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Abct:n'ct 

Seismic veJocities in a rock body bcljeved to consist large l y of gneiss 

Hnc:i rnonZC•'lite v,-e1c dcterm'nctl aJong t-hrcc profiles at distances up to 1.3 km 

raùiating at azimuths oi :n°, 133° and 331° f rom a centra l borehole . 

Tlw overlying r,1acia1 scdiments \Tere assumed to forn a <lifferent plane 

wedg<~·-·shaped structure hene:Jth each prqfile. The ~eismic velocities uere then 

cst:L:1:1ted usjng recordings of l11P- seismic cnergy at hydrophones in the 

borehole insLead of the usual reverscd profile t echnique. . The solutions far 

the P and S wave velocitics i;1ere 6 . 56 .:'.:. 0 . 30, 6.09 + 0 .30 and 5.~0 + 0.30 

kin/s, élnd 4.09 .:'.:. 0.18, 4.15 + 0.18 and 3.18 ·1 0 . 18 km/ s respcct~_ve]y along 

each of the tlnee profiles; the crror estima tes are quasi-absolute values, the 

calculared standmd rrors for tl~e P .:md S \ ave veJocities being 0.09 and O.O'i 

km/s r~spectively. The P wave velocities for two profiles are significantly 

higher than those.mc.:isured in the l~tboratory 011 samplc"' fro;n the borehole, 

suggct.:t •" c~;.."mt,2 in li thoJ ogy below the profiles to the northcast ar .. r1 

nort.:111:2 s The ·e i!>"1:i.c sources usc0 ~-;crc ;; mechë:nic.ft] haID.ù'1Cr nnd a !'hear ave 

gun. 
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InLrC>CJuct:ion 

Elnstic wave ve l ocities in near-surface rocks are c ontro lled p r i ma r i l y by 

pore fluids an. the concent r ation .'.lnd gcome try of c racks , j oints and oth er 

pore space . Furt her knouledge of t he se f racture paramet ers j s o f p r i mar y 

iwp0r1-ance in asses8ing the value of a crystaUine rock body as a potentia l 

radioactive waste dispos.:i.l site . Thcreforc , j n princip l e, the u se o f 

seismological techniques to determine these fracture parameters i s both 

logical and appealing. The practic.'.11 app l ication of seisrnology , h owever , 

d pends hoth on the exisLence of realist:ic mc.lhematical models o f crackcd 

solids and on the existence of an - fficieai: genera1-or of shear waves (Wright , 

19i'9a, Wright .cmd Langley, 1979 ). For examp1c, from t l1e theory o f O' Connell 

and Budi3nsky (1974) , it is ev i dent that the accurate measurement of P and S 

wave velociti·s in a r ock body enables the crack dens i ty parameter and the 

cJegrcc of saturation to be un:iquely cleterrnined. 

A seismic experü1e.1t has been mderlaken on a rock body believed to 

consist rnainly of gnej~.s and monzon]te r.~· Chalk River , Ontario. Ar :lu' ',)rtent 

objective of tl is prelin·.i.n.:,,ry study was to lest the usefulti•- s of a i · -<ianica] 

11hammer 11 as a gènerator of P waves aod a shea.r wave gun as a source of S wave 

energy. Scc~ndary objectives were Lo determine the r and S wave velociti s of 

the r0ck1:: bcJow the glaci;l be<liments <in<l to dt'lect: any signiticant Jater:d 

variations ot <11:i sot·ropy over n dist nnce of 2ho11t 1 kilometre. Another mnjor 

objc:ctin~, wli:;cli \!ill be èisC;.u~-;scd :in a la ter report (HriEht, 1979h), was to 

r!Pfermine ohet.hcr or iwt lhere is a meé1surab1c ~hén-gc of scismic velocit:ies or 

<J.i'tcnuatio1 ü, th! rocl bnrly r.m1sed hy the Si11:,ill stress changes duc to the 

Roli eurth tid e . 
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In Lhis experimcnL, the usua] mclhod of revf'rsing profiles was not us ed. 

lnsLead, a single s1ot point was utilized for each profile , and the velocit ie s 

witl~in the rock body w2re esl i.m.:it d using a line of geophones placed on the 

surface an hydrophones si tuatcd a t clepth in the borehole . Cons equent ly, a 

brief desc~ iption of ::he proce<lure and a summ~1ry of the m.:tthematical 

deriv<Jtior.~ is inclu<lc~d . The meLhcx1 used has the advantAge tl'at estimates of 

cl.'.lstjc Vil'e vr.:.locitir:s be]ow the e}~tensiveJy fracture<l and weathcred layer 

can be ob t ained even though the source is only abou t one kilometre from the 

most djstant recorder. 

Seismic SoUJ.ces ---------
Seismi en. rgy was generated by a mechanical hAmmer and a shear wavc gun. 

The h ammer was or iginnl ly devel0p ed by Cemetery Ma i nte.nance Incorpora ted , 

Michigcin, ;::e a special purpose pile driver for knockü:.g the head stcncs of 

graves into tbe groui,d, and is SW'\·ill in F'igu1e l. The weight nsecl ,,,as about 

1500 kg, ·,,,11:.:h dropp-:d a vertical distance of about '.'..li. m. The she ;:-::- ·~ ve 

e.un, iJlt;. •" 1 1tc<l in Figure 2, 1ns designecl by the Environ..ï~enlal Rcsearch 

Institute of Michigan; j t: consistcd of a fom_·-incli mortar securely h olted 0n 

Lo n con~rete cyli.nder set into the gToun<l. The bélrre1 of th<:! gun Fé:s tamped 

by filling :~t- with ~~ntcr enclos( in <'1 plas:. ic ba8; within D c- rc1board 

cylin<lcr. The gun uas fircd in e:ither of d1e tue directions normc,l to the 

]Jl.[' o" the :i.econlèn: i:o givl"' Iefi: or right poLi;.isation of the shear wave. 

c:lose lo a ::><:1a11 l·b:: nori..h c.<- Ha:ol,itonr;c Lake. The stars marked 1, 2 and 3 



denotc Lhc r;hot loc11tions at di.stances of about Jl'/0 , 1300 and 8!~0 m fr om t h e 

borehole, respectively. The gcophones, shown as X 1 s on the mnp , Fe r e placed 

approx~nately at 100 metre intcrvals along cach profile . A t hree-c omponent 

set of seismorncters was also prcsent next Lo the ù oreho l e . I n addi t ion , a 

string of twelvc hydrophoncs space at JO melre intervals was placed in t he 

horcholc. Table lA in the appe1dix gives the distance and elevation o f each 

geophone with respect ta the corresponding shot point for all the profiles . 

The origin time of each shot wns recorcled by an a cceJerof!leter placed nex t to 

the ene;·gy source . The sources wcre opera t ed at a single shot point over a 

period of 21+ hours , the shear \Jave gun firing during day l ight hours and t he 

ha1~cr operating duriug the night; six shots w2re recorded durine each hour. 

Thus , the total recorc1ing period v~a s 3 days, innce !:hrce shot points were use<l. 

Table 1 shm·•s th"" number of files and t:Î.li •C period over which each 

geophone-sour e configuratioc wuo operated. TabJe 2A in the B 0cndix gives 

the hori.6CJ!lta] c fr tances and vettical dep ::.hs of U1e hydrophon s below the 

corresponr'~tg shot point. 

For a tuo dimen.c:ion~l dippirig st·ructure, th0 P or Suave vcl.ocity, the clip 

angle ~~ml the <lcpth of the und0rJying medium Leneath the f'.hot 1J0Ü1i.: can be 

determiw2d unique:Jy :if a revcl"sed profile' is availaLJc (Dobrin, 1960, pp. 

81-86). In the nh<:Pnce 0f a r<'vcnH~d vrofi1e, a.n ;idc1itional ray pnth must be 

used. The rcfr2c1·ed !~ay pai.h oI the seis.ni encrgy from the shot point to a 

hydrop one was 11ccr1 in this nn~lyf;is. Fi~ure L~ show. the ray J'i:ltli of a 

S. j s the shot ] oc.a t"io11 arn1 TL i's th(: 
l . .1 
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l oc::it:ion of Ll1e: receivcr . VJ a nd V'J. are the P (or S) wnve ve loc ities in 

t he upper and lower 1Ueùja respectivcîy . h . and h . a re t he res pective 
1. J 

perpendic.ular distanceG from S . a7ld ~ - on t o the i n t er fa ce . ê> .. i s th e 
) J 1. J 

h orizo ital d istance betweetî. the shot point <::nd the receiv er. e i s the clip 

angle of the interface ;inù ~ is the cri.tic.al refract i on ang l e. 

( 1). 

The. apparent velocity , u, for an in: c·r.facc <l. pping from the r ecci ver t owa r ds 

the s ource js given by 

u = 

Using cqua~ions (1) and (2), 

\l = 

Fr·ora (2') , L h.::. c~ip «neJ e is t,iven i1 7 

co s e --

Th0 tLPvc l tirnc, t .. f or the p'1i-~ fi./..BR. i s as follous: 
1.J' J J 

r ... : -
··1 

1 

·; · 

,, f ,. 
!.. r ~. :, r.e~, \: 
---- ----

( 2) . 

(3). 

u~), 



"ï~ y·\!. 1 U\,. l 2. 

? r:·.--- .. -, 
f V'- - ' '" \ ;?. 'l 

- 6 -·· 

T . j s the intercepL rime on the ti.!'Je-distance plot . 
in 

( 5 ). 

To acconnt for th" diffcrerc ~· Hl e l evaLi0n bet\1cen the shot point and the 

rcce iver, t he receiver js aseumcd to be placed at T., a horjzonti::l distance 
J 

ê:> 1 
•• from S. and a vertkal cl:'.st.:mce C . bel w S .R.. 'fhen, 
l J }. J 1 .] 

I 
and the travel lime, Lij• along SiABTj, is given by 

I 

t·· ·-l:\ + fl_;,_c-:ïC5 
v, 

Tnus if " the travel timc ~ L .. , j r- mcél surecl .?t T., bofb a distance 
LJ J 

corrcc tinn ~ 1\ .. and a corresponcling t:r ·ïv1: 1 Lime corïcc tian [ t .. must be 
} J 1J 

pp l icd if the j ntercepi.: ti .. ,~ at , . ü -'-' b C! founu 0y the usu;ü 
1 

J e;o st--sçya1·e1J method. Thef;e co-.:r 0 c Lions ~re given by the fo1] opj ng two 

equa t:i o.lB: 

r· o/\ .. q ,. 

c,.,, 
'':.J 

( 6)' 

(7 

( 8)' 

( 9) . 
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F igure 5 shov's thr? r·~fracLed r'ly path f r oin the shot point to the 

hydrophone, which i s assumed Lo b<' wil:hin the J ower medium . Symbols uscd are 

Lhe sai:1e as iH Figure l~. In adciition,of. is the angle of i ncidence rind }f is t 11e 

angle of r~ fra ction. 

the sl1ot point . 

d. i s the v er tical distance of the hy rophone beloi 
J 

The t iave l t:imc, Tij• between t he shol point and t he hy<lropltone 1s given 

by 

'""[. 
1. + (10). 

The angle of refr;; c: tion,(!, JS gi'.·en by 

( 11), _( ___ -{;;-- ., . ' ·:-)- :c.~ 

\ .\ <• t::>·,'•V/ .'. '•> \!: ;iL .. \. <. ?, . .._ 

wherc 

o.. ·-- L'..\t:3 O::~ t: .... r.:!j ':=t-. : . 
-- -------·-----·· (1 2)' 

J. c ' ,.. - ' . ·' / . ....... , (....,j -. .• '~... 1-~ ~j ,;~., .J 

anô 

\, . 
.... ~. 

(] 3 ) . 

"'1 - ., r • 'd ' 
i_ 1c angH:: 0.1. 111c:i. e1!ce, 

( 1 !: ) • 
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Da la lkcluc tion 

111e toLal number of indiviclt.ial 21+-trace P.CJsmic recor ds i s 41+5 , which c an 

be divided jnto nine groups : one group f or cach locat i on of the mechan i ca l 

hammer and two (left and ri_ght poJarization) for each l ocation of the shear 

wn~e gun. Stacking of the individual record s from the same group enabled the 

sig na l-to-noi se r a t io Lo be increa sed. Noting tha t the l e-ft and right 

r ecords for the shear \l8Ye gun d i fier only on horizontal cornponent 

:instruments , six master sets of stacked se:i smograms were obtained: three f or 

the harnmcr ard three for the shenr \n:JVe gun . 

Figures 6 to 10 sh ow sample s e i r.mog rams . Fjgures 6 , 7 and 8 are the 

ceisrnor;ra1Ls of the indiv idua l r ecords foi the mechanical hammer and right and 

J e ft· polarization of the shear wave gun, \vhilc Figures 9 and 10 are the 

stélcke<l seismograms of the mech 'Jni ca J hammer and the shear wave gun. It is 

obv j 011s fro 1. t.hcse fizurcs that the sigu·.ls o f Lhc stackcd scismograr:i.s are 

irnch less no j sy than those of: the individual records. 

To detcrmine the P or S >mve ve l oc.i. ~--~ of the lower medium, the c A.T · .~ l 

timos were p:ickcd fro1'l the s t ackcd r.ei"n1ogrot:is. Table 31 of tbe appe,_ · .LX 

givcs the trav~::l tin.2s for all the profiles. F i. gurcs 11 a'ld 12 sho ·7 the 

tr;in~l Li it:•-d i_o.;tance pl.ots fo r P .and S wnve d~ita ·rer,pect.ively. A 

lecs:...-squc>1·e'' straight linc \·Nis fjLted to eac:h -_ime-djstétncc lot to d~ t t...rmfr,c 

the ap1Jarcut \'eloci t y of the ]OF"' - n.Pd-i.urn . TnbJe 2 givcs the va lnes of the 

recjproc: .:i l slOJ)(', time ü1tcrcepL an(: the P ;,ncl Suave tra rel times at th e 

~·nd t~1<' dip argle \1811' c.;:lculatc·l fo;~ eDch profil" by usir,~ the rc{rncted r3J 

p:1tJ-1 fto.11 t·h' ::1,ot po )_nt to '.he l1yclrop1.onc in thP foll owing n.<:mner. P.y 
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inlc1·fé.,cc ·1-ias determi1 Nl by cquation (3) using the calcuJated apparent 

veloc ity, u. nie perpcndicu l ar di~tance from cilC sho t point to the inter f ace 

was th en c omputcd from e quation ( 5). The anele of refrac lion, ~, was 

dctcrruined uurnericaJly with equation (ll), and the angle of inddence was 

determ:incd with equat:ion (1 4 ). The tie.ve l time from the shot poj nt to t he 

ltydrophonc was then calcu ] aled by eqnation (10) . With a range of v elocities 

·in the upper and lower 111cd.La , a sui te of travel t.i.mes WélS calcula ted. A 

sedes of so Jutions was obtained by m0tching the computed travel tirne wHh the 

corresponding mcasured travel time . Whenever there was a signjficant 

differcnce in elevat i on between thP shot point and the geophone location, 

cor rections w.1e calcu1ated fr m. equ;;it ions (8) and ( 9 ) u sing approximate 

values of v
1

, v
2 

and $ ohtaincd hom th e uncorrected travel times. A 

cor rected set of travel ti.!lles and offset distances was thcn obtained hom 

w: 1.i.~h a ne;,: appare,it vcloeity <1nc1 Lime intercept were derived. The VPloc ity 

i n the lower m~rlium was then deler1tiined by the pr0cedUïe described ëbove . 

Rt>~.ul ts 

A!;suminr: ,. plane dippj ng interface hetwe2n scdirnents and the undci 1ying 

crys1- a1 li11e rocl· boriy , a raege of se1snn.c velocities in the upper and J ower 

rn0Jio can ""!tisfy th2 r:c-a.sured trevc l tj;-ae f.::n: a refracted ray pnth from t11e 

shot point Lo the hyc1 cophone . The range of solut:i 011s for t he P arnl S \ -10.VC 

velocities ns vrell as tl1c d:ip angle of U1e i 11tcrf::icc and ov rhu1den Lhi.ckness 

bel0~-- the ~;hot point fr,,- ;11J. l.he profiles are li.sted 1n 'J'ahlés 4-7. The 

alcuJ.qted P \lave. 1clodt:i<'S in t"ltC low~r rn.edju:,~ t'<Ji1{~(o<l :frorn 6.Sl+ to 6.58 , 

G. 07 to 6.11 in<l 5.38 L, 5.43 km/c for profile~ 1, 2 Pna 3 rcspectively. The 

valt10s of S ,;.1v1-~ v1.:Jocity in thr: loPE!t n1cdiurn range fro:'1 4-.08 to 4.11, Lf.1 3 t:o 
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4.17 apd 3.15 to 3.20 km/sec [or profiles J, ~and 3 rcspectively. Figures 13 

and 14 d 10w the r<Htf.C of dippi~15 str •ctures and t11c corresponding profiles of 

the surface topogra phy for P :rnd S '!av .s r c spectively . An ana l ysis of t h e 

crrors in the scisini r veJoci ties is given in the o.ppend i x; for P and S 

v elocit:ies the ovcrnll errors '1. e about 0 . 30 and 0.18 km/ s respcctively . 

Di scm-sion 

Trevcl-tirne anomalies 

Se-icmogrnms along the three profil . s i ndicatc tlwt there are a numbcr of 

travel--timc anomalies. The ai: ly a rr iv al t.i.me (both P and S wave) at the 

gc ophone placed 510 hleters from shot point 1 (Figure Il ) s uggests tha t there 

might Le a thin:1ing of the sedimentary cover around that region. 

S11bseqtJently, tliis JocatÎOL1 W::tS not llSC d 111 determin i ,1g the lcast··squarC:' S 

stl.air;ht J.ine for profile 1 . Scparat ion of Lhe travd time-dist;:ince n:> latj on 

along profile 2 into t,.io straighi: l:i.ne"' ( :i ..,imilar rlopes ~1ith a tj,·. ~ "'-fset 

indicav~s lhat ther~~ rnighl be éül ahrupl thickc11ing o[ the sed:iments p.._ . nnps 

i ml ica tin~ 8 faul t between 3>0 an~1 420 m from the shot point . The data for 

p:r.of1J2 l suggest 1·h<>t the P vcl"city within t he ovic:rhurden clCJse to shot 

p o in t J. :i ~~ n b o , 3 . 0 l,:m / s . 

P and S ~av2 v0locitics 

Tt j s vlear tiw t Lu the nori hwcst and northcast of the bore11olc of Fienre 

3, iltr-> é:".'f'r.f.C• 0-.l.SffiJC Vc>}ocit:Î.t'~~ ar.C hig11 , the p W'!\lC! 1 eloc:itjcs 1 eing 1n 

exce;i; of (),0 b:1/q; -in contr.1.st , the velocil ics t.o tl1e ::.Ol'tllcast of the 

borcl10}_ nrc lGvr. The bor.e110]e P veloc.i.ty log from 1'1w Gco1ogic.1 1 Survey of 
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Cnz~da "nd the lahoratory valu e~ nf P and S wDvc velocities obtained by 

Sium0ns, Batzle and Cooper (19/8 ) are in Lhe range 4 . 9 6 . 3 km/ s and 3.0- 3. 6 

km/s respectively for the gneisscs and monzonites of the dr ill cores . We 

suggest théit th rocks beneath profile 3 étre of the s aine type as the core s 

[rom tlte borehole. lho sUghtly ]oHer velocities of about 5.5 km / s may be 

bcc-'luS P Che ray pattis to the hy<lrophones are partly through the cxtensiv e l y 

weathen•d and fra:::Lured region :inmed iate]y below tlte secliments . If we makc 

the rather extreme assumption thRt the slow travel times of profile 3 are dul! 

to a basin of Jow velocity sedir.ents immediately beneuth the shot point , we 

obtnin an upper bo~nd of 5.9 l,rn/:, for the P wave velocity in the underly i ne 

rock body . 

The results for profiles l and 2 seem to present grcater amhiguities i n 

interpretation. The cor.es from the bcrehole that arc likely to give Lhe 

l1igh~ st seismic velocitics arc p~t~1graphic2lly monzonit , verging on sycnitc, 

an<l they occur élt dC'pths between 90 and 170 m. Smith son a!ld Shivc (1975) 

reporlcd 'H :;itu P unve velocities in b( rnn.g~ (:. 0-6.4 km / s at depths dmm lo 

1.3 l·m in a syenite bo-:1y. The P velociL- for profile 1 thereforc seems too 

high to be explained in terms of cite Tock types from the borehole. Mcreover, 

another borehole to the northwe_;t of the present one intersected 80 rn of 

gahbro. \le suggest: that the P \·:aire velocity of 6.56 bn/s along profile l 

corresponds 10 p ropagation through gabbro ic ;11aterial ulong a subf·t antia.l 

p0cti.cn."1 of the r.ay path. Th·2 prcGcnce of gal.ibro beneéith profile 2 is also a 

pl nusibl0 cxpl::m:i:=iœi of the vcloci.ties in v:r-cess of 6.0 km/s. 
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The Sei&mic Sovrccs 

The hammer pt"ovides a good a 11d reasonably cheap source of P wave energy ;:it 

distances up to at leasl one kilo.nctre . The shear wavc gun gave distinct S 

wave arrivals only alon profile 1. We suggest that the r:igidity of the 

0'1crburdcn at shot points 2 and J was too srnall to cffectively tnmsniit shear 

streDses. 1hc shear ~·mvc gun would only be worth furthc-r testing as a source 

of shear wave encrgy if the cos~ o[ ru.nning it could be reduced considerably. 

At prcsent, it is prohibitivcly cxpensive. 

Rccon~endations for Future Work 

Our recon:nnendations for future work are hased on four separate 

considerations: (a) structural <letail and network configuration, (b) source 

properties, (c) rnatheratical thcories of cracked solids, and (d) supportiva 

lPhnrRtw-y studies. 

(a) Our concern in l.l1is report ic not primarily wiLh the auount of 

deta:i.1ed :infoTI"!at).un that c<"'.1 be o~.:o.~necl from rcfract:icn sunrc', ,, 1;ut 

with émplc•ying techniques that r:t<•.Y be l.'elevnnt to the calculaticn of crack 

pararJctcrs. Th~ variations of veloci ·-y a1.ong prof:i J es 2 and 3 have been 

stvclici rn,ing the scismic reflcction dnta describcc1 h1 the rE>por::: by Hair 

and L<:m (J.979), and the res1lli:s extractc·c from an clnbora t e ccnfigun,_tion 

of reeorùc:rn anc; ~hot points have bPen di sc.ussed by Wright, Joh1ïston an.cl 

Lam (J9ï''1). Tlte im;iortancc pojnt to cr>1phasize here :is that w:i.th Lh t 

stat.j.-;n cot1figur<1t '011 11sed in this cxpcr:iment, the r.andom err.ots . n 

v:;loc.;ties that ltBvt~ been flc1.:ived. in the~ appendix are ab0ut 1.5%. 
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(b) It js nOh' possible to use the wcight· drop device in the shear mode, 

and furthcr t(!sts with this modified hanu:icr as a vossible shear wave 

generator appear to be worlhwbile . The modified harrnner can be e.xpected to 

providc· P nnd S wave arrivals at distances up to at l east 500 m. A tdal 

expcri1 .. ent should be con.d c ted in '..111ich the sour.cc is placed both on 

glacial ovcrhurien and on rock outcrops. Surface recording should include 

both vert icnl and transverse horizontrll-component phones, whiJ st a 

ci1ree-component lock-in phone should be placed in a bor~1olc ~1ithin 500 m 

of the source . The testing of the shear wave source is en 1 isaged as the 

initial phase of any futm.-e program. If useful shear wave arrivals ;rre 

noL obta"ned, alternative sources of shear wave energy nhould be test d 

before procceding with the second phase that involves the accurate 

nca•·urement· of seismic Yelocitics ;md attenuation. 

(c) Reccnt progrc._.s 1.n the de 1 elop;11ent of malhf"r1::it·ical theories of h0 

elaPI ·r. ·.)ropcrt · .--:s of cracl·ed solids 8n<l itc; re.~vanc.e to the 'EP ... ],,\:\f1TS ' 

progru.. '1a"' hccn otitlined by \Jright an<l Langley (1979). In iarticular, 

t he work of O'Connell a"cl Budi;msky (1977) has dernonstrateù the exi_stcn.ce 

of qv.anl i t:.;tive relat i or;shi11s etw:èen seisn-.ic velncit j es, clastic \Jave 

attenuation,c•~ack parare tcrs, po1osity <+nd pen,lè.::hjlity. Tl1er0forc, fr1 

;.::tt·,~nuation mc~Hn11·c·mer1tc using recui-ding bo::h on the surfa e and in a 

horehole shnuld be rr.arle. 

(d) The cffe1! '::;vc ur>ô c;f crdck thcor·ie.s _;n tht~ intcYin-eL::it·i.on of field 

dat<J requi.res th~· C:}~L,U.llC(! of both rands wa:ve T.clocjty ïo1eanuremcnts in 
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the laboratory <i.t pressure s up to at lea st 2. 0 kb, and the availability of 

modal and petrofabric analy~es o f the cores (Wright and Langley, 1979) . 

These l aboratory studies thus pr.ovide data tha t are essential for the use 

of mathematical thcnrics in determining crack parameters . 
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n this appcndix wc have given an outline of the error thc ory used to calculate the 

r.andom crrors in tl1e velocity s olutiops for th e rock boùy . In a ddit·ion, three extra 

tables of data arc p resente<l : (i) the hor jzontal di s t a nces a1d elevations of the 

shot points, borel!ole, gcop1toncs and the th rce-componen t set of scismometers; (i i ) the 

horizon ta] distance and vertical <lept11 of the hyclrophone us e ù to derive v e] ccitü~s 

for cach shot point and cnergy sotircc; ( iii ) the l' a r,d S waV"e t rave i times to cach 

geophonc or scismomctcr and the corresponding di stance [rom the shot poi11t. 

1'-::-om tlw ] east-sriuares line fitted through the trave l tilne-distance curve, we can 

cslimate crrors on tbc' apparent velod ty and jntereept .time whj ch He call ou a nd oT. 
in 

ang1 e 0 and 0·1erburden thickuess h. are given by 
l 
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Dilfc:1 0nt:iflt:b.g c·quot:ion (10) frir the Lravel time from thè shot point to a 

)'c:ropltone, Wl~ obtélh1 

1 --

~ f~j f v t(JT\.J c1L...~ r, J~~(' ·- dj 5ii..0 t (di Ct~ 0 ·-h: +/J· ù"O) r .. r. J' c?i'l .. ,. + -r 1 "\, '"' _, . 1~ 
c'O V1 V - '" 

... 
((,l,d <'o ?-U>Jo 

The error in T . . due Lo errors in 11. an<l 0 can then be calculated using the expression 
J. ] J . 

wbere o'l. . i,, Lhe s Lartdarcl errer on T .. . To ca] culn te and 
?':T ·. 
-• l J wc must 

l] lJ 
~ k1 G'J bc..f.. _1 _·_y__ è.ol 

':Lrst e'.raluaLc ---
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Ôh. > 60 

(j_)i J. 
élllcl .. .r. 

ô8 . B} differcnliatiug cquation (11) , 

the followine >.:i· ·' tionr> f ( r Ôy 
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ûy 
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Ul 
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AJ.so rcqui.1:cd are c.xprcssions for 
~a 
ôJ1' 

ôh 
oh . ' 

:L ,, 

Lrom cquations (12) and (JJ). 

c)o, 
Ji: . u,_ 

;1h 
f • 

Ci.i '-- -~ 6 ·t· }.' i_, 'Z <t-v9 

Sf1' 
- ' 

'i., 

~--· --------·- ----
. ,l . c. ·,;) ·- 1 L . -t- A • t .' . I ) ,!.. 0-J <--' ' t,.. 1..:, L .Jv'. ~ I.· 

dC"t 

èO 

_hs_{:. ~ ~~~"_~'._- \q, ,{~ ~r~~_::- L)t _:_:-_~J 2. 

c dj 1:0!, J ·- h.~ /\~ ~i;i, 0 ) 2. 

f ~ -
cO 

h.: Ji ~l-ll· 0 - k /\. c_,;J __ \.. .;. -------___ ;.,__._.,. -
(rJ.i c+v -- /t~ + b~ S'i-h .. G) 1J 

Di.[ ferentiating equation (l~). 

è\).... 
l 

(J 2A), 

'., 
1:ù 

of. and .,--- can then be calcu l ntcd f: 01r 
ô6 

sinC:<'! Ôy _ "" 
Ôh . 

] 

_0y _ 
dh. 

l 

' and ô~:. {; ( 

6 b' ôe 

6y_ 
ô h .. ~ 

oy 
?;a· 

bb 
bB , which can be deriv e d 

(p/,) 
\. ' . 

and ~:r_ using equaU.or; 
oe 

ri.' 

Ôy 

Jn adrl:Lt-Lon to the calculat'3d error oT . . , we have nn addi.t ionnl error due to th2 
lJ 

mcasurcm nt of T . . , which \le call a"r .. ) 
1.J .LJ 1 i. 

r r-. \:; 
1 ?" l ·, } l ~j / fll 

'J'hcr1 tlie total crror in 'l'ij, (oT _; j) t ot is 

( i"jft) 
/ ' 

D,~vin~~ ca]rulatr>.d (r:·1 .. ) _· the C01TC'8I)(·i.1di.nr~ ClTOr in v2 is csUmated from the - l.J tot' t-- • 

t:;;bll> Of: V;_1]tJCS Of 'J',, ÜL.J:ÎVt>cl from L'qU:J.l.i.OJl (1.0) )~(·C'pill)?. v
1 

CC'llSt'.lfit. 'fhjf; plOCCdUl'.e 
- lj 

rcsults tn a stan<l;:u ·,l e1 roi: of nhout 0.09 km/s for the P wavc VPlocitief; and -10 .05 kn1/::; 
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fnr quotin g errors whcn ti1e f;ystc111atic and rondo!n. errois are of simi1ar magnitudes, 

·e can make the following st.aternents conccrnin~ the crrors in ci1e P and S wave 

vclocitics respcetivcly . The. overall uncertainty is ±0.30 ( ± 0.18) km/s, which is 

basccl on a computed standard error of 0.09(0.05) km/s and an estimated bound of ±0 .03 

km/son the systematic er r or . The figure 0.30 (0.18) is equa1 to 0.03 plus 3 times 

0. 09 (O. 05), wherc 3 is the appre>xlmo.te value of St:udcnt 's t for a large number of 

dcgrees of fr edam exceedecl :in absoll1tc va]uc wLth 0.002 probability . 
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' J. The me clian · cal h.:irr.n,c·c. 

Figure 2 The shear wave gun. 

Figure 3 Map showing the locations nf the shot points, r ece iversand borehole 

CRl, nea r Chalk River, Ontario. 

Figt· re 4 GeornE:tr ical ray path :..·epresentation of a head wavc 1-ravelling a long 

a d:i pping j nterface between a lwrizonta'I uppennost J ;:;yer and an 

infinite half space. 

Figure 5 Refracted ray p::Lh betwecn a shot point on the snrface and ,q 

h ydrophone in a horehole, assuming a plane dippjng interface 

between t he ovcr.hurdPn and tl1e und erly:i.ng crys t al li ne rock b ody . 

Figure 6 Seir.rnoerams generated by a sing l e 1 shot ' from the mechanic a l l1i:L'Tl.ll1er . 

Figure 7 Seismograms generated by a sjnglc 'shot ' from the shear wave gun 

( right polari:-:ation ) . 

Fit::,l~re Q Scismogra~c gc~craLcd 

(l eft pulurizalion). 

Fi;t1-r·e 9 Stac.:kèd se1smogra1ns (51 fiJ'-·s) fron1 tl1e me~l1anica] harrJTie. 1 . 

F:igurc }0 s1:nckctl scismogn.ims (15 f.ilt..s) front Lhc c11ear wavc gun (le:!:c 

p01<1d zation). 

F-i gtn-e 11 Travel t.i_me versur: dis ta-rce pJ.ots for t.hc l) i.-ave éïrrival s along 

profiles 1 (tci ), 2 (Tl"1iddlç) .:::ncl 3 (bnLtom). 

Fi,;<i10 ''.L 'fr:-1 •el tjme ven1us di stance plols for the S wavc arrivals alo1~g 

profil es (t o1~), 2 (middle) attd] (h0Ltor<1) . 

)·· :i,.';i.-~ 13 Vcl.'.'t.i.caJ sections <Üong the ~r-oH"Jes .;intl raùge of a1lo~,rah]c d:lpping 

( 

r. _,, 

c 
( ·., _. 

ucc!:a:1ic;i1 lwrntrier. ( 

r· 



Fjgure i.:~ Vertical scclion8 ;1Jong the pro-files and rani;e of allmvahle dipping 

slructures as intcrpr~tcd f rom S vave arrivalc generated by the 

shear wavc gun. 

c 

' f 

(' .... 

( 

( 

c 
( -
.... 

( 



----·-·-·------------------------------------------------

File Location Energy Pcriod of Ope ati8r 

Nun1bcrs (as shown in Som: CE! (Eastern Standard Time) 

Figure 3) ( 

1-52 3 SltP.:n· Wave Gun Octobcr ll1' 1977' 

10:55 - J 7: 34 

.'..i3-J 45 3 Jlammer Octobcr ] 4' 1977, 22 :48·-

13:15, Ocloher 15, 1977 

Ui-7-187 1 Shear W3ve Gun Octobcr 15, 197ï' 

13 :15 - 17 :59 

13'•-290 1 li; 1wncr. October 15, 1977. 20:2G-

09:15, Octo'y:.r 1 6' 1977 

29J - 3.JS 2 Slk&1. Have Cun October 16 . 
: '7' 

12 :OO - 18:L..: 

3 J(>--/12 9 2 Hnm.'ner Octob~r: 16, 1977' 20: ')5-· 

09:10, Oc Lober 17, 197'! 

1::~0-11:n 2 ShC!.1-:'.° i.;v ·,ve Ct•n Oc lober 17, 1977, 

10:12 -- jQ:25 

!• 3l,- l; !T.) fr:- 81:ea;:- H :> r~. Gun Oc:t.0];2)- lï' 1977' 

l2:L:J. - 1.3:12 



Td;Jc· 7.: Apël.::•nmt \' cJocit ies, l nte:!:'c pt 'fj rne s and Trave l Tim·s to One --·--·--------·------------ -----------

Energy Profil e 

Sonrc.e 

-------·--·---------·- -- ·----

~1echanic al 1 

Harn .. !ler 2 

3 

Shear Wavc 1 

Gun 2 

App:i.rent 

Veloci t y, 

km/s 

7. 21 

8 . 7Ur 

5.89 

4. 70 

6. 22·.i: 

3.37 

Intercept 

T. _J_me , 

ms 

35.90 

31.02 

45 . 83 

4-1. 78 

37.66 

71. :- 3 

For Lhree ~1on~s nenrest to th0 shot point. 

Travel Time 

at Seconà 

Lowennos t Hydrophone , 

ms 

193.6 

225.0 

181.8 

301./.5 

326.S 

305.6 

" 

(_; 

\
r .. t

1 •. .:. ~· 

('' ......... 

( 
~-

( 

( ' .. ' 

( -·-

C-

( 

( 



( 

Heciia, Thickness of Ü'erburdell and pir AngJe of Interface 

---·------- . 

ç. 
Ve] oci ty in Veloc:; ty in Thickncss Dip 

Upper J,owcr of Over·- Angle of 

Medi_11m, Medium, burden below Interface, I" 

km/s km/s Shot Point, 
(' 

rn ~eg_ 

,.~ 

\;:. ... 
J .375 6.51 70. 96 3 . 32 

3.125 6.52 64 . OO 2 . 95 { .. 
Profile: 1 2.825 6 . 53 56.30 2. 5 7 

2.52" 6.54 49.17 2. 2J ( 

2 .175 6 .55 Lfl . 41. 1. 84 

1. 825 6.56 34.12 1.49 

1. L125 f.. 5 7 26 . 21 1.13 
( 

3.275 0.07 61. 37 10.57 

Proi:i.le 2 3.025 6 .08 54 . 84-
r 

9.51 t -
2. 725 6.09 47. n 8.35 

2.375 6.10 t}O. 30 7 .09 l 

1. 975 6. 11 3~.51 5. 75 

3. ') 2.::i 5.38 92.51 3 . 63 

3.000 5.39 82.88 3.20 

Profile~ 3 2. 725 5 .110 ?Z.41 2. 75 

2. L:OO 5.41 61.M 2.29 (' 

2.025 '.:J. lû 50. O') 1. 83 

1.600 5.43 38.38 1.37 



c: 

.. , 
---- -----·--------- ---· -

Velocity 1n Vel ocily in Thicl·ness Dip 

Upper Louer of Over·- Anp;l e of 

Medium, Medium , burden below Interface, c 
krn/s km/s Shot Point, 

m cï~L---------

( 

3.050 6. 5L1 63.51 2.32 

2. 750 6.55 55.80 2.00 

Profile 1* 2. 425 6.56 48.06 1. 69 ( 

J '.l (> .. ...) _,,, 2.075 
,.. ... -· 40. ?6 U • .J / 

f 

l.10 
\ 

1. 700 6.58 32.39 

c 

>< R 1 Ü~eû. sol.uLio 1 incorporatj,1g elevaLion ce>rrecl'ions f or the geophone 

nrriva'J Limes, 



'l'able 5: Range of Solutions for the S Wave Vclocities i n the Upp~.::_-~nc!__Lower 

Media, Thic1rncss of Over~~den and Dip Angle of Interface 

Vclod ty ]_Il Velocity in Thickness Dip 

Uppe r Lower of Over- Angle of 

Medium, Medium, burden below Interface, c. 
km/s v-n1 / s Shot Point, 

m deg 

7.500 4 . 08 66 . L;.l 5 . 55 

Profile 1 2.175 4.09 53.82 4 . 56 t"" 
" 

1. 775 LL 10 Lfl. 21 3.46 

1.200 4. 11 26 . 23 2 . 18 

2.325 4.13 54. 22 12. 31 ç 

2.050 L~ .14 45 . 18 10.44 

Prof lle ., 1.700 4.15 35. Lf6 8. 3'.Z ( 

1. 250 4 .i.6 24. 81 5 . 89 

1.600 4.17 11.43 2. 74 

7. L:25 3.15 135. 71 li .• 3/. 
( . 

2. 275 3.16 116. 97 3.59 

Pro fi J _-. 3 2.0:.iO 3.17 95.84 2..83 c 
l. 750 3.18 7L!. 70 2. 1 (J 

1.350 3.19 53.08 1.42 ( 

0. 825 3.20 30.41 o. 77 
,,.,. 
\ 

c 

( 

I' 

"· 



----------------

Veloci t~r 1.n Velocity in Th i clmcss Dip 

Upper Lo· .. :er of Ovcr- Angle of 

Hcdium, Medium, burden be)ow Interface, 

km/s km/ s Shot Point, 

m ----·------

2.550 4 .10 72.117 4.37 

Profil e p· 2.225 4.11 58. 83 3.50 

1. 775 !+. 12 !;3. 69 2. 56 

1.150 4 .13 26.58 1 .53 

----·---------------- -- ---- -- . --- - ----

.,.,,. Ilcvised solut.io:.1 i11corp rDti.ng · levn. t ion. cor· ectious for the gcophonc 

t 

• 

(• ., . 

t , __ 

c 

c 

c· 

( 

( 
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1 Y} ------- 1 
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