc:lnrir¡rc, is

¿ì \¡cly eff'ective tcchnicßre f'ol focusing leflectiou eil.eÌgy, cspecirr,lly fol c:r.ooliecl lile rvith

c:onritlica,terl stmc:tules. By rnezlrrs of thc closs-clip r¿tv p¿ì,r.¿ì,meter. ¿r,n¿l,lysis thr.ough

sl¿rilt st¿lcli sc¿ìlls, tlte optirnrurt closs-clip lrry palir,nretels c:¿r¡ be estiur¿rtecl a.cl .,ppliccl

to the clat¿r. f'ol sribseclnent closs-clip collections. The techuic¡re is flerxiSle z-r,'cl a.ppli-

c¿l,lllc to cl¿t¿r sets fi'om valiorts cotnlrlex geologicz-rl stluctules r,irit¡ consisteut zr'cl/o'

inconsiste't c'oss-clips zr,t va'ying clepths. It 
'ot orrly g'ezr,tly e'h¿r,nr;es the seismic

irna.ge, lltt ¿-llso plovicles ¿rclclitiorr¿r,l closs-clip inform¿l,tion on the clipping r-eflector.s fo.

the fin¿rl intelpleta,tion.

2. The r'r'avelet tr-ansfor.m (\,VT) is an aclvancecl signal pr.ocessi.g technic¡re clevel-

opecl 
'ecently. 

By localizing information in the time ancl fi-ecFrency spaces simulta-

neously, the WT pÏovicles a potentially por,verful techniclue fol seismic clater ana,lysis

ancl pr-ocessing. Successful application of tlie lVT very much clepencls on the se-

lection of the mothel wavelet, fi'om r,vhich a basis function can lte co'str.'ctecl fo'
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sigrral clecomposition. Tliele ¿r,r'e two types of wavelet functions: or.thogo¡al ¿rncl

ttou-ot'thogoual rvavelet fiurctiorrs, thus the algolithrns of thc rvavelet tlansfb¡n v¿r1y.

Tlie popular,r'ly clevelopecl rvavclet fiurctions a,r'e or-thonor.m¿rl :rncl cornpz'lctly s¡ppo¡t-

ccl, brtt rlo not ir¿r,ve a, finite irnpulse lesponse ¿r,ncl line¿rr'phzrse. Fol applic¿r,tions in

explot'zltion seisrnologv, thcse propelties ¿rr-e unclesilable, cspeciar,lly when snbsec¡re¡t

cornpler plocessittg is recluilc:cl. Cornpa,ctly suppoltccl non-olthogonal u,¿l,velets cio

ttot c¿r.tist: 1;hzrse clistoltion ¿rfTcr tlrt¡ tla,nsfoLm, anci tlius p¡oyicle ¿r, 5ettc. choicc fo.

scislnic cl elt z-r plo ccssin g irplrlic ¿r,t iolt.

3' Test trltpliczr,tiorr of thc ncrv \ÄIT zrpplozrch in seisnric cla.tzr, plocessing hzrs irlovt:cl

th¿rt tlle \VT technic|re is ¿ur crff'ective rnethocl fol lernoviug coirelcnt noise, snch ¿rs

gt'onncl |oll. Since the grouncl loll noise has tirne zl,rrcl fi'eqncr¡cy ch¿r,r'¿ctelistics t¡¿-¡t a¡e

clistiilct fi'oln the clesile<l signa,ls, it c¿r,n be suppressecl t:ff'ectiveiv thr.olgh r,veighting

of iufolrrt¿-r'tion contelrt cluling tlie invelse !VT. The lrrethocl h¿rs ¿rlso p¡ovecl sultc'io'

to tlre conventiottz-rl / - Ä; filteling urethocl (Fi¡¡ules 7.11 ¿-r,ncl 7.I2). The WT c¿ur

¿rlso lle zr,ppliecl to cletect hiclclen leflectols which a¡e not ciisce¡nible e¿sily cl'e to its

capabilitv of loca.liziltg iufot-tna.tion in both tinre zrncl fi'ecßrency sp¿ìces.

8.4 Regional structure frorn the High Resolution
R efra.ction

Since the nnlnbet' of av¿r,il¿ble seismic plofiles ¿ìcloss the Sucll¡ury Stlucture is vely

lirnitecl, the high resolution lefi'action clata wele pleliminarily p¡ocessecl ancl clescribecl

in the appenclix B. Basecl ou the lay tlelcing mocleling of the high-resolution refraction

clata, a preliminaly regional subsurface structure for the Suclbury Basin ancl the
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sur'Ì'orlnding ale¿ì was obtainecl. It c¿ìr1 be summarizecl as foliou,s:

1. The t'efi'action clata intelpret¿rtiou ìreing plesentecl he¡e is zr p¡eli'ri'a'y r-esult

fi'olrl tlie f'ot'r,v¿-rt'cl rnocleling, ¿lucl no zlttcrnpts lveLe macle fo¡ cletailccl velocity i¡ve'sion

plocessing.

2. Plclinrin¿rr-y stlrictur'¿l,l ¿r,ucl rrelor:it]'moclels zrlong ¿¡ nolthrvest_southc¿rst clilection

(line AB) zttrcl zr,Pploxint¿rtelv rvest-east clilection (line XY) crossi¡g t¡e tir. Suclbu'y

StÌtt<:tttlc ¿r,ltcl thc srtllortucling ¿rlc¿ì u'cle olrt¿rinecl by usi¡g ðr:rvc'i's trvo poi't cly-

ri¿r.niicl t'tw tÌzrcing algolitiun, lvhich <:a,u h¿rr,ltclle l¡oth 2-D ¿1ncl 3-D latcr.trlly \¡àr'r,ri¡g

s1,r'tir:tult:s. The nrzrjol stt'ttctur'¿r,l units ¿rucl velocity clistriltltion i¡ the ¿r.Le¿r, ¿rLe ont-

Iinccl il tlte ttroclcls shor,vrr irt I'igulcs 8.11 ancl 8.15. The cornputc¿ tr.¿rvei tir'es b¿rsecl

ou thc pli:liurinzrly rnoclcrls fit rvcll i1¡itþ r¡ost oltse¡vecl ¡efi.¿-¡ction sectious, urhich i1_

<lic¿rtcs th¿rt the prelinrin:r,r'y moclc.i lepr.c.sents the ma.jol geological stmctulc_,s of the

stucly ¿1,1'¡¡¿1,.

3. Tlic filst a'r'r'iv¿rls fi'oru the i\zIoho cliscontinnity ca,n ìrc ciearly iclentifiecl fi'olu the

refi'¿rction sectiorrs for the shots on the sonth sicle of the line AB, b*t they erppezlr'

to be interÌuptecl by clipping stmctules of the GFTZ ancl Blitt clomain fo.' the shots

on the nolth sicle of the line. Hor,veveL, the cle¿rr.ly obselvable wicle_angle leflections

fi'oll the Ntloho provicle aclclitional inform¿rtion. The lesllts of rnocleli'g incliczr,te

th¿r.t the Nzloho cliscontinuity is locatecl zr,t a clepth of a,pproxirnately 37 li'r in the

Supet'ior Plovince, nolth of the Suclbury Stluctule , ancl it is slightly clipping tor,varcls

the southeast. \'VÌren approaching the Glenville Plovince the t\zIoho becomes as cleep

¿rs 44 lim. The velocity at the lVIoho cliscontinuity graclually vzr,ries flo¡r 8.06 to 8.24

lim/s' The inter.rnecli¿rte crustal cliscontinuity which procluces pïonouncecl refraction
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\,v¿ì,ves is loc¿ltecl ¿r,t the clepth of a,pploximatell, 17-1g km.

4. Thele are ¿ì la,r'ge nrtrnbers of sh¿rllow r'r,icle-¿rngle reflections in the solrther.n

poÌtion of thc r'<lfi'¿rction scctions. Fout'sttch events a,r'e inte¡p¡etecl ¿rs zrr-isiug fi'orn

tlre GFTZ ¿r,ncl Blitt cloln¿r,ill clipping stlucturcs rvith :.r,pploxirn¿rtc clip angles of 22.0.

fbl the Glerrville Flont ¿rncl 8o-15o fol the lcmtlinirrg thlee leflecto¡s. T¡is is si'rilar.to

the stnrctrtt'¿tl rloclel obt¿rinecl fi'om the GLIN,IPCE lefï'a.ction liue J (Epili a,ucl i\4cleri,

i991). The GLiNtIPCjE line J closses tltc eastelt bounclzrly bctrveen the Southcln a,ncl

Glerivillc PLot'inctls, u'hich is shor,r'u in Figule 8.1 ¿rrrcl the c¡1st¿r.l uroclel of Epili ancl

N'lc-'l'ctt (1991) is sirorvl iu Figule 8.3. Thc u'iclth of t[e GFTZ r'¿ì.rgesj fi.or' 34 to 40

linr (at the sulfilcc it is 34 lcm) r,vherr plo.jectecl onto the line AB.

5. The Srrclbury Stluctrtle, loc¿ttccl ¿rt the centcl of thc Suclbu¡y c¡oss-¿ìf¡a,)¡ r'efi'¿-lc-

tiott lincs, tr'¿ts tnoclelecl rvith a iiigh veiocitv r'homboicl-like blocli riricle'lyi.g 
'czl*

srtlfa.ce sliglrtlv lorver velocity rnecli¿-r. The high velocity bloclç r,r,a.s involieci Jry tire

ne¿r't' srtlf¿rce slt¿l.llorv stt'otlg leflections obselvecl in sevela,l shots of line AB clzr,tz-r, (sce

FignÏes B'52r., B.6zr,,B.7i'r", B.8a), clespite the sh¿rllow leflections ¿ìppcaf not obvio¡sly

obset'v¿-r.ble itt every shot of line XY cizr,ta (r,vithout this high velocity blocli, the in ¿rcl-

vance ¿-r,r'rivals of the neat'surfäce event can not be inter.pletz-r,tecl). The high 
'elocity

lllocli h¿rs ¿r length of about 35 ltm in the nolthr,r,est-soritheast clir.ection a,ncl a r,viclth

of zrpploxirntrtely 80 krn in the west-east clilection. The blocli is cliltping slightly to-

rva'r'cl sortthe¿rst ¿l.ncl lies zr,t a clepth r'¿ìnge of approxirnately 4.5 km to i1.0 lim (see

Figules 8.11 ancl 8.15). Above the high velocity block the velocity varies fi'om b.g

lrnr/s at the surface to 6.2 km/s at the top of the high velocity bloclc bo'nclary. This

velocity is lou'et'than in the surrouncling alea, which has the velocity of abolt 6.1

krn/s neal the sulface. The average velocity within the Suclbury high velocity block
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is 6.45 km/s. Fol the shot points locatecl on both sicles of this Suclbuly high velocity

llloch, the lesults of lay tlacing fit very r,vell rvitir thc obselvecl tlavel tirnes in c¿rch

lefi'action section (see Figules 8.6a, 8.7¿-r, ancl B.8zr,).

The seisrnic I'elocity v¿r.lues for the ner,v cLnst¿ll rnoclel ¿ìr'e cornpatible rvith the

vclocitv ¿urcl clensity ule¿ìsurcment repoltecl by Salisbury et al. (19g4), r.r,ho inclic¿rtccl

tha,t tltc SICI liolite has ¿r. veiocity v¿r,lue zrs high ¿rs 6..17 lln/s ¿rncl thc-. LGC is zrs high

¿rs 6.5 lin/s. Clclnsicleling thc avel'¿ì.ge cfl.ect of thc SIC (glanophyle r,i,ith 6.2 llu/s
attcl gzrì;bt'cl r,vith 6.3 krn/s) ¿r,ncl the unclcllving LGC, ¿ìn ¿rvcìr.¿ìge vclocity of 6..I5 l¡¡/s
of thc Suclltuly high velocity ltlocli c¿¡l ïcì¿tso¡¿r,l)h, ¡1,'p1'sscllts thc¡ vr:locity f'e¿rtr¿.c of

the stmctulc. The ne¿rl sur.f¿-r,cc slightlv lor,vel velocity clistlibution in the plelinrinzrr.y

trtoclel is ¿rlso suppoltccl by the velocity nlc¿rsln(-.rÌlcnts, urhich lepolt velocit_v va,lnt-.s

of 5.91 krn/s f'ol thc Clhelnrsfblcl gleyr,vaclie a,ucl 5.16 linr/s fol the Onr,v¿rtin sh¿rlcr

(Salislluly et trl., 1994). The lter,v cmst¿r,l moclei is ¿,llso in agleerneut r,vith thcr r.esults

frorn Sucllxly LITHOPR.OBE leflectiorr lines 41 ¿rncl 42 (N4illieleit et ¿1., 1gg2; NJiacr

¿r,ncl Vloon, 1993), r,vhich suggr:stecl that the SIC ancl the nnclerlying LGC z'r,r'e clippilg

southczrst, ¿lncl th¿rt the bottorn bonrrcl¿r,r'y of the LGC is locatecl at z'r, clcpth r.zluge of

6-12 lcm. This is irr the sarne clepth lange as the Suclbury high velocity blocli.

The results olttainecl in this thesis lese¿r,r.ch ale baseci ou the lay tracing f'olrv¿rr.cl

mocleling altploacli ancl optimuln tlaveltime rnatching between the ol¡servecl ancl corn-

putecl seismic sections for rnultiple shot clat¿r, r,vith other geophysical infoi'mation ob-

tainecl frorn plevious stuclies being incorpolertecl as constraints. The results, thelefo¡e,

reflect the observecl seismic clata ancl aïe compatible with the geologic¿r,l ancl geophys-

ical setting clefinecl by the previous stuclies. HoweveL, for a lefraction profile u,ith

multiple shots, it is clifficult to obtain a pelfect match between the calculatecl ancl



obselvecl va,hies using only the folrvarcl nrocleling ureth<¡cl. The lesults ai.e only

1>t'csentitrg a gl'ossi pir:trilc of the t'egionzrl structur-c:s in the Suclbnly ar-ea as it

initi¿rllv intentccl.

Irut'tlter clet¿rilttcl interpletzrtion has to be callieci out r'vith finer stmctural units sncir

as oltseLv¿tbie i,vicle-¿ruglc t'cflcction in the uoltheln pzrlt of thc linc AB. A veloc;ity

iln'crsiotr shouicl lltl c¿r,r'r'it"cl out to plovicle ¿ì rnol'c accnL¿l,te velocity nroclcl. A 3-D

tnoclci r;¿l,rl ¿r,lso lte clclivecl ll, cornbirring the prcscrrt lr:sults rvith the fan shootirrg

sc:r.:tions.

8"5 An rnterpretation Model for the Sudbury Struc-
ture and Surrounding A.rea"

B¿rsecl olt tlle infbl'rn¿rtiou olrt¿rinecl fi'orn tirc high-r'esolutiou lefi'¿rction lines AB

arrcl XY ¿r,ltci the I'eproccìsjsecl leflection line 42 along r,vitli the intelpr.etation of the

plelirninarily processecl reflection lines 40 ¿r,ncl 41, a, utoLe complete stmctur'¿rl moclel

I'ol the Suclbuly Stl'ttctnre ¿rncl tire sun'ouncling ale¿ì can be clelivecl.

Figule 8.2 shows such a rnoclel. The Suclbuly Stmctr-rle is loc¿r,tecl :r.pploximately

10 iiln nolth of the Glenville Front. A lhomboicl-lilie higli velocity zone ("Suclbur.y

high velocity blocli" ) (90 x 60 krn in the rnoclel) clipping slightly southeast is locatecl

¿r.t 4.5 - 11km clepth t'ange ¿rncl has an average velocity of approximately 6.45 hrn/s.

The high velocity nolite ancl gabbr-o in the SIC ancl the high clensity ancl velocity

LGC unclerlying the SIC ¿ìppears to be lesponsible for this anomalous bloclç. Near

the snrface the velocity of the Suclbury Stlucture, in general, is slightly lower than the

surrouncling area, which is probably causecl by the secliments of the lVhitewatet gl'oup

1clo

fol

ur¿ìs
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¿r,bove the SIC. Benea,th the Suclbuï), Stmctur.e, the intelrnecii¿l,tc cr-ust¿rl bounclary is

loc¿-¡,tecl ett zrn apploximately 77-L9linr clepth r¿ìnge. The clepth of the N,Ioho bonncl¿l,r'\,

is ¿rbont 37 lirn in the Snpeliol Plovince, horvevel it incle¿rses to 44 lim unclei- the

Glenvillc Plovirrce. The Grenvillc Flout is zr rnajol intr.aclustal tcrctonic bonncl¿r,r-y

¿rtlcl it h¿rs ¿-rn aititudc of about 22' southeast clip along line AB plofile. The stluctur'¿rl

tt'i:ncls l¡clou' the GFTZ ¿lucl thc Blitt clorrr¿rin dip sonthc¿rst rvith clip ¿ngles vzr,r'ying

fi'our 8" - 15". The seistlic vt:locity v¿thres in the GFTZ ¿ì,r'e gencr¿ìllv higliel than in

thc ueighltoring a,r'ea. to the rrolth.

Thc-' clct¿r,ilerl stmctttle ulrrlel the Stcllxu'v StnrctnÌcl c¿ì,rì bc cxtenclecl fìt'thel noltlr

¿¡fïet' ittclttsion of thc inform¿r,tion fi'orrr line 42 (see Figulc 8.3). The bonncla,ry bc-

t\,r'eelÌ tite LGC ¿ucl C¿rltiel B¿rtholith is ¿rctn¿'tlly loc¿¡tecl a, couple of kilolnetels nolth

of the cnlt'errt loc¿rtion in the corn¡rilzrtion ln¿ìp (The exzrct sulf¿lcc loc¿rtion of this

collt¿r,ct rlrttst be velifiecl by cleta.ilccl ficlcl mzr.pping). Lfnlike the irrtelplctzr,tion in the

lccent glzr,vity tloclel (\4cGrath ¿urcl Broome, 1994) the intelfir.ce is clipping sontheast

¿r,t ¿rl¡out 32 - 35o. Irnmecli¿rtely nolth of the LGC/Cartiel Batholith bounclaly is

plobably ¿-r maìol fanlt ol she¿l,r' zoue, r,vhich is locatecl ar,t z-r,pploxirn¿r,tely 7-9 lirn nolth

of the bor-tnclary ancl also h¿rs an atiitucle of southeasi dip. Fulthel to the rrorth, no

stmctnr¿r,l tlencl c¿r,n be tr¿rcecl fi'orn the avail¿r.blc clata.
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Figure 8.2: A schematic diagram of the velocity structule model fol the Sudbury area
based on interpretation of the LITHOPROBE seismic refraction and reflection data.
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ïmplication of the Seismic Results Related to
the Origin of the Sudbury Structure

The setni-elliptictll rtra,p pzr,tteln ¿r.ncl the oliginal size of the SuclbLrry Stmctule h¿rve

lleert tire fbcus of the cleba.te r,i'ith lespect to the oligin of the Snclbnr'l, Stluctnre fol

lll¿Ìlìy vo¿ìl's. Aclvor:atcs of thc volc¿rnic oligin ¿ìt'guc th¿tt tfue Snclltrl'1' Basi¡ \,v¿ts nevet'

ciÌcrtl¿r'r' a'ncl no corresporì(lirrg a,mount of irnpzrct lnelt sheet h¿rs Jrccrr fbulcl in thc:

Sticlbur'1' ¿rlea. rvhic:h c¿l,rr s¿rtisf¿rctolill' cxplzriu the oligina.l sizc of inrPzrct clatc.L (N{riir.,

198-l; Pr:r'eclelv, 1984). Thc, SIC was r.e.jectt:cl ¿ì.s ¿ì11 inrpzr.r:t rnelt shcct on thc¡ glouncls

tlr¿r.t its volrtrtre lcl¿l,tivc to thc sir,t: of thc cr'¿tel r,vas irr cxcess of th¿r,t expectccl in the

impzrct cvent (Derrce, 1972; Flench, 1970).

Reccltlv, Glieve (1991) inclic¿r.tr,.cl th¿t by anzllogy r,vith othcl telrcstli¿r,l impact

stLnctttLcs, the spzrtial clistlibutior of siroclç f'e¿rtnr-es ¿r,ncl Hulorri¿r.n covel ¡oclis ¿rt the

Srtcll)rtn' Stt'ttctrtle suggcst th¿.-rt thc tr'¿ursiellt cavity r,r,¿rs in tlic lzrnge of 100 irm in

cli¿ttneter. This plzr.ces the oligin¿rl cli¿rrnetel of thc fin¿rl stmctulc lim in thc lange

of'the 150-200 Ì<rn r,vith lnole cilcnlal shzrire. Theoletic¿r,l c¿llcul¿r,tion ¿r,ncl empir.iczr,i

rel¿l,tionships inclicate that the folmartion of an impact str-uctule of this size r,vill lesnlt

in -10'lftrl¿3 of imltact melt, mole than sufficient to ploclnce a nrelt bocly the size of tlie

prcsent SIC (4 - 8 x 103krn3) ancl the Onaping bas¿r,l member'. Thus a self-consistelt

argunrent \,vas pt'oposecl which suggests z-ln impelct origin f'ol both the Suclbur.y Stmc-

tule aucl SIC. In reviewing the lesults fi'om the LITHOPROBE Sucll:ury ploject ancl

other lecent stuclies, Deutsch ancl Grieve (199a) also concluclecl that the SIC is a

cohelent impact melt.

Nevel'theless, by examination of the ERS-1 C-bancl laclar imagery of the Suclblry
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¿ìlt;¿ì alotLg rvith follorv-up fielclwor*li, Lorvman (1992) pointecl that the l'tror.th Range

aucl acl.jacent Supeliot- Plovince shor,v no eviclence of pelvasive comlllession clilectecl

to thc noLthrvest, ¿r,s rvoulcl be expectecl if the stLucture's plcsent shape in plan vierv

lcsultecl fi'otn regional clefolrnation. It r,v¿rs thelefole concluclecl th¿rt thc outlinc of

tlic Nolih Rzr,ugc is original (the oligina,l firr¿l stmctule rirn of the impzrct clater'?

cvett thottgh he clicl not dilectly inclic:¿-rtc that), suppolting the elliptic¿rl cr'¿rtcl in-

tcrpretzr,tion (R.ousc.l1,7972). Lou,rn¿l.n zllso suggcsteci th¿r.t the elliptic:al shzlpe of the

pt'<lsc:nt stLttctttlc nìa1r l'¡1' nuclelst¿l.nd¿lblc if zrn oltliquely impacting ì:oclv liit ¿1,¡ ¿lctirre

ologeuic l¡clt. Its trnusu¿r,l sltzrpe shoulcl uo lorrgcl Jre citcci ¿ìs ¿ln zr,rgurneut a,gzr,iust zln

impzrct oligin (Lolvmiln, 1992).

Thc iirre 42 reflcction profile cxtellcls tirc sriJrsnrf¿rce stluctnlal imergc of the Suci-

llltly zrleir to ¿ttr ¿l,clclitional 20 lirn nolthr,r'est. Thc lcsults pr-ovicle fiu'ihcl eviclence o¡

thc issr"ttt of the oliginzr,l clirtrcnsious. The ï{:)pïoc:{,)ssecl line 42 plofilc ancl intelpr.etecl

seisuric tnoclel (Figules 6.20 ancl 8.3) shorv th¿rt in spite of r,ve¿rli sulf¿rce clefolm¿ltion

¿rs rnerrtionecl b1' Lowm¿r.n (1992), thele ¿ìppe¿ìr's to lte signiflczr,nt sribsnlf¿-rce stluc-

tur'¿rl <1ef'orm¿r,tiori outsicle the Nolth R.a.nge, cveu in Levacl< tor,rrnship, inclucling the

reflcction event R2 (a tlz-r,.jot' fault ol sheal zone ?) ancl the acl.jzrcent leflection ltat-

telns (Figule 6.20). This leflection event has the s¿lrne sotithezrst clipping zr,ttitucle as

tlte urain Suclbuly stt'nctur¿ll trencls. The surf¿rce intersection is fzlirly close to the

iocation of fin¿l outeL lirn pointecl by Golcl (1980) (Figule 8.4). It is al¡out 12-1b lirn

fi'om the north shole of the Windy La,ke, where the line 42 snlvey line star.ts (Figures

4'1 ancl 6.20), ancl 7-9 km fi-om the LGC/Cartier Batholith contact. This structural

feature might have been causecl by an impact event or the Penolcean Orogeny. If the

cleformation outsicle the North Range inclucling the newly imagecl r'eflection features
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is impact relatecl, the oliginal size of the impzrct shoulcl be consiclelably lalger- thzrn

tlre pr.esent size. Thus the r-esult fi'om this stucly snppor-ts a rnuch lzu.gel climension

of the oligiriar.l cLateL ploirosecl by Glieve ¿rncl Dentsch (1991 ancl 1994).

Horvever', the line .12 scismic profile is not sLrfficiently long zr,ncl thc geometr.ic¿rl

constl'rtctiott ¿tlouc-' c¿r,lt llot lesolvc the probleru. Thc oligin¿rl final outcl liur ¿r,¡{

sltzrile of the oliginzr,l irnpact crater' ¿,tle still operi fol clcb¿r.tc. An ext<,.nsiou of thc:

leflcction sur'\rc\¡ ¿ì.(:l'oss thc Caltier Batholith - Berury Greenstorre ckrfollna.tion zone

rttay help to rlc'tt¡r'rlrirtt¡ the oligìnal sizc of thc impact cla,tcr'. A 3-D tonrogltrphi<;

itLvelsion rvitli f¿rn shots of the lefì'¿rction lines AB ¿rncl XY r,vill ¿rlso l>c usclìrl ancl

tnay pt'ovicle irupoltztnt inf'olm¿r,tion on the sulrsrilface stmcture in thc nolthu,cst of

the Suclbul'). B¿rsi¡ ¿i¡cl the snt'r'onrrcliug ¿tt'c¿ì,.
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Chapter S

Conclusions

Since tlte cliscovery of ertensive nr¿rssive sulficlc cleposits in the Suclbuly ¿u'e¿r, in tht:

l¿lte 1800's, coutinuous eff'olt h¿rs beeu expenclccl to clctclrninc the or.igin ¿r,ncl cou-

fignÌa,tiol of tltis lutic¡tc gcologica.l stluctulc a,ncl ¿rssoci¿rtccl unnsnzr.lly lic[ ¡rirrer'¿ll

cleposits. Evett tltough rnalpping zr.rrcl extcrrsivc ch'illing ¿r.t nrany stlzrtegic sites h¿rve

plovicleci ¿r nttich ltetter rinclerst¿r,ncling of the sulf¿rce geologv a,nci stla,tiglalthy of thc

stLucture, the origirr of the stmctule lemains enigmzr,tic. Bec¿l.r-rse the geometr.y of

the Suclbut'y Stt'ttctnl'c c¿ur l¡c r:loscly tiecl to its oligin, zrn integlatccl seisrnic stnch,

inclucling seislnic: r'efi'action, r'eflection ancl VSP experirnents wer-e carriecl out ancl

intelpletecl in this thesis Lesezr,Lch, u'hich provicles valua,l¡le infolm¿tion for- uncler'-

stancling this uniqrie stluctur.e.

The ltigh t'esolution t'efr¿rction expeliment, czrrliecl out in 1992 ¿rs a pzrlt of the

LITHOPROBE AGT Suclbury Transect, explores a cross-array of two profiles th¿r,t

are approximately 285 km long in N\,V-SE direction ancl 170 km long in W-E clirection,

which provicle major subsurface regional structur.es fol the Suclbuly Structnre ancl the

surrouncling area. The preliminary lesults suggest th¿r,t there exists a "suclbury high

207
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velocity blocli" with an aver¿ìge velocity of 6.45 hrn/s Lrnclellving a, slightly iow velocity

nreclia, rvith t'espect to the sullorincling regional velocity str-uctures. The SIC nolite

ancl gabl>t'o ancl the LGC a,ppe¿ìr' to be lesponsible fol this high velocity bloch, ancl

tlte Whitcr,v¿-rtet" seclinents rn¿ty bc lesponsible fol the ovellying low velocity stlucture.

The clepth of the N,Ioho bounclary is ¿rbout 37 lln in thc Superior Plovince but is

zrs cleep ¿rs 44 lir lurcler the Gleuvillc Plovince. Thele is geological eviclence that

tlte Gt'ettville Flont ovclthliistecl onto the SoutheLn ¿rncl Stpcrliol Provinces r,vith ¿r

southe¿rst clip of ¿ltout 22o nc¿lr'thc Suclltut'l¡ Stt't1c:tut'e. Fur.ther.to the sonthezrst, in

thc Gt'cnville Flont Tcctouic Zone ¿r,ncl Britt Dorn¿r,in of thc Glcnvillc Province , thlee

soltthe¿rst clipping stmctuLt's ¿r,r'c-. fbunclecl u'hich ¿r.ppe¿ìr' to Jrc lesponsible for. the r,viclc

irngle leflections (Figules 8.9 ancl 8.10).

C¿r'efirllv clesignecl tlaclitiolr¿1l plocessing steps cornì:irrecl rvith ¿rclv¿r,ncecl cla,t¿ plo-

ctlssittg techniqncs cleveiopt:cl in this lese¿r,r'ch has ch-¿rrn¿l.tic¿r,lly errh¿r,ncecl the scismic

itnz-rge of tlie Suclbuly Tr¿r.rrsect linc ,12 regional lcflection plofiie. \\¡ith a.pplicer,tion

of the tirne vat'ying closs-clip collcction, r,vhich grezrtlv focuses leflection ener.gy in

corupliczrtecl geologicz-ll enrriloturients ¿l.ncl the new rry¿r,velet tr'¿lllsf'olrn appr.oach, rvhich

eff'ectively lernovecl the gloulcl loll noise, the reprocesse<l Suclbury r.egional r.eflection

liue 42 cl¿l.ta. successfr-rlly cxtencls thc r.eflection irnage of the Suclbury alea to about 20

lim fulthel nolthwest. The profile has levealecl tlic subsulfa,c<,: structur¿r,l relationship

l¡etr,veeu the LGC ancl the acljacent Caltier. Batholith. The lesults inclicate th¿lt the

contact between the LGC ancl Cartiel Batholith is actua,lly zr couple of hilometels

north of the culrent position in the geological compilation rnap. It clips southeast in

parallel with the general structural trencl of the main Suclbuly Stlucture. The LGC

is about 5-8 km thich ancl has a relatively high velocity ancl clensity. Immecliately
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north of the LGC is the Cartiet' gt'a,nite, which has ¿r lorvel seisnic velocity ¿urcl is

itltclluptecl by tr. najol fault ol she¿rl zone clipping sonthezrst. The ¡rt-r,.jo¡ f¿¡rlt or

shea,r zone itrragecl in the nolth of LGC suggests that the st¡¡ct¡r'¿-rl clefo¡¡ration i'
tlte srtbsnt'f¿rce is stlougel th¿ru the snlf¿r:e expr-essions, thus it pzrrtially snppolts zr.

niuch lerlget' oliginal clianletel of the fin¿rl stnrctule lim ploposecl by Gr.ieve et al.

( 1ee 1).

The tirne-rr¿l,rving ct'oss-clip collection tcchnic¡re clevelope<l herc is a, vely efflciett

tlit:thocl f'ol focusing the seisrnic t'cflection cnelgy in the complic:zr,tccl gcologiczr,l st'*c-

t,ulcs ¿r,ucl clooliecl sulvcy lirrcs. It uot ouly glezrtlv errha,nccs thc seislnic irna,ge, ltut

trlso plovicles ¿r,clclitional closs-clip inf'olm¿r,tion on the clipping lcflec:to¡s for the fi¡¿:r,l i'-
tct'pÌt:tzrtion. Tlte ncr,r'sign¿r,l processiug tcchuiclue, th.e r,r,¿lvr:lct tr'¿¡sf'o¡¡r, lìers pr-ovcrl

t<i be zr specizrlly porvelfìrl techuicßre f'ol tirne-fï'ecllrellcy a,nzrl1,sis. The clevcloprnerrt

c:¿rÌl'iccl or,tt in the lese¿llch fol this thesis on the a,pplicatiou of t[c 1r,¿rvelet tr'¿rnsfb¡l'

sltoulcl fincl rviclc appiiczrtiots in thc fìrtru'e in seisuric clata. plocessilg zucl ot¡t ¡ sigrz-rl

pt'ocessing fields. Fulthel wolic on zrirpliczr.tion of the wa,velet tlelnsfoL¡r, snch as cle-

tection of nonstationary sigrrzrls ancl lamin¿r.te stluctures arrcl snlrlr¡ession of co¡e¡e't

noises etc, shoulcl Jre continnecl in the futtire .

The VSP technicltte czrn pler,y zrn impoltant ¿ncl complementaly r^ole in briclging the

ollseÌvational gap between sulface seismic reflections ¿r.ncl r,vell-log sulveys. The multi-

offset VSP expeliment calr.iecl out ¿rs palt of this resealch has clemonstratecl that the

integlatecl seismic stucly is riseful not only in the interpretation of the shallow struc_

tural geological attitucles l¡ut also in accurate corlel¿rtion of the leflecting interfaces

with local lithological folmations. The lesnlts inclicate that the contacts between the

Chelmsforcl ancl Onwatin formations ancl between the Onwaiin ancl Onaping forma-
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tiolls ¿r't'e lespectively locatecl at 380 m ¿r,rrcl 1240 m clepths in the centel of the basin.

The liocloglaur a,uzrlysis of ttre \¡SP clata, pr-ovicles inclepenclent eviclence fol the clip-

ping zr,ttitLrcle of the Chelrnsfolcl/Onwatin cont¿rct. Corlel¿r,tion of tire VSP velocity

itnalysis with the well-log clzr,ta. suggcsts ¿r,n ¿ìvet'¿Ìge P- w¿rve vclocity of 5.gg lln/s
frll tìrc Chelmsf'olcl gleyu'z-r,che, urhich is consisterrt rvith the velocity ¡te¿ìs¿r.el¡ent in

thel 1¿rbor'¿rtoly fi'orr the ch'ill cole szrnrirles.

Ntlost of thc \/SP cLr.ta pr.ocessiug trncl iutclpletation technic¡rcs clevelopccl ancl im-

1>lcrtttrtttccl in this thesis lr:sezrLch, sric:h as the horizontal cornponcnt r.otrr,tiotr, tr'¿rvel

tirne invelsion fol velocity ¿ln¿llvsis, c:outl¡in¿ltiorr of thc hyperboli<: filtcl ivith the

R¿-Lclon tr¿utsf'ot'rn fol rv¿rvefielcl scpilr'ation the VSP-CDP tlansfoln, rl,ncl palti<;le mo-

tion hoclogla.ur analysis fbl estiurzr,tirrg lefiectol clips zr,r'e very effì:ctivc. They shoLrlcl be

vet'y usefïl f'or' ltroccssings of other' \/SP cl¿r.t¿r, sets fi'om the clysta,lliue locli telr'¿rncs.

Thc resrrlts fi'otn this integlatecl seismic investig¿-r,tion of tlie Slclltu¡y St¡rctn¡e

h¿rve llectl \¡cl')¡ ellcourttgirrg, ancl suggest th¿r.t integlzr.tccl seisrnic exper.irnents c¿r.r

llc vety rtsefttl in exploling cornplicatecl geological stmctules such as the Suclbury

B¿rsin. It c:a,n plovicle both legional ¿r,ncl cleta,ilecl subsurface stluctures a,ncl help one

to unclerst¿rncl the oligin elncl paleo-setting of the stluctules. The lesults of this thesis

Icse¿lrch suggest that a,pplication of seismic techniques in the mining at'ea, can be ¿rs

effective ancl useful as in petroleum expior-ation.
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Appendix A

Logistic l,*y-out of the Seisrnic
Ðata Frocessing Systeffì

The \¡SP cla.t¿1. r'r'ele ploccssecl utilizing rnostly the ln¿lin fi'¿rme computel IBIVI 3090-

2008. The rcflectiort line 42 cl¿'r,t¿r. lvere ploccssecl usiug thc I?.kA's INSIGHT softr,r,¿rlc

a,lolg witli the in-honsc clevelopccl softw¿r.rc at the Llliver.sitl, of vlalitobz-r, (sec chi-r,ptcl

6 ¿rncl 7) and plottecl utilizing the LSPF plottilg f¿rcilities. The lefi'¿rction cl¿¡t¿r r,ver.<r

plocessccl ¿'lt Univcl'sit5, o¡ iVl¿rnitoba, using the in-house clevelopecl sofTr,v¿r,r'e ancl the

pl'ogl'¿ìtns ploviclecl bv Dr'. Bob iVleleu at thc Uuivelsity of \,Vest Ontalio (see Cfizr,pter.

4 ancl Appenclix B).
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Appendix B

E{igh FR,esolution Seisrxric
R efraction Ðata Fnocessirxg and

R,*)r Tracing V{odelixag.

Evelt though thtl ¿l.ttthol hzrs firlly pzrlticiira.tecl in ¿r,ll the phases of lcfi'¿rctiou. exper'-

iment inciuclirtg line scouting, GPS sulveying, ¿r,ncl fielcl clzrtel er,cc¡risition, plocessing

t'rucl itttet'plct¿ttion of the lcfr¿rction cl¿r,ta c¿r,r'r'iecl ont helc ¿r,re linlitecl to pr.cliurinary

level ltec¿l.ttse there is ah'eacly a la,r'ge ¿r,mount of lesealch wor-h involvecl in this the-

sis lese¿r,Lch ¿lucl lirnitecl tirne. The pur.pose of inclucling the preliminzr,r'y resuits irr

this zr,ppenclix is to provicle a complement¿lly pictule of the Suclbur'¡, Stlr-rctur-e zrlong

with othel seismic clata. intelplet¿r,tion. Only the in-line shot clata r,vill be cliscussecl

ancl plelirnina,t'y moclels will be pr-esentecl b¿rsecl on the folwalcl ray tr-z'r.cing seismic

mocleling arncl interpletecl with other. r'esults.
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EB.l objectives, Target Refractors and Reflectors
of the Experiment

The high t'csolittion t'efi'action seismic cxpelinrelt coudnctecl in the Suclbuly legion

(lines AB ¿l,ncl XY see Figrue 4.5) was plzrnnecl ¿r,ncl ¿lirnecl zrt cxplolation of the cmst¿ll

stluctut'c of the Suclìtuly B¿rsiu ¿rncl the sullotucling ¿ì,r'e¿ì ¿r,ncl stucly of thc stnrc:tur¿rl

lcl¿r.tiolrship ìtetu'eert the Suclbuly StmctuLe a,ucl thc Glenville Flont.

The 1992 LITHOPR.OBE Srrcil;uly lc.fr¿lctiou line AB, florn northu¡est to southeast,

tL¿lvcLscs the Altitil;i stibplorrince in the Supcliol Plorrince, the Sucllxr.y Stnrcturc:,

the Hnr-ouittn glonp in the Sonther-n Plovincc. ¿rncl the Glelrville Front Tectouic Zone

(GFTZ) ¿rncl Blitt Dorn¿r,in in the Glenville Plovillce. The lefi'¿rction linc XY tr'¿r,velses

thc SticlJtuly Stmctirlc ¿utcl the Huloni?ìn glorU) iir tr,r n,pploxirna,te urest-east ciilection.

In thc ttolthr,vcst, the Abitibi suÌrplovince leprcFjcltts the latest ar,ncl yoringest of tlic l¿r.te

Alche¿t,n plutonic glzutite-glcenstone toLLanes to bc ¿r,ccretcd in the SuperioL Pr.ovince.

The SuclltLrly Stmctrirc:, in the centel of tlic refì'¿r,ction sul'vey lines (Slclbur'5, cross), is

one of the pt'itrizrt'y tzr,r'gcts of the survey (Figure 4.5). It ploclucecl significa,rrt reflection

events in the e¿ulier 1990's LITHOPROBE Sudbrily leflection profiles (lVlilker.eit et

a1., 1992; iVIi¿ro ¿-rncl iVloon 1993 ancl 1994). The SIC, which contains high velocit5,

Ìoclis such as the ger,bblo ancl nolite, ancl the Lev¿rck Gneiss Cornplex (LGC), r,vhich

h¿rs relatively high clensity ancl velocity valnes (Salisbury el. zr,t., 1gg4; iVlcGr.a,th,

1994), c¿rn be goocl leflectors ancl lefi'actols. The structur^al lelationship between the

SIC ¿l,ncl the intelmecliate clustal bounclaly can also be investigatecl ìry means of the

high lesolution lefi'action survey.

To the southe¿rst of the Sr-rclbury Basin, the GFTZ is approximately 30 krn wicle
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¿ìlld supel'imPosccl upon e¿ìr'liel stlilctrlles such as thc Sorithcm, Suirclior', alcl N¿ri¡

PLovinccs (Lurnìler-s, 1978). It sepalates tlie high-gracle ¡retzr,r¡o¡phic ¡oclçs of t¡e

Grenville Plovince fi'onl the 16ll glzrcle metamor.phic r.ocks of thc Supeliol province

to the uoltltwest ¿ncl the Southeln Plovince to the sonthu¡est. The legion is in genelzrl

ch¿r'l'¿rctelizecl ìly cluc;tile clefolrn¿tion ¿rncl mylonite zones rvitli f'oli¿tion ¿-r,ncl lz-r,ye'i,g

aiignecl pzrrzr.llcl to thc GF. Ill other \\¡olcls) it is lep¡ese¡tccl 5y ¿r se¡ics of sont¡e¿rst

clipping st¿rciçecl cmst¿r,l shccts (Gibb ct al., 1983). The Blitt clorn¿r,in of the Ccntr'¿r.l

Gttciss Bcit ili the Gt'cuville Plovince (Daviclson ¿r,ncl N{olgz-ur, 1980; Daviclson, 1g84) is

clt¿u'¿rcttrrizecl ìly clttzr'r'tz f'clclsptr.thic gneisses of ltoth srrprac¡rct¿-L,l ¿r1¿ pl'torric or.igin,

clcfolrnccl togcther' ¿r.ncl rneta,tnorphosecl to miclclle zrncl uplter a¡rphiltolite fircics ¿rlo'A

u'itli loc¿rl rnigmzrtite fbrnr¿ltion.

Thc GFTZ ¿ìppe¿ìt's to h¿rve zr, 1rt'of'ouncl efi'ect on the n¿r,tule of'the leflector. p¿ì.[¡er'rìs

tlccorclitlg to the GLIN4PCE (Glezlt L¿r,lies Inteln¿rtional N¡Iulticliscipli¡tr.r'y Pr.og''zr.rr)

seisniicleflection ¿r.ucl lefr¿rr:tion stuclies (Behlenclt ct al., 1g88, 1g8g, zr'cl 1gg0; G.een

et ¿rl. 1988, 1989, 1990, N¡lilliereit ct ¿r,1., 1990) (see FigLrle 8.1 f'ol locations of tlie

GLIN4PCE t'crflection ¿lucl lefï'¿rction lin<,.s). These reflectols ¿r,re also well imzr.gecl iu

the wicle-angle rnigrz'r,tecl reflection plofiles (Figule 8.2). The lirre J refraction sections

of tlre GLIN4PCE expeliments show that the GFTZ is cornposecl of b¿r.ncls of ¡eflectors

clipping rvith angles of 20' - 35o extencling to the lor,ver cmst. The Blitt clomain is

genelally lepresentecl as shallor,v southeast clipping leflectors (Epiti ancl Vle¡eu, 1gg1).

Figure 8.3 shows the velocity structnle moclel obtainecl from the line J lefraction

stlrvey' Seismic clata from other lines crossing the GF to the east in Quebec provicle

eviclence fol a 5 to 10 lcrn clepression in the iVloho along the GFTZ (Ìvlereu ancl Jobiclon,

1971; Berry arrcl Frtchs, 1973; iVieleu et al., 1986). All these reflectors ancl 
'efractors
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¿rncl tireil extensiotrs r¡'ere the potentizrl tat'gets of the 1992 r-ef¡actio¡ seisr'ic su'vey.

8"2 Seismic Refraction Data Frocessing

Tlie origin¿rl cl¿rt¿r leceivccl ¿l,t the Univelsitl, of Nzl¿l,nitoJla wel.e stor.ecl il a StrG_y

f'orm¿rttecl ta1;c. Thcv \\()t'e extr'¿rctecl fì'orn ¿r.n exa,Jt;rfs ta,pe e.r,ncl copiecl on the h¿r.cl

clisli Jlv usittg ¿r FORTRAI{ ploglarrr liirrclly ploviclecl b5, ¡:rotnrrol B. Nlclr:rr of the

Llltivct'sitv of Wcstct'tt Ont¿rlio. Thc clata welc corveltecl to the /?.k-l INSIGHT

fbt'rn¿rt by tr, plogla.,ltr clevcloPccl irr this lese¿rlch. The INSIGHT soflwa,r.c rvas the.
utilizecl f'ol scleel clisplzrv, tlacc eclit, ¿r,ncl tirne clom¿rin filteri1g. Ot¡er pr-occssing

steps itlclucling titnc collectiou, offìsct ¿lurl ¿rziuruth infolm¿l,tio¡ rnzr¡ipulzr1,iou, irncl

I'eclucecl tirnc plottittg lvelc all irnplernertecl nsing the plogr.z-rns clevelol;ecl il this

tltesis Lcse¿rlch.

8.2.L Tirne Correction and Filtering

The time crl'ols of the seismic fielcl clata come rnainly f¡om tr,vo sourccs. Orre is

sltot time el'l-ol's' ivhich \,vel'e collectecl befole the cl¿rta wele clistlil¡utecl. Anothe' is

the seismogla.pli clocli ct't'ors. The infbrln¿r,tion abont these elrols w¿ìs sto.ecl in the

SBG-Y lteacler' files. Hence the clocli selvice elrols \,vele cor-lectecl on all the tr¿rces

¿lfter the clat¿-r, sets r,r'ele receivecl.

The raw clata tlaces wet'e contarninatecl r,vith various types of noise. In olcler to

intelpr-et the obser.vecl clata, effectively, a series of processing steps were appliecl to

improve the S/N I'atio. The follor,ving steps wele carriecl out in orcler to cleate the
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fitt¿ri rccot'cling sections fot'intelpleta,tion, which inclucle ltanclpass filtcr¡ing, ¿r,utomatic

gz-ritt r:otltlol (AGC), mecliau filtcring, erncl spectlal bala,nce. A bzurcll>¿rss filtc' with ¿r

pirss bz'lncl fi'onl 8 to 35 Hz rvzrs trppliecl to the clat¿r alcl a mecli¿ur filtcr lv¿rs ¡secl fo'' the

cl¿rt¿r to rcillove high-frec|rency elcctlic-stolrrt noise. Tlie gai¡-co¡tr.ol p¡ocessing with

¿r 0'8 s tintc rvittclou' eff'ectively sultplessecl the stlong air'-lr,¿lve ¡oisc in the nc¿r' shot

tt'¿tcos ¿rilcl cnha'ucecl the subsecluent rr:fle<:tion c-.vents rvfuich rve¡c oflc¡ over.,,vhellrecl

in the coclzr 1>iras<,:s of the ¿l.iL w¿l,rrc noise . Suìrsequently spectr.¿rl l;¿ri¿rnce r,vith ¿r slicling

r'r'inclou' of 0.5 s \,\¡¿ts appliecl to thc cl¿rt¿r to fiu'thcr- cnh¿urcc lefi'¿rctiou ¿iucl lcflection

signtr'ls. Figru'c 8.4 shows zt coml;ttlisou of the cl¿r.ta bcfo¡c ¿rncl ¿rfTcr. tirc 
'r.ocessi'gs.It is ollviorts tir¿r.t the stlortg ¿t,iL-u'¿ìtes ¿rncl electlic stolnl noiscs ¿ìr'e slpprcssecl ¿rfTe'

the plocessing.

8.2.2 Data Display

The oligirt¿r'l cl¿r't¿1. \Met'e recolclecl ilr ¿r -5 to 55 s time r,vinclow ¿r,ucl r,vcre r.eclncccl to thc

f - z/8.0 tirne sectiorl. To oltsel'r,e l;oth interrnecliate ¿rncl Nloho ltounclz-r.y 
'efi'¿rctions

rnole clearly, the clata r,vele conveltecl to the leclucecl tine sections of t - ¡-16.g.

The offìset clistances ancl ¿l,zirlutlies beti,veen the soulces ancl r-eceivefs we'e c¿rlc,latecl

fi'om the l¿rtitucle z-r.ncl longitucle infolm¿ltion storecl in the o¡igi¡al StrG-Y heacler- files.

The plotting roittine r,vas clevelopecl for' ¿r, SUN Sparc rvor.kstatiol ¿r,ncl the cl¿rta we'e

plottecl orr a, 400*600 r'esolution HP laser lrrinter. The processecl, tra,ce-eqrizrlizecl,

seismic lefraction sections are piottecl ¿r,ncl shourn in the Appenclix C.

The clat¿r fi'om line AB shows significani Vloho reflections (see the hyperbola-like

ctlrves in Figures C.1 ancl C.3. There are also clearly observable reflections, rnostlv
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vel'y shallow e\¡ellts) u,hich intelsect the snrface (Figur.es C.4 ancl C.6). They a¡e

probaltly lelatecl to the Sricll uly Stlucture arrcl the clippirrg srïuctures ¿rssoci¿ltccl r,r,ith

the GFTZ. The hc¿cl u'a,r'e ¿r,r'r'ir'¿r,ls fì'om the N,Ioho borincla,r'y c¿r,n be iclentifiecl fr.orn

the shots in the southeln palt of the line (sce shots ¿rbg ¿rncl ¿rb10 sections (Figrl.es

C'9 ¿urd C'10)). HotveveL, they zu-e not sufficic.ntly cle¿r.r' to be iclentifiecl frorn thc

shots irl the rtoltherln Palt of thc plofile, lvhich have beelr pr.oberbly clist¡r.5ccl ¡y the

GFTZ's clipiring intelf¿rccs.
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GLIMPCE EXPERIMENT l9B6

Figure 8.1: Location of the i986 GLIMPCB r-efi.actio' seismic
traverses frorn the Britt domain, the GFTZ, and to the Souther.n
Mer-eu, 199i). The relative location of the suclbury structu'e is
to the regional tectonic setting.
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Line XY is not long enouglt to t'ecolcl N¡Ioho lefi'action eveuts ¿rs the fir'st ¿rr-rival

signa,ls. Hotvevet', r'efi'actious fi'oru the intelmecliate clust¿ri cliscontinuity a.r-e ol¡selrr-

¿-r.ltle. Thet'e ¿lre also significzrnt r-eflections at sha,llow clepths in the linc XY Lecor-cls,

rvhich zrle plolrzrbly lel¿-rtecl to the Suclltuly Stmctnle (Figulcs C.13 ¿rncl C.1b).

ß.s Rry Tracing and Seismic Modeling

Thelc ¿ì,t'(ì sevot'¿ì,l itultlishecl la1, tlzrci¡g ptogt'¿ìlns. Tht: Õc¡r't ¡i,'s 1'¿1, t¡etci¡g pro-

8r'¿lllì (Õcrrctti-' 1985 ¿r,ncl 1989; Öelvclf ancl PËenöik, 198J; õlcli.t.ni ¿urcl R,avincir.:r,,

1971)is orie of thc most cffective l;r'ogr¿lms ¿urcl c¿l,rr h¿lncllc l;oth 2-D arrcl 3-D inhonro-

gerleollFj nlecli¿,r, a,ncl gener.a,te re¿rlistic: t'zr,y tlacing zrs r,vell as syrrthetic: scrisntogr'¿r.rns. It

n'¿rs thtrs rrtilizecl in this thesis fbl r¿rv tlacing a,ucl seisrnic rnoclelingf'ol intclpletatiorr

of thc Su<lbuly lcfi'action cl¿rta.

8.3.1 Õerven¡i's R,ay Tracing Algorithm

Õclvenl?'s lzry tlacing zrlgolithnr is a. trvo-point clynarnic lay tlacing a,pplozrch (Öcr.vcni

ancl PËcnöik, 1984). The wave fielcl genelatecl by a line or a point soulce situatecl in

¿-r 2-D latelzt'lly va,r'ying layelecl stntctule is computecl ¿rs ¿r, super'position of elemen-

tztly r,rraves (reflectecl, r'efì'actecl, conveltecl, etc), r,vhich corr-esponcl to the zelo-orcler.

approriruation of the lar,y methocl. The soulce time function h¿rs a for-m of a halmonic

carricl lnoclul¿rtecl lty a Gzr,ussian envelope:

f (t) : exp(-(atl1)2)cos(at * q),

r'vhele f is time, ø is angulal fi'equency, 7 ancl 4 clenote the parameters of the soulce-

tine function. \,Vith a pl'opel choice of these palameters it is possible to simulate
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a blo¿rcl valiety of r'r'¿lvelets rvhich are close to the observecl clata in seismoiogY erncl

seistlic pr-ospecting. The two-point lar,y tracing (i.e. cleterminatiou of r'¿rvs rvhich

¿r,r't'ive at speciflccl t'cceivel positiorrs zrlong thc E¿rlth's sr-rlface) is pelfolmecl bv ¿r,

lllodifiecl shooting tuethocl ¿r,ncl the li.ìys ¿ìr'e cletelrninecl bv the initia.l v¿'r,luc (Cauch1,)

lay tlacing. Thc lzr.y tlzrcing ecluzltions h¿'lvc the forms:

dr¡f clr - t2¡t¡,rtp¡lrlr: -t)-I0ul0r¡,

u'lteLc r is thc tt'¿rvel tirttcl a,long thc rzr,y, rr:, zlurl pr ¿r'e thc C¿rltesi¿rn coolclilr¿rtes ¿urcl

the conpottclttts of thc slowriess r¡ectol z'r,lorrg thc ¡¿¡y resircctivt-.1v, r' is thc. plopt'r,gt-r,tion

vclocity. Tlte ecßtzrtiou systeln is solvecl using thc R.tnge-I(utt¿r rnethocl. The geonret-

t'iczr,l spleaclilg is cletet'ntinecl l>y solving a systern of tr,vo line¿rr' olclina,r'y cliff'elcrrti¿rl

cclurttions of tho first olclcr' (so cz-rllecl cl1'nntnt,' r'¿Ð, tla,cius) by ¿r moclifiecl Eulcr''s

rnethocl.

The algolithtn c¿r,n cle¿rl q'ith va.Liorrs intclfaccs ¿l,ncl l¿rter'¿r,llv valving velor:ity stluc-

tttLes, lvhich inclucle vanishing layer-s, blocli stmctules, fi'zr,ctules, ancl isol¿-r,tecl l¡oclies.

The inter-f¿'¡c:es aucL velocity clistlibution ¿ì.r-c ¿ìpproximatecl by zr. cubic spline intcrpo-

Ia,tion.

8.3.2 A Preliminary Model for the Line AB Shots

Using Õerveny's program, r'ay tlacing was pelformecl f'or lines AB ancl XY lefr¿rction

clata. For line AB cierta, a stalting moclel consistent r,r'ith the geology of the alea \,vas

first cleterminecl fi'orn analysis of the fir-st ar-r'ivals ancl the inforrnation fi'om other.

lefi'action line stuclies across the area (GLINdPCtr line J (Epili ancl Nlereu, 1991)).

For a mocleling proceclure, rays lvere tlacecl fi'om the soulce to the surface, ancl a
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compal'ison \'v¿ts m¿ìde betrvcen the conrputecl ¿rucl obselvecl travel times. Acljustrnents

rvele then ln¿lcle to the velocity values ancl/or the borinclaly positions until a goocl

fit r,vas achievecl l¡etn'een all the computecl ¿r,ncl obselvecl cl¿rt¿. The results of the lay

tlacirig ¿r,r'e shorvn in Figules 8.5, 8.6, 8.7, 8.8, 8.9, aucl 8.10 for the shots zrbO,

e-rb2, elb3, zr,ì16, zr,b9, ancl ¿r,b10 r'espcctively. Thc compntecl tlavel tirnes wet'e ovell¿r,icl

ou the plor:essecl sectiolls to show horv r,vcli the cornputecl valrtes nratch witll the

obsclvecl clzr,t:r,, r,vhich ¿r,r'e shor,r,n in Figules 8.5a, ß.62l, B.7rt,8.8a,8.9a, ancl 8.10¿i.

The corlesponcling seisnric: r'¿\.s ¿rncl the moclel itttclf¿rces ¿rle shor,vn r-esper:tivolv iu

Figulcs 8.5ìr, 8.6b, B.7l;, 8.8b, B.9l¡ ¿rncl 8.10b.

Shots zrbO, zrlt2, ¿¡lt3 rvele loc¿rtecl at the noltheln sicle of thc Suclbuly Stt'rtctnle

(see FigLrlc 3.2), the Sr.rcllnly Stlnctru'e ¿ì.ppe¿ìrs to plocluce cleal eff'ects ilt these

refi'¿rction sections. Bv inspectirrg the lecolclecl cl¿-r,t¿r sectiorr of tlle shot ¿l,lt0 (Figulcr

C.1), one rnay rrotice thcle is zr stlong ne¿'¡r sriLfar:c-. r'eflection ¿r,t receiving clistzrrtcc

of arpploxirna,tell' 100 knr. This cvent can ¿r,lso be tr'¿rcecl irr the zrcl.jacent shots, th<r

shots ¿l,lt2 ¿rncl zrb3, in which case the stlong events ¿ìppe¿ìrs at leceiving clistances of

appi'oxinrately 60 lim ¿-urcl 40 linr lespectively (Figules C.3 ancl C.4). Fol the t'er:olcls

with the shots on the sonth sicle of the Suclbuly Stluctur-e (see Figure C.6), this stlong

nea.r suLface leflection can also be tr¿rcecl. It elppezrls in the light sicle of the shot ¿rl¡6

cl¿rta section ¿rt ¿ur apploxirnzr,te leceiving clistance of 20-45 krn. This stlong amplitucle

event can be genera,tccl by the near sulface high velocity stluctule. In the pleliminar-y

moclel (Figure B.11) fbr the line AB, a rhombus bloch with a slight higher velocity

(v:6.45 krn/s) lvas usecl to simulate this stluctule. The cornputecl travel times fit

well with the obselvecl clata (see Figures 8.5a, 8.6a, 8.7a, ancl B.8a). This stntctule

may be lelatecl to the SIC rocks of the norite ol gabbr-o ancl/or thc high clensity LGC
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r,vlriclr uncler'lies the SIC ¿rncl h¿rs a clensity of 2.77 gf cnz:J ¿ncl velocity of 6.5 hm/s

ltasecl on thc rnost lecent lesnit of gla,vity mocleling (N,IcGr.z-r,th, 1994) a,ncl velocity

urc¿ìsulenìent (Szrlisbuly et al., 1994).

Fol the shots at the sottheln cncl of the line (shots ¿rb9 ancl ab10), the p.o phases

¿ìr'e vely cornplex ancl zrppezrl to h¿r,ve a 'shiugle-lilie' pzrtteln (N,lcleu, i990) up to zt

clistance of 110 lln (Figules C.9 ancl C.10). A l:rlge nurttl:cl' of hypclbol¿r-lilçc cuLves in

the le<rorcl scctions show th¿rt tltc u'icle-¿-urgle leflections clotliu¿te tht'str scctions. The

clipping stnrctnre of the C+îTZ ¿urcl Blitt clonain rnust lte lcsponsiblt: f'or' 'shingle-lilce'

1;zrl,telris. Irr the plelimiuzrr')'rnoclel (Figule 8.11), four tlipping li.:fler:toLs rvith dipping

angles langing fï'orn apploxirn¿-rtely 8 to 22 sitlnla,te the GFTZ ¿r,ncl Blitt clonaiu

lvith a vely goocl fit collesponcling betlr,eett the comprttecl ¿r,ncl obsclvccl tr-¿rvel tirnes.

Thc lesults ¿r,r'c sholvn in Figulcs 8.9¿r ancl 8.10¿r,. The t'eflectious lvith'sllinge-lihe'

pi-rttelns r,r'er..t: ¿llso obselvccl in the e¿tsteln stations of thc GLI\,IPCtr r'efì-¿rction line

.I l,l'ht:r'c: thev lvorc interpretecl as alising fi'orn tire clipping leflectols belor,r' the GFTZ

a,ucl Blitt cloma,in (Epili ¿rncl N¡Ieren, 1991).

Tlms ¿r plelinrinaly nroclel with velocity pz'r,r'arnetcls ancl stluctur'¿rl bonncl¿r.r'ies r,v¿rs

firr¿llly olttainecl fol line AB plofile ancl shor,r,n in Figule 8.11. The results show that

the N¡Ioho ì;ounclaly is abont 37 lçrn cleep er,t the nolthcr.n encl of the line, ancl it

leaches a clepth of 44 hm ¿r.t the southeln encl of the line. Tlte intelmecliate cntstal

intelf¿rce is about 17 to 19 km cleep ancl it is interluptecl at the GFTZ. The shallow

lrigli velocity structure relatecl to the Suclbury Structur-e is locatecl ¿lt altout 4.5 to 7

lim clepths u'ith a velocity contrast to the surrounding meclium of approximateiy 0.25

lirn/s. The velocity above the Suclbury high velocity lens is slightly lor,ver than the

sur-r'ounclins meclium.
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It is not sulplising th¿t the avel'¿ìge effect of the SIC ¿lncl the LGC is sirlilal to a

high velocitS' blocli, sillce the stmctules ale bounclecl to the south ancl e¿rst ìly the

Hrrlon¿-rin scclirnent¿rïy group loclis, which have ¿r, Iolvel clensity of ¿-lbont 2.70 gf cnt':r,

¿rncl to the rrolth ¿r,rirl ltolthu'est by the Alchean glanite-greenstone belt with ¿ìtt evcìÌ

lorvel clensity of 2.65 rtf cnt:\. The GFTZ ancl the Blitt clomain wele mocleiecl ¿rs fbut'

sontheast clippirrg leflectols in this pr-eliminaly intelplet¿rtion moclel.

El.3.3 A Prelirninary Model for the Line XY Shots

Thc st¿rltirrg nrorkrl fbl line XY plofilc w¿ìs geuer'¿ìtecl lty zltiellyzing the filst ¿r'r'r'ir'¿r,ls

¿r,ncl the infolrn¿rtion ollt¿rinccl fi'orn line AB. The s¿ulte r¿ìy tracing methocl tr'¿ts ttscrcl

to rnoclel the stm<:tulzrl pr-ofilc along linc XY. Thc gcologic¿t,l closs-scction er'lortg thc:

liuc XY is palzrllcl to the GF TZ ¿ucl the sta,rting tnoclel is sirnplel th¿rn th¿t of the

line AB. The lesnlts of the theoletic¿rlh'computecl tr'¿r,vcl times ¿r,r'e ¿,tlso overl¿t,id ort

the obsc.r'veci refì'¿rction cl¿rta sections ¿rlcl shor,r,n in Figules 8.12a, 8.13a, ¿l.ncl 8.14¿l

lespectively fol shots xy1, xy2, ancl xy5. The corlesponcling seismic t'ay plots ar.e

slror,vn in Figules R.I2b,8.13b, ancl 8.14b. A shallor,v stlong teflection event c¿r'n

again be cleally seen in the shot xy2 r'ecor-cls (Figule 8.13a), ¿l,ncl it can also be tlacecl

in the shot x}'g lecolcls (Figule 8.14a,). This event is probably lelatecl to the high

velocity structules ¿rssociatecl r,vith the SIC norite ancl/ol the LGC uncler-lyirrg the

SIC, as mentionecl in the pt'evious section.

The preliminaly moclel is finally obtainecl l¡asecl on the results of ray tla.cing mocl-

eling ancl is shown in Figures 8.11 ancl 8.15. It shor,vs tha.t the Nioho cliscontiuuity

is about 37 lim cleep along the line. The intermecli¿r,te crnsta,l intelface hzrs clepth
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langing approxirn¿ìtely fi'om 17 to 19 km (Figules 8.11 ¿rncl 8.15). A lenticulal blocli

of ¿rl¡out 70 lln leugth zrlong the line with a high velocity of 6.45 krn/s loc¿r.tecl ¿rt the

ciepth larrgirrg 7-11 lim simul¿rtes the sh¿rllor,v leflcction event with ¿r, goocl fit betr,veeu

the corrrputecl ¿urcl obselvecl tr'¿rvel times (sec Figule 8.12¿r arrcl 8.14a). Over.laying on

this high vclocitl' l¡loclc is zr, slightiy lolvct-velocity zotre rvith a velocity vali¿rtion fi'otn

5.9 to 6.2 linr. This Ìr:lrticul¿rl sheet lilie blocli ¿ì,ppe¿ì.rs to be lel¿r,tecl to the Sncllluly

Stmctulc as rnentiouecl irr the intelirlct¿rtion of liric AB clater,, l:rit it requit'es fulthcl

invcstigation. Gcological irrtr:r'plt tation of this velocitl' blocii ivill h¿-r,ve significzrnt

irni;zrct on the fblltt¿rtiott hypotltcsis of the Sucibuly Strltc:trtre.
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Appendix C

Prelir¡einarily Processed f-992
AGT Refraction Seisn'ric Sectíons

Plots of the plelininzrlily plor:cssccl 1992 LITHOPROBE Abitibi-Glenvilie Tr'¿r.nscc-

t Suclìruly sub-tr'anrscct high rc.solution lefi'¿l,ction in-lirro cla.t¿-¡ ¿rle plesentecl in the

follor,ving p¿ì,geFj. These piots rvere cle¿ltecl r,vith ¿r recluciug vclocity of 6.8 lun/s zrf'-

tel l¡acl-tr'¿rcc ecliting, bzurclpr-rss filteling, AGC, rnecli¿r,n filteling, arrcl spectlal Jr¿rl¿rrrcc:

plocessings. The coincicleut shots ¿r,bb ancl xy3 r'vele c¿r,ncelecl pliol to ¿rctual rccorcling

clue to Ioc¿ll s¿r.fety coil.celns.
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Fieure C.2 R,efi-action sr:ction fol the shot a.b1 of the lille AB.
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Figure C.3 Refi'actiotl sectiotr fbl ther shot ab2 of the lirte AB.
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Figui-e C'4 Refi'action sectiotr fol the shot ab3 of the line AB.
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Fieure C.5 Reflaction section fol the shot ab4 of the line AB
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Figure C.6 Refi'action section fol the shot ab6 of tlie line AB.
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FiguLe C.7 Rcfì'¿rc:tiotr sc<:ti<xt fot' tltc shot ¿rlr7 of tht' liuc:\8.
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FiguLe C).8 Refraction sr:ctir¡u fol thc shot ¿rb8 of the linc AB
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Figure C.11 Refraction section for the shot xyO of the line XY.
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Figule C.12 Refraction section for tlie shot xy1 of the line XY.
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Figur-e C.13 Refraction section for the shot xy? of. the line XY-
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Figure C.14 Refraction section fol the sirot xy4 of the line XY.
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Figure C.15 Refi'actiorr section for the shot xy5 of the line XY.



Appevadix Ð

Notes @m the EFR,S-1 C-SAR lrna.ge
Frocessing

The Svnthetic Apeltu'c R¿rcl¿r,r- (SAR) C-b¿rncl cl¿r,t¿r, <:ollectecl on bo¿rr'<1 the E¿r,r'th

R,esoulce Sateilite (ER,S-1) rvele obt¿linecl fi'orn C¿r,n¿rcla Centel fbl Remote Scusiug.

The ER.S-I r,r'¿rs l¿uurc:he<l iu 1991 ìry the Eulopea,n Spzrce Agency fbr earih obselvatiort

pur-poses. Thc Stclbuly B¿rsiu l,v¿rs ch.osen ¿ìs olle of thc scientific vclification sites lty

the Enlopetr,n Space Agencl, ¿'lucl ¿r, nnmbel of airl¡olne ancl glouncl tmth siuÌveys \,vet'e

calliecl or.rt. The VV pol¿rlizecl SAR antenna olbit the E¿rlth at an ¿rltitucle of 785 lcm

r,r,ith an inclination of 200 SlV. Iis looh clilection is light zrncl the glorincl lesolution is

erpl>roximately 30 m.

The lesoiution of the ERS-i SAR irnage is much highel than that of many zr,vaiJ-

¿rble ailbor.ne geophysicz-r,l clata. When interpreting them together, the space-ltorne

SAR clata has to lte plocessecl inclucling resampiing, enhz-lncing through histogram e-

c¡ralization, and geometrical legistlation to corlectecl airborne geophysical clata. The

cletailecl processing steps are clescribecl in the following.
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Ð.1- Prelirninary Frocessing of the SAR

The plocessing of thc SAR imz-rgc inclucles gcometlic corlectiorr zrncl histogr'¿rrr erÌ-

h¿r,ncelnent. To legister the SAR irnt-r,ge to the ailbolne geophysiczrl images, the con-

tlol poilts h¿¡vc to be selectecl fi'onr both imelges. Since thele may be clistoltions

¿r,llci \r¿Ìgucnt ss of gcogrzrphic s-vrnbols in the geophysictrl cl¿rt¿r irnages, the UTN,I topo-

grerphic m:L,p u'ith u'hich thc ¿rilborne geophysical irnzlges u'ele legistcLecl r,v¿rs usccl ¿rs

thc rrr¿rstel irnagc fbl thc gi:otnetlic: collcction.

Thc c:ontlol points r,r'cLc selectecl floni tltrce lalies rvith re¿rsou¿r,ble distlibttiorr. Aftel

st¿Lncl¿r,r'cl cleviation zr,rrzr,lysis, 10 out of 12 szlmple iroints u'eLr: usecl io est¿l,blish ¿r, seconcl

or clel p olynornia.l tr'¿nsfbln.

The fblnr of polynomi¿rl tr¿rrtsfblrrr is:

t:t : e0 *l- r¿rl: * a2¡1 * n3r;2 ! ct,yr'¡1 + rrs'y2

.U' : l¡o* ölrr * bz'll I \r2 i b,gy + l¡s,!12

r,vhele the pa.r'zrrneter-s of tr'¿rnsfolrn ale listecl in T¿r,l¡le D.1.

Table D.1: P¿rr'¿rrnctels of the Polynomial Tra.nsfolm

cLo 0.4991 x 103 ôo

úr 0.5448 x 100 bl
(12 -0.3103 x 100 b2

cB 0.2093 x 10-3 b3

cL4 0.2776 x 10-3 ba

ús 0.2182 x 10-3 b5

0.1611 x 103

0.1286 x 100

0.1161 x 100

-0.6091 x 10-'1

-0.2227 x 10-3

-0.3636 x 10-3
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Basecl on the above polynomial coor-dinate tlansfot'm, tlle SAIì cl¿r.l,a, u'¿ts tiecl to the

airborne data with exact spatial locations.

The SAR irnage was also iristogram equaiized and streLched to acljust the ìrlightness

of the irnage in order to overlay it with the other ait'borne geophysical images for

la,ter interpretation (Figur-e D.1). The image plocessing task rva,s ca'rliecl ottt trsiug

the irna,ge plocessing softwar-e KHOROS which was installed in a SUN u'olksla,tion.

Figure D.1: The overlaid image of the ailbolne BM cluadratule a.ncl

(see Table 1.1) with the trRS-1 SAR data over the nortiru'est poltion
Basin.

rnagnetic data
of ihe Suclbury



Apper¡dix Ð

Notes on F[evnovaL of the
Mara-made Noíse f,rorn the

Ainbotrtrre El\Æ Ðata

A sct of nmlti-ptrr'¿rnreter- ¿r,ir*l¡olne geophysical clat¿r r,velc irloviclecl by thc Geologiczrl

Sulvey of C¿r,n¿rcla, ancl inclucle VLF (ver'.y lou' fi'cc¡rc'nc:y) EN4 tot¿rl fielcl ancl c¡rach'tr,-

tnlc clata,, f I'ay spectr*ouretel cla.ter,, ¿urcl tot¿rl fielcl magnetic cl¿rt¿r. The ¿l,illtorue

VLF clat¿r provicles goocl lcliable infblln¿rtion fol ma,pping m¿rfic clilies ancl they r,vele

utilizecl in this lcse¿r.r'ch. For this prr,r'ticulzrr' ¿rir-bolne sulvey, the t'eceivel coils r,vele

tnnecl to the statiou |{AA at Culter', Vlaine, U.S.A., r,v}rich tr-a,nsrtrits ra,clio signals zr,t

24.0 IiHz. The ¿rir.ltolne lacliornctlic measurements rver-e macle usirrg a 256 cirannel

spectrometel r,r'ith twelve 102 x i02 x 406 rnm Nal (T1) cletectors. The ¿rctu¿l,i ailborne

sutveys r,vele flown in 1989 at an elevation of 125 m at 190 hm/h spcecl ancl a flight

line spacing of 1000 m. The clata wele samplecl ¿rt one seconcl intelvals with a gt'ouncl

cell resolutiorr of apploxitnately 100 m.

The airbor-ne cl¿l,ta were all compilecl, registelecl, ancl geometrically colrectecl to

the UTIVI topogr-aphic base rnap (Singh et al., 1993). However, the airl¡orne ENtI
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(3) Smoothing pr:ocess to lemove thc noise.

The ARIES-II irnzlge anzr,lysis s)¡stelll, rl hicir I ¡¿ìs connectecl u'ith VAX- 11/750 com-

pntet' s)¡sterrr r,r'¿rs ltilizecl fol' this steps.

8.1 Geornetric Correction and Registratíon

As mentionecl e¿r'lier, sorne r¡f tlic liuc¿rr fr-'¿ltnles rnity cleztted ll' the nl¿r,n-rn¿rclc

stmctnLes snch as powc.r lincs ¿-L,rtcl t'¿'liilo¿rcls. To velify tltis thc powcl lirrcs a,ncl

r'¿riilo¿rds u'crc cligitizccl fì'onr z-r, 1 : 500,000 geological rnzrir (Dlesslcr', 1984). P¿rlt of

three l¿rlies in the ¿rle¿ì, \,vclc also cligitizecl in olclel to nse theln ¿rs tic poirrts fbl l¿ltel

collel¿r,tion. The geometlic coLlcctiorl rv¿rs c¿r.r'r'iecl out ¿rs clcsclilrrld in the SAR irnagc

ploct'ssing section (Apirenclix D). Theu tltc coolclina,te tr'¿rnsfolnreci power lines a,ncl

r'¿r,ih'o¿rcls rvelc ovcll¿licl on the ENzI Quach'¿tule cla,ta, rvhich is shorvn in Figur.e 8.2.

E.1.1 Feature Enhancement of Power Lines

The objectives of irnage enhancement is to extlact those f'e¿rtr"rres possibly ca.usecl by

the porvel lirres. Inspection of the ENtI Quzr.ch'¿r,ture image of the Suclbtu-y ¿r,rea inclica,tes

th¿it the Suclbury centlal basin r,v¿rs electlically quiet zrncl nezlr'ly fì'ee of anornalies.

The Whitewater- seclimentaly folrnations have vely low magnetic susceptibility ancl

electlical concluctivity. However the central basin v/as sullounclecl lry complicatecl

line¿rl structur-es. It lvas thus r-eiatively easy to iclentify the line¿rr featules in the

centlal ellipsoiclal basin. Thelefore the main target of enhancement lvas focnsecl on

extlaction of the linear f'eatures in the central l¡asin.

(a) Directional line detection
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Follorving the clilection cletection thlesholcliug opet'ation was itnplernentecl thlougir

¿rn intensity conver-sion of the gley levels to a, binaly irnage in olcler to strengthen the

effect of the po\\¡er liltes ¿rncl laih^oacls.

The po\Melj lirrcs rvclc then ovellaicl on thc thlcsholclccl irnagc to scc u¡hcthcr Fjotlle

of the line¿rr f'catnlt s ¿rle r-elatecl to the power line ¿ucl r'aih-oacl noises. The results

h¿vc sholvrr that tlrc enh¿r.rrcecl line¿rl f'e¿-r,tur-cs in centt'¿rl b¿rsin in the ENI inzrge u'ct'c

consistr:ut u'ith the powcl' lines, zr,ncl the orrly cxccl>tion w¿ìs a ltolizont¿'¡l lirrc u'hich

conlcl lle ¿ì lrsg' po\\¡ef line tli¿'r,t r,v¿rs rrot sholvu irr tlie 1984 geologictrl tntrp. Thiis

Le¡rov¿rl of thcse lirre¿rl fir¿ttut'cs t'el¿r,tecl to rua,u-ltra,cle troise w¿rs concluctecl itt stcps.

8.L.2 Rernoval of the Fower Line and lÙailroad Noises

Thc steps clcsigrrecl to Lemor.e the uoises c<>nsist of thlec steps: filst thinnirrg thcr

imzlge of por,ver lirrcs ¿l,ncl ra.ih'oacls, encoding these lines, zrncì then follorviug the ch¿r,iu

cocies to surooth ortt the noises.

(a) Thinning

Encocling a line with sevelal pixel wiclth in a lastet' irnage can le¿rcl to either' ¿-¡

\Mlong clilcction chain cocle ol an algolithmic tlar.p. Thinning is thus ¿ì tlecessat'Y

plepr.ocessing step pliol to the encocling steps.

Before carlying out thinning, convelsion of the gr-ey level values to binzrly mtrnbels

has to be clone. The lt¿r,sic rules for a contoul point Pr (see the matlix belorv) to lte

flaggecl to clelete is ecluivalent to a step of verifying if it satisfys:

/ Pn P2 P¡\
I or P1 ,nl
\& P6 Ps/
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(I). 2 < N(n) < 6, rvhere N(R) is the nunbel of ueighìrolhoocl points of Pr with

v¿rlue of 1 among the 8 neigltbols.

(2) ,9(p) : 1 , wliere S(p) is thc uumber of tlansition points fi'otu 0 to 1 i[ the

s(ìclìlcrÌce <'¡f P¡ --+ Pl - P,t --- P,, -t Pt: - Pz 'Ps - Pg ' Pz'

(3)

Prod(P2P3Po) : g

Prod(PaPç;Ps) : 0

Appl1, t¡e ¿r,þoyc. p¡occchr¡r' ow.r thc. urhole itnagc, tltcn replar;tr tltc 1lt'inr:illirl (3) bV

(3'),

(3')

Pt'od(P2P4PB) -- 0

Prorl(P2PaPe ) : 0

a,ncl lcllt:trt tltese sti:1-rs for the whole itttzrge.

(b) Encoding

The olicntation of a cut've clescliltecl in telms of a sequence ot' "chå,in" of cliscÌete

¿esc¡iptor.s is callecl cuïve encocling. The cocle chain is clerivecl fi'otn a neighborhoocl

rnatrix with eac¡ neighbol coclecl to corlesponcl to the plimitives in the image anci

the matrix clescribecl below:
(3 2 1\
14 * 01.
\s 6 7)

To avoicl to fall into an algorithmic trap, the encocling was irnplemented in four

steps clepencling on the orientation of the power lines. The fir'st set of lines to be
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ercoclecl \\¡¿ìs olientecl nor.th-soutir ancl nolth-rvest, The clilection cocle 1234 with a

seqlrcnce of 2341 was usecl to m¿rlie ch¿r,in cocles. The cocle 4567 with sequerlce of 4567

lvas usecl f'or-seconcl set of lines, the thilcl set of the cocie r,vith 6701, ancl the foulth

set 1234 u'ith a sequence of 342I. The methocl is, however, sensitive to the stzrlting

points. When ¿rll of the poivel lines rvele encoclecl, they wet'e s¿tvecl f'ol subsequent

ixocessiug.

(c) Decoding and smoothing

Smoothiug u,¿rs clout: l>y z'i leighborhoc¡cl ¿r,r,er'¿r,ging rnetltoci zr,loug tltc clt¿rin cocles

¿r,rrcl ¿r, necli¿r,n filtr:r' rv¿rs testecl fi¡r this propose. Consiclclirrg thc f¿r,ct th¿r,t the EN¡I

fielcl gcner'¿rtecl by the ltou'cr' lirrcs r,l'¿rs ¿-r syrnrnetlic valiant fielcl r,vith lcspect to thc

po\,\¡et lilres ¿,ucl the visiblc cÍÍ'ccts u'cLc exteucl frorn sever'¿l,l pixels to ¿r, clozen of pixels.

Fol e¿rch clilcction cocle, z-r, 1 x n¿ renrov¿r,l rvin<lor,v w¿rs selcctecl, zr,rtcl fol each lernovecl

poiut, ¿r ?¿ x t¿ b¿rsic srnoothing winclcllv lvzrs ztltpliccl.

Agxgsluoothingwinclor,vwith¿r1x9ancl a, 1x11 r'ernov¿r,lr,virtclor,r,r,v¿rstcstecl.

It r,r'¿rs fburrcl th¿rt the global srnoothing rvinclor'v size m¿ry c¿ì,rlse eithel over-snloothing

ol unclcr-smoothing. The size of smoothing r,vinclor,v therr r,v¿rs zrcljustecl lty cornparing

the loc¿r,l avelage value avelaging over ¿ì convolntion lange of 1 x 15 r'ernovai winclow

¿rncl ¿r. ,rV x lV basic smoothirrg winclow wiih the pixel average vzrlue tr,ver-a,ging over'

a 1V x ÀI srnooth winclow. When ihe cliff'erence between the two values exceeclecl a

thlesholcl valne, the smoothing winclor,r' wers enlalgecl. The thlesllolcl v¿r.lue r,va,s thns

cletelninecl by trizr,l ancl ertoL.

Figule E.3 is the final image obtainecl after- applying the acljustecl smoothing win-

clor,r'. Comparing the oliginal EVI irnage (Figure E.1) with Figure 8.3, some impr-ove-






