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The intrinsic velocities of P wélves jn t!1e rock sampies of gneiss and 

monzonite takcn from a boreholc ... t Chalk Ri.ver, Ontario, were calculated from 

the modal analyses and est:imates of miner.:il vclocit:ies given in the 

liternture. These velociti.es are systematicnlly highcr by about 0.5 km/s than 

the vclocitics mo.asured in the lr:boratory at 2.5 kb by Simmons et al. (1978); 

t11ey are probahly bette r approxima.tians to the inLrinsic values than the 

laborator' measuremcnts, hec&,1se of the p:ccsPnc.e of re.c;idual porosity in rock 

cores at 2.5 kb. The calculatcd intrit sic vclo<:ities and t·he rneaeured 

densities arc well corrclated and show a disti1ct lay~red structure that 1s 

barely resolvahle in the vcloci ties measu10c1 al 2. 5 kb, and is abs ent in other 

velocity data. The degree of correlai..ion bctTecn var:ir:Jus sets of veJocitics 

and den~iti~s has bcen invcstig~ted and interpreted in Lerm~ of the relative 

contrihurions of mincralogical v2ri2tions, cra~k paraMcters ~~d 01cc~~~tional 

errors. ln spite of the large sc.atter of Lhe borcl1ole log vclocitier, 

é:.pproxima te crack densitics estim<.~ted frot'1 l"lwm shm·7 a weak but staL': t ": cally 

sigr ific?nt corrcléltion (0.39 -i 0.07) ·1ith :..11(~ dictr:ihut.!.011 of ol>scr'ed 

fractures iu the ~rill cores . 
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I t JS wc l l known Lh::t the concentc:ition é"md geomclry of c racks , join t s and 

other pore spac:e rtre the main facLors controll:i.ng the c l astic v ave v e lodties 

in near-sur face crysla] li ne rocks . Horeover, an und ers tand ing of t11c 

distribution of thcsc parameters is essential for assessing t he suitabili t y of 

a particul;.:r rock body .'.ls a potent:i<JJ di&poral site. It t·hercforc seerns 

natural and logjcal that some atter.ipt shoulù be maLle t-o use scjsmolor.;ical 

techniqu2s to measurc crack parerneters and reluted qu;mtities. '.f'he 

application of mathenatical theorics of the cl~stic conctants of cracked 

solids to the prohlern of quantifying crac~n in rock cores from borehole3 and 

in rocks in situ has becn discusscd i11 é"• complementary report by 1•?cight and 

Lanzley ( 1979). 

In order to uniquc ly daterruine the crack and saturation parameters of a 

the intr ins~.c or 'crack free ' P and S wavc velociLies . An important ohjec tjvc 

of this report is lo dctc.rmine whetlH~l~ o:.: ;.,;t t"11e :i.ntrinsic P vclocit·: ' .n 

rocks cEn be rcJiably ~redicted Irom lhe mo<l~l nnalyscs of b0reholc sRmp1es 

and the mincr.:i"! vclodtic:s given itt t;w literature. /» simiL·ff <"maJysj.s for S 

woves is not possible because of tl1e élh:<c:; 1c2 of S vP.Vt~ vc]ocity delen~iin.-itions 

·e]ocilies of fi<lrnplct> h·om ChaH: i~iver wilh 1·hosc mcasmed at 2 . 5 kL by 

Simmons, T>;:;LzJe éfüÙ CoopPl (1978) . The P and S wave vc:.:iocit.ies :;n the 1·ock 

body hovc' bc::en csL:Î!' . .:i.ted by se\·cra1 m.:.t·hnc1r; L:ibo;-.:1t·ury iae:rnurerncnts ::il­

atrno~:p11Pric pressun: on cores fro;r1 bo~~t~hole Cl 1 have Lieen !.é<bu]. Ltcd hy Sjmmons 

c;t· al. (\978), a b1wei10lc log r,l" the r W<!Ve VC11x:i.t'es bas been neLÎVeu by 
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Neavc (1978), and .'.lpproximntc P and S wave velocitic.3 )n the vidnity of CRl 

have been rueasured by Lam and Wright (1 979) o.nd Wright, Johnston :mci Lam 

(197 9). He have cxamined and comµared i-he unccrtaintics arid l imita tions of 

scveral of thcsc data sets. 

Wc define the effective vclocity of a minera l in a rock as the sc1sm1c P 

(or S) vclocity estirr.ated by regrcssion cnaJysis from modal analyses and rock 

velocity measur ments on water-salurated core samplcs at room tcmperature and 

a pressure of 1 bar. Thus, effeçtive minera ] velocities reflect the 

concentration of cracks , grain boundaries, and the degrce of alteration of a 

particula1: mincral averaged over fi set of coref;. The oaJy cst1w,~ :ec of 

effective velocitics that we have found jn the Jiteratu:ce Fere for granulite 

facies 1ocks from Scotla.nd Cnall and Al-Haddad, 1979). Wc have used thesc 

effective velocities an<l densities to cslimate rock ve]ocities and densities 

for Chalk River samples. The purpose of these calculations is to determina 

how closcJ~ the predicted velocitics 

at different dep1hs in the borchole. 

~ J 
'-'' . l 

1 1~ rud tie!- agrc c uith mcélsured valuu: 

Finally, the degree of correlatio. beti1ecn some of the sets of vclocities 

and dcns-itics, the rclationship of: these data sets to 1,ctroJogicHl var:iat:ion~: 

uithin the rock hody and thcir utili1·y Li dE:term:i oing crack parame ter!; have 

been con::;jdered. The synthesis of all tL e sc d t1 ta sets hns enabJcd us to 

ieco.men<l a proçcclm:e [or rnakin13 bctter us e cf boti1 1<1Loratory Dnd fi.eld dat.1 

in dct·c·,_-r:â.ning ci..·ack parnmcters, m1d to shoïJ hnw sei siüological field 

experin:P1~t s an<l lal:oratoi-y stucli c s of sc:isrâc \'1..'Jocities co•11pJein°nl on"' 

anothcr. 
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pata Preparation 

(a) Determination of I11Lrinsic Vclocities 

The intrinsic P viave vclocities within a i ock Lody ar.e th.ose velocities 

that would be measurcd if cite rock h2tc complctcly free of cracks and othe~ 

pore space; they may be ~st imated fr0m core sa,;1ples in Lwo ways: ( i) from 

moda l mBlyses and (ii) from l.'.lbor~,t.ory measu'-€.ments of velocif·ies as a 

function of confining pressure. A litcratnre sea-:ch reve<iled no examples of 

the use of the first mcthod. However, we have 1-ricd this fj rst melhod becansP. 

umerous modal analyses of the con -s frC'rn Cha]k Ri e r were avai lable, v1hilst 

Lhe number of b.bora to1:y de termina tions of ve::J ocitj es providcc1 by Simmous et 

:..1. (1978) ls rather Jimited. 

The intrinsic P wave ve]ocity Vp js gjven by 

1 
V p 

-
N i f!. ' 

~~1\~;) l, 

. h d 1 (" . f t • lh . . 1 d . ~·mere S. ic1 te mo a 1rilction o t11e J conslituenL imner;L_, &n V. _ 
1. 

tbe mineral vclod.ty obL;1ined from lé'l1oratory rncasurcmenls or calcul:=it:eà as 

the ave1 age of the Voigt and Reuss v~lues . Labor;.llory 1nc·r:su1·011ents have been 

ut..'lized as 11uch as pos;:;itle; gene:c~]]y, laboratory data on aggregates of ptire 

rni.n01·.::!ls at 'rdr;h pressurc:o.: are ui12\•a:il.:ble, émcl rc:~sülts fo·,· rock Lypes 

consist)ng l<:irLcly of single minerc:ds have hcP.n used. The 11dneral vclocitic:=; 

<'Ire listed in T.:lblc l, fogc•ther w)t~1 1-1w type ol: rr.E:asurcmenl: OJ' calcu1at~on 

.:rncl U e 1:c.l(•vpn1 liter.:-;tt re citation,, 

Jlocl~ vc:locit:ies hc-:ve been ca1c11lat1-!d for presf'ures of ] u1d /1 kl1, and t'.1e 
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displayect :iu Fig. 1, <.in<l corrcsponJ to a pressure of about 2.5 kb~ thus 

facili tP..ting comµarison with the results of Simmons et al. ( 1978) in which t 11e 

maximum confining pressure on the sampJ es was .2 . 5 kb. 

The velocitics ol tained by caJ.cu1ation Dre syst·Pmatically highcr than !'lie 

measurc~d values by 0.52 + 0.035 km/s. To ilh1strate this, we have p]otted in 

Fig. Z the djfferences between the calculalcd and measured velocities as s 

function of the calculated velocity. wbenever a modal analysis on a core used 

in the· velocity me<.1suremcnLs was not available, the calculated velocity [or 

the nearest adjacent core has LeLn used. The J.ow scatter of the velocities 

within a layer of the same rock type justifies this procedure . 

To xplain the systematic differcnces between the ve ]ocities calculat8cl by 

the two methocls, we must check two possibilit:ies: ( i) that the labo:;:-atory 

samples still contR in consider~ le pore space at pressures of 2.5 kb, and ( ii) 

thct one or n~rc of the elocilies used in Table 1 are systematical]y high. 

To inve ". ·_g; ;.e thest? altcrnativ~s, we h .·ve calcuJatr.3 velocities fro:•1 ~ 0clal 

analyses t ~ .ive gncisscs and a mctagabbro fror1 diff:erenl regions, and the 

results arc also plotted in Fig. 2. The <lat.a ~nd the \•elodty measurements on 

the s1iccimcns have been t:aken fro111 Chri-teusen (1965). 

Table 1 :in the foJJowing respe('ts. For four samples, the pJ8giocln:oc prc:i cnt 

is ande;~i.1ie rathcr tlF11 oligocl&s.:,. Usir..g the da\.8 of Ui.rcb (19 61 ) , the P 

~'Tûvc v,~locitic~s f :111desinc \;>~;:-e calcul~·ted to be 6.52 afül (1,60 km/s at 1 kh 

and /~ !:b r0~pcctiv.:,ly. Th ·ee 0f th· snmp1es c:mta:ined sm.'.lll qu:ïntities of 

mnsco :Îl:P (<1.1%); uu."~ovl.i«~ h.:i:; ,.lightly ti-Îf'.tH'r sci!an~c veloc1ti0s Lhan 

biotite (AJ.c)~<nclrov .'.11'(1 11.yzhov.'.l, 1961), lwt we havi~ us .d the \1aluc for bjc,tite 

i11 our r.r]c:u)nt:io11s. o,1c ::;::mpl0 contri-iH<"'d l.'\% of ep:idote. Thr: enidotc 
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veJ oci t.y was arhitrari l y taken a s 7. 0 km h at 1 an c1 /~ kb, sinc e we kn ow of no 

cst:i111al:es of se :i smic velocitjcs for t his m:inera l. The veloc itie s me a s u red in 

an cpidote amphibo l i t e by Chrislensen ( 1965) sugge s t that t he values we h ave 

t1 se:cl are d low-.!r bound to the true value. 

The systematic positive bias fo1· t112 calculated v c l oc i des is sl:i. gh tly 

lowcr for Chr:i::::tcnscn 1 c Sllmplcs ( 0 . 36 ~ 0 .05 1 km/s ) than for t he Cha l k R:i ver 

samp1cs. This can be partly attr i_b u ted to the une o f an excess i vc l y high 

velocity for potasl1 feldspéir , s i nce the four snmples f·com ChriRtensen (1 96S ) 

th:1t show t1 e lm?est bias nlso contain very st:ia ] l proportions of mi c r0cU.ne . 

Chdstensen ' s data, however, show t h:H . · croc:line is uot the only minC!ral for 

which the assuï~<>d ve l ocity contributcs n positive bivs r.e l nt:i.vc to the 

rneAsured rock vclocities. 

Resi<lual j•orosity is t1H' most ~Ari sfac- tory cxpL:ni:?.tion 0f !'."'.8St of the 

uiscrcpancy het1.1een the calcula t ecl é'nd measured veloci t ies, since the 

diffcrcnce ùctwecn the c.rack porosity a.1 ·1 the h1t<1J porosily in cry11 11 1 inc 

(19ï7) have usccl the foJJowin6 empirical 1·eJationship betwe:en t:11c _;_ntrinsic 

v0}odt:· VF <!ni the mPélPnred veloc.:.ity v
0

, aBsuminL, that the crack volu-x.c 

V "' V 1"1 -:- I~ c;:p ( ·-f. O) -.J - l o r L 2, 

;-1h.::r<.:: K l.S l 1~c fr.'.lctur _ descriptive factor, 0 js t11' pressure ;rnd A i s a 

C'Oi'St·m1t, Fo. c y·yntal line rocks, 0 ') 
:::: 1 cl 1 

-1 
Tf 0 K . . .) f, -· kb . ~-·e put --

2.'i kb, v8 ~ 0.97'.i VF, \ 1hicl1 is Ai.> ·1uL 0.16 kr:i/s ]P.;s Lhan t:lic intrinsic 

Th~'. c·siimaLe of .',,·-V 1. only P. 1~ough approxjmntion, a-o:td may be ,. 9 

eiut hy ë. fa.cto r of 2. Thu"', ii the Vt'Jocitic:; of Ta!11.c 1 are n:'.'1son;1blc 
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rock cores Lo be 0 . 1 0 . L~ km/ü lcss t h.:in the c a l cul ated vu l ues . Clear ly, the 

re l ationship betwecn calculated and measured v c l ocities r equires f ur the r 

i nvestigation, preferably using veloc jt ies me~sured at higher pressures . We 

concludc that the calculnted velocities are bctt r estimates of the intr ins i c 

velocitics than the measurcd values at 2 . 5 kb. 

( i j) :i:..ar~r:i ng_ of Chal~<_!i v_er Rock Body 

By visual inspection of the calculated intrinsic velocitJes, t he 

rock body haa bcen divicled into sevcn major layers at depths down to 271 m, as 

show-n in Fig . 1. These layers agrce wcll with signi ficant. changes i n 

mincralogy, as is eviclent from the disp l ay of the modal ana) yses on t he :righ l 

hand si<'le of the diabram. Two ad<lj tional tt1in le.yera, labelled Tl and T2, 

h.'.lve bcc:n Ü;cl:.idc<l \,hcrc one c,r ;::i.,ü velocir:ies appca:L't::'.C1 ctHOurnluu:; viii.h respect 

to the surrounding values. Bet-,,.1een 90 and ] 70r:i the velocities are close to 

6.9 kl'.1 / <: . '.r._respon.{ ig to the ruonzonite. Gneiss is prese11t above .:md bclow 

thcse dcpths; the vc loeitie r.; in the gneiss show much more scatler, ancl are 

Lypically .:ibout 0 . 3 h'l/s lower. 

Ch <1nges iu minernl content wiLh dcpth gi 8 rise to both an appanmt 

layerin:>; and ü scntlcr :in the: crleu1"1Lcd sc·;~.mic velocitjes, especially w:ithin 

the gneiss. To qua11tify th:is sent-Ler, we have a ssumed thnt the stè-!nclarcl 

dcviat'c11 on 2 single:> vclocity esl.irn:,te is indepcndenL of the 1;1yer 

concerncd. Tbis asst•1'.1pl.ion cn<?bl·::!S tl1e method üf Jeffreys (1961, 'P· 14~--1116) 

to be usr:d Lo est:irn:~Lc t:.1e f.t<lllthrd deviat ioi"i or1 a single n~locity mc:1Sur<•ment 

and th _ atéln<larc~ ~rror on ~hc mean vc:loc.ity for cac.h layr:1·. The stanrlard 
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a particular J~yer, an cri:or of 0.06_, km/s li as bccn ass1Jmcc1. rne statistical 

trcatment h Rs hecn appUcd to the maximum measured velocities of Simmons et 

al. (1978), and ::he resulU: are also listed in 'J'élhle 2 and plotted in Fig. 1. 

Their data yield a standard devjation of 0.090 kir·/s on a sinr:Je velodty 

meérnurement. The layer -velocities of Simmons et al. (1978) .Collow a si111i lar 

overall trend to the calcu]atcd velocities , but the rneasured vclocities for 

tltc gneiss at depths belcw 210 m are as high As those for the monzonite. 

Fig. 1 .:ilso slio11s the P velocities at atmosp:icric pressure measurf'd by 

Simmons et al. (1978) on s~turated cores. ln arldition , Lhe velocities f rom 

the horehole log obtained by the Gco1ogical Survcy of Canada have been plotted 

élS a continuous iine. Tnc original boreholc elocities lrnv hc..en smoothed by 

aver;,iging five consecutive vel.ocity estimates , ancl talÙng the ùepth to be th e 

medinn value of the correspooding five consec11tivc depth values. Even the 

sr..00th<..:C1 vël.u(;it-jes :o:l10w i::uûtrnous scaLter, anà do not appear to be 

vell-correltlrF~d \!ith eithPr the velocit) mPasurcme·1ts on sai·ura ted samples or 

w:!th the c<ilculéltccl intdnsic velocjtjc· 

'fhe ce.IcuJateà n1d measured P wave ·relocit:i0s at 2 .5 kb clcpc>li(l prir;iar-iïy 

vc loci t j es llwt. clep1~11d r, r irnnri ly r. tl the conccnt·rr't. i.on of <..:1~<1.ckr-, and hnvc 

listed in ~able 2. 
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The c alculated vciocitics at 2 . 5 kb ( Fig. 1 and Table 2) show a distinct 

layere<l structure, wi th th e higher v c locity monzonite at deptlts between 90 and 

170 m su rrounded by lower velocity gneiss . The upper region of gneiss, 

however, does yiL l <l velocities grcater than thon c calculated for the mon~onjte 

at d pths between 50 and 70 m. Thcsc higher intrinsic velod 1- i.cs bolh witbin 

the upper region of gnejss anr1 the iaeortzonite sre due rnainly to the rela t ively 

lt igh proportions of pot asl. feldspar and garneL in the se layers. The less 

prccise velocities detennined from lahoratory m<'!<!Surements a t 2 . 5 kb do not 

s how as distinct a l ayering . \Je beli evc thal thL near abF;cuce o f layer i ng is 

duc to chemical alte r a tion of the potash feldspar that results in a lowe1 

int r in sic vclocit; th an the value of 7. 0 km/ s u serj in the calculations: an 

expJ:mn.tion that is suppm Led by t he re sults of Hall and Al-fü1cidad (197 9). 

In column 5 of Tab le 2 le have Usterl th0 P \lé'Ve velocitie~ calculated 

frcm the t:ffec Live re;_neral velocil ics at 1 har <letermined by Ha J 1 and 

Al--Hadda(i (1 979). Becff1St.. these cf[Lctl.·.': 'Ed.oc:itics were detcrmineJ h 

regn,ssim1 analysis en a. 1.'.lrge suite of rock s.::inplc•t.: , thr~ <:a lct lated L ·,-: 

vc-,locitiec refl cet the avcnlge degrcl of crack:i l°1g 3nd al te rat:i on for the rocks 

of tbe region of Scotlancl Séll!1pled. 'J'he reason. for cn.1cuJatjng thcsc 

vclocit:ies was t(J detenuiuc \'.7hcther or not the f'ffectivc mincral \'clocit:i.c s 

for Scottil::l.i ,..ockn accurnte]y predicL the ob.sc.:-1ecl vc~ l ocities .st. Chalk Ri.11er. 

Tlit; ca1C'ulatul ·,) velociti<:>~; of coJutHTl S a.r-c syst.:o!nr.!.jcally hi['..hc:c. hy more 1-h;:rn 

O.l-1 kn/s thm citlier the èry oï..· satm·tltC'< r vel0c..; 1:ic!s of Si-rimons et a1. 

(]9/8). Th•J3, th' RDrnples fr r:i Chalk Ri.ver are cit.her m:'.)1·e ex:lr~nc:ivcly 

l"r<iC 1 ured lh:tn thP smn~·l (·S usf'd hy JJ,1 I - dnr1 /',l-Hm'c1ad, or Lu .;~ syste•:K1t:i c 

dicctc;>"1nc:i0s ~xist be:twc::m the L::.bo1·at·01·ics i11 ·.,._·lt:~ch the 1e]ocitics were 
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~:imrnons et a] . (1 973) show no systemat.lc changes with depth, thougb the 

limitcd data on S wavcs sugges t sl ight ly hi gh e r vclocities bclow 90 m. This 

coul<l b e intcrpre ted as a slight <l cccease in the density of cracks , although 

observations of fractures in the corcs that wjJl be discu ssed l ~ ter sugges t 

the opposite. 

The P velocities dP.tcrmined from the borehole log at Cha lk River :-ire also 

systemalicalJy lower than the calcuJated velocities a!: l bar, b ut higher thnn 

the laboralo!.·y values , cxc:ep t in the uppermost 50 m. This prov:ides some 

cvidt'nce that both higher crack dens jties and systematic differences between 

l é! borator.ie erc responsibl - for the discrepancies between the c a lcul.'.lted 

ve locities étnd those me<·surc>d hy Sinunons et al. . The borebo l e log velocities 

also seern to incre~se stcadily in the top 70 m. If thi s effect i s rcal, it 

eau be i nterprete<l as a progr0ssive 1ncrease in the degree o{ saturation of 

fracture d :msity at deptl1s bctwecn 0 and. 70 rn. 

TabJe ·~so lis .. ~ t:hrce se t s of <lensiL :i eu for Chalk Hiver samples: (i_) 

rnf:'.'."Sured, (i i) calculaterl fror1 the moc1.J] ana1ysC>s ancl the cffec ive mjneral 

dcn8ities cst~m~ted bv ~egression m1a]ysis by Hall ad /l-H2dd9d (1979), and 

(iii) calctÜc.tNl froro the modal analysE:'s and the expectcd densitics of sing]e 

crystnls of Lhc indiv:idua.l i-:1J.n~r<:ls . The dcns:i.ties of set (Fi) are 

r.yst·ei;1;:1.tically l1i.gher U1.:m th~ olhc!» tFo, .::n<l t.hc i:c<!sons f0r this \vill be . 

inqr:ra tion of T<:hle 2. h·1s bcc:n l)si..~·d. In pm:t.-icuJar, wc h3\'e list.d .tandArd 
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ancl (b) ass uming no J ayering. Eoth th.:: i.·ange of the ohscrvatio1 s and the 

fractional J.ncrease 1.n st an dar<l dcvia.tion vhcn no laye ring is .:issumed give an 

indication o[ the rca lity of the layering fo-c each parameter . 

Th(' pararn ters that are consistent wlt:l1 the layering hypo• he[d s are V 
1

, 

layc1' j_;1g 1ccausc Lhey should <lep nd primariJ y on mineral content. V 
3 

appears lay ered because of a stcady lncreasc in the top 70 m, po s ibly due to 

an incrcase in the degrec of saturntion of the cracks. The increélse in lhe 

standard deviat i on of v
4 

if no layering is assumed seems to be purely a 

s amp lj ng phcno:ncnon c.;iused hy the srnall quan t ity of data. P 
1

, P 
2 

and P 
3 

e~~hil:d t layering presurnably because of the dependence of density npon 

mineralogy. It is interesting that p 
4 

shows no eviclencc of layer ing. Sincc 

the effective graia densj tics obtained by Hall and Al·-Haddad ( 1979 ) are in 

a l most perfcct agreeTPcnt with the e.~pccted d:t~nsities o f s i ng le c;·ystals of th e 

major min-~r< .. ~.s (quartz , fcld3pé.1rs, ampl11.b .1 e end J•yroxene ), the apparent 

-3 
layeririg of the rock body is re;noved by '"" og a density of 2. Tl g cm for 

the remai.ning minernls. The lnyering wjth respect to density thercfore seems 

to be associnLPd wi th rhangcs in the amounl of garnet present, for wh:i.ch tlw 

cxpecl.ecl ce1siL1c · 1ie in the r, .. n~e -3 3. 7 - L1 • 2 g cm 

Tl1c. ccrrelatim1s hetween v,•riou, pairs of the pan:nncters lis1·~:d Hl Ta ll: 3 

m~d1ocl (If Yort (1';(6) liavc been calcillatcd. The nmn<rjc:il iesult!-: are :jrted 

jn TahJ,: 4, in uhichlJJ .,/tvy js ;; "' in e se r·ati_o of th <~ VHriancc 0f a ch 

y-v.:ilur- t·o that ot e;-1c1 x ·-v:due. For the ;egression c.I a vclocity set upcJn 
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another velocity set or n densi ty set upon anothcr d ensity set , it ha s 

initially been assumed that w /w = 1. The calcuL:itj on w2s then repeatec1 
X y 

with tù /w estjr11ated frorn t he stan.dé'lr<l <1eviations of 'fable 3 . 
X y 

If there 

was no sign.ificant c arre] a' ion betv10cn t·he parametr>rs , the second ca] cul ? tion 

of the slope was omitted. A similar procedure WAS dopte<l jn ex m:i nir'g the 

corre lntion bet\.'cen vclochjc s and dcn"'itics; the s ope of the initial 

le.'.lst-squnres line , however, was cctermincd by regression of velocity upon 

densit)' (tù / 6) = <>0) . Figures 3 - 7 élrc plots of those sets of data tl a t 
X y 

have a correlation coeffi<'.ient of at lc;ist: O . .'..J ; thcy are mir.1be1·ed in the ordr·r 

in wl1ich they 2ppea r in Tabl8 4 . 

( i) Cor rclatjons beti.-;een Vario11r. sets of \'e1ociHer; 

The S!OAll but s:ip,nificant CO!'relation between vl and v2 resu]ts 

fro1r the tL2t m:î.ncrals w:i th h.i.t,her i.i1L...: .i_,1s.i.c P ,,ave veiociL i es tend to 

have hjglier effective veloc:itic:s . A rec:lJy hjgh eorrclatüm, r,owevcr. (0es 

not occur bec.'.ll\SC t:he ratio of effective to inLrir.s]c velocities o 1 
, •• '-k 

factor ' for the· rr:ajor rr.inerals vnrier; between 0.80 anù 0.94 (llnll and 

Al--llad ad, 1979). v
3 

and''\ sho· . .,i no t~:ig; ificant. correlation showjnr; that 

the v.:triability of thP. bo:·c·h0Je log vc1oc:itje::; · s in no way 1·el<itecl to tl1e 

.i.nt.rinsic rock velodtics. 'fhe absence of any coY-re1.'.it:ion r"Lueen v
2 

";;,d 

\'clocities frorn Lhe bore]wJe log nre to:) scat:lc!T"(>(1 i.:o provjde uscfu _ 

infor1.1;1l ion Où cruel< paran>P.L(~rs, or t'w Ci"< ck f<•ctors of the iudividual 

(19'/9). The fi.rst of tlH'SC cx~)];1:1ai:Îoi1s secms 11'(.:;t· prob<iblc, <'nd ~'C ~;ugi;crtecl 

ct•rïi(r thal" 1 orin:.:io1s in t·hc s.:itun1 1 ÏL'll con\Ît'Ï.olls in the borf'ho1c ;n<!Y hc 

p<trt l'f t:he c:mse c1f trie v~i-.i_abiJit.y of: hq bo~·cJiole lo~ vtlcci.tics. 

......,.. ·- -
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The f; lopcs of the reg refi :.don lin.es for the first two sets of data ch ange 

dramatically as w liw chanr,es, anà arc of not much significance , because 
X y 

o[ the low correlatinn coefficient and the srnall ranges of v
2 

and v
3 

compared \dth thci r standard deviatJ.c,ns . 

(ii) Correlations betwecn Various Sets of Densities. 

P 
1 

anü P 
3 

are wcll-correJated, and the slope of the regressi on 

l ine t ak ing pl as x ·- coordinate is about J for both of the velues of 

w /u.1 (Fig. 3). f' J is alco systemaLica11y higher on aver age Lhan 
X y 

pl by 0.14 g 
-3 

cm These n.,...o resuli ·s a Jon e suo~est Lh a t the effective 

dE-~nsities of thP hid1 density minerals are rnuch lowcr than t he values a ss umed 

in ca lculaling p
3

. This interpret?tion is supported by the regression lincs 

for r 
4 

ac.cl P 
1 

and for p 
3 

élnd p 
4 

(Fig. l+). p 
4 

and p 
1
_ have 

... 
-.) 

;:ivcrages that di[fcr by only 0.05 g cm but thcy arc not w'°ll orre lat cl; 

the~ s lightly bet ter co:-·re lation betv>cer. 0 J and p 1, sugge:>ts t·he exp l :, ·af ion 

oullined beJoH . 

The effecti·.,e miner.11 èensiti.cs for the ma J Ol. minerals (quartz , feldspars , 

amJJ. ibole &nd },yroxene) use<l to cal cula tep 
4 

sho-11 C'nly ininor and 

cl:;tti.ctically i"dgnjficant: dif[cn.:nceo from those uscd in c;:ilculating p ~-s· 

Thr· di[ferences lie in th~~ re·'l:<ining 1"inerals which are biotite, garnet, 

-3 (19 79) nec .ns i ·nLP. i:he use ol r = 2. 77 g cm for alJ thesc additional 

miit"'r.:il., in calcu1.:ii'ing p 1 • T!w ra yiles from Ci ~J.k River contnin 
·f 

3.7 - ~.2 2nd 2 . 6~ -· 2. lJ4 g cm 
··3 



,, 

too small to have a "i.gn i ficant effect on the dens i t i es . Thus , t he use o f t h e 

·-3 
low regression va l e of 2. 77 g c,ri for b iotite , garnct and ch lori t e 

acc ounts for the l a rgcr slope ( - 5) of the P 
3 

ve r sus P 
4 

li n and the l ov 

slope ( -o.2) nf the P 
1

versusP
4 

Jine . The high avcr<Jge for P 
3 

compared wi th p 
1 

and pli see1rts to result largely from Lhc us e of higher 

den.s i.Lies for gDrnct and pcrhaps biotite th an their effective grajn densitie s 

within rock srmp l es . There are sufficient density measurcmcnts witl1 

assoc:iated modal analyses for Chall· River co n.:! s to enable reliab] e effect j ve 

density Ta.] 1es to e calculated by regression élnalysis for the major rainerals 

listed earlier , garne~ and biotite. It is r c commende:'l that such fi c.?lculation 

should be underL akcn. 

The c.::ilculated ve]ociti s at 2.5 kb (V1) show a high cor.rel a tion 

~,Tith the. rn"!.ired df-w;ities (p
1
). If ~ .'e n~g l ect the errors in P

1
, th,, 

slope of L,--- regres ·ion line i s 2.0 (Fig. 5). Wh~n Fe us0 the stPn<lurd 

devi<> ti on'> of Table 3, houevP.r, the slope jncreeses to L,.s. The low vé! lue of 

!·' i i0 reflects the fa..:t Lh:it the var i aoili_tv. of mcasured densitv i s much 
X y J 

great( r tlirm the va1·j ;ibi li ty C'f the ca lculal <i veJ ocitics . 

The foregojng resuJtc-; i1J.1rnt1~t0 ~n irnporfai1t ro:ini_. Prev}_ow·J) publ :ishcd 

c>mpid.c.:, L '.' e ocii:y-dcnsii.:y re.lo'.' ·i onsl , ips q;per:r to ha.ve becn derivt>L{ by 

rc;;rcssion of vclocit' U[)O , dcnsj.Lv ( ul /Jj "" "''). lt js tnie th3t dcnsit)T 
• J ~ y 

t'1 1cen fror.1 T:tble J. The errors >n ;rcasm~c1 ve)ccit::ics i:lt l b~r ond 7.5 kb arc> 



giving w lw in the r;:inge 1 - 6 . The crror csdmatPs represent the 
X y 

s atter within ~ rock unit that is petrologically fajrly homogeneous , and 

therefore arcount for both Ll1e experimental errors in the measurement proccas 

and rcal fluclu<itions in vc]ocit-y or density ·within the rock tinjt, The real 

variations in dern;·i.ty are much greater t.han the rneasurement errors , and we 

suggrst that al}owance be made for these v2riations i deriving 

velocity-dcnsity 1elationships. 

Rock velocit:i.<~s and densj ... ies calculate<l from effective m;ner.:il ve l oc:itics 

and densities (v2 and n 4) Phow a significant corrc]ation of 0.50 (Fig. 5). 

The vari2bility o[ crack factors between minerals therefore does not upset the 

gencral rule LhaL higher density minerals wilJ have highcr seismic 

ve] oci.Lie:s. Thus "' significa.nt corrclation betweei1 nenr-su.cface sei.smic 

velocity measurements or laborato~y measurcments at 1 bar and measured 

denpitjes is expecLGd; provided the dcnsity of cracks and the degree of 

saturallo,' ~ :m0in fairly uniform . v
3 

". 1d '; 
1 

shor .10 sign·i_[icant 

corral· Lion hecauce of the large errors :- v
3

. ..,l <incl P ,, a 1 so show a 
.) 

sigrd fiu:nt co::relation of O. 68. The lo;,;r slope of the i-egreusion line 1n 

compc.risou wi th th0 s1 ope of tl.e V 
1 

- n 
1 

relntion .. ùip cg;1:i n illustrat:e~~ 

Lhst tbc de:nsi l.:ic~s m~ed for the higher cler,f'i ty mincnd s 1.1è calcnlating p " 
J 

ar~ systen1atically high . 'Jhe P vcl<•C'ities ;11e%urcd in thE.. Jc'.lboratory at 2.5 

l,b slwv a ~~argin'1.11y cignif:i cc11t c.01Telatiou with LhC! niè<lsured densj ties. The 

low con:elaljon cceffici,,af: in rc1'1pad~,on \·7Îd1 i'l'1e good corn .. lation bctuecn 

V1 ancl p 
1 

rt>fJ.cct:8 th:~ J:-1-i>~ sc.:li.ter in v
6

, whjch :i s pro'bably c1ue Lo the 

vm·j ;_.ble cr.'.1c:k d icri 1'it;c:s of the snr·1i1:les and Jncomplc~t"" c10surc o[ porc sp;:i.cc 

at 2 . .5 V.b, 1·ath~r Lh1'H j .~Ace ir.:<..:. ics in the velocity mr!Gs:.irements . 
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(c) Calcu1ation o f AF;pect Ratios from Crack Dr:;~s:i ty Paré~meters and Estjmated 

Porosities. 

Simmons et éil. (197 8 ) have csli1ne_ted tl1e crack porosities u[ the core 

.,amples on which velocity meast1re1T!ents wcre made . Using cquation L1- of Wr i ght 

and Langley (1979), these porositjes and crnck density p.:irnmeters E have been 

used to calculate the average aspect ratio. For cach snmple, we have used the 

average of the values of E obtained from the dry and saturated samples, and 

the icsulLu arc lis~ed in Table ~- The set of values of E bas becn cRlculated 

for the 's aturated isolntecl' case discusse:l by Wright éi.nd Lang] ey (1979 ). 

Repeating th<' calculation for the 1 s.'lturated :isobaric' ccse would not change 

the rc~ulL& significantly. 

Sjnce Lhe crack density pŒram.e:::ters obtainetl from the calculated intrinsic 

veloc::ities are lar.ger than those derived from the labor~tory data, it is 

reasonAble to post11late thal the <liffercnccs represent residual porosity due 

to cracks œ: va:i ds of L f•latively large :,.~lé c•· ratios. This hypothc[ > · s 

supportE:<l by the porosi ty estimatcs obtaine<l h·o1n Jensity mf':acurement:., .,n i1et 

and dry co1L!r., Fhich tetld to be aho;.it an order 01- magnitude larger thém crack 

porosi ty val ucs obtainc<l by Sirnn~o;1s ci· :il . . The diff0n~nces betwec.n the tFo 

porosity c.slim:1tes zn.:l the two n_ack density ii an:imPtcr v.;.lucs for- each s~mple 

l .:ivc bcen u;::cd tu ccJcu1 aLc a11 a:cpect ::atio for Ll!e rcs:irlunl poros:ity, ~md L:he 

n:.d:io::: th.-:t are genu .. lly aL leasi. <in onle1· ci[ r..ngnitucle hir,her lh;:in tho~:c 

c~;tim.:.t:ed l 1:0 .1 the crncl- Jh rosi t~c s. Thu>;, Lh: t\\O sets of 2spect r.;.itfos 

provi<lc [1 coi sist.c•n!: "X1:la1;3tio11 of \>!l1y botli l.hi"! crack por.ordties ;rnd cwcraJJ 

porocitje~' of T<lb1e '.j L1;ri-c,· conniciccnbJy, :mù v!hy Lhc cr:-:.eu];•ted se_l.smic 
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(d) Cor rel.'.lt ion b 0 t\·.1ccn th e Cr;ick Der:-sity Parame ter:_s and the Numhers of 

Fractures within a Gi vcn D2pth Interval. 

Fieurc 8 shows a hjstogram of the n umb er of miccoscopic frac tures ob servecl 

in cach inte1·va) of r, m; the crc.ck denc;j ty panimeters f or the ' r.at urated 

i sola Led 1 case were cstimated !:rom the c al culated in tri nsic P •eloci ties, the 

borel10Je log velocities anrl assumecl S \·:ave velocitj_es, and are plotted i_n the 

j \,'e .•: portion of the àiag ram. To detcrrnine wl1elher or not there is a 

significant correlation between theRe two paramet ers , the correlat ion 

coefficj cnt r ,r;is calculate<l, nnd the data are clispJ ayed in Fip,ure 9. r = 

0.39 .::_ 0.07, so th;:it there is sol'le slight correJai:ion bctween the estimatr-:d 

crack d~nsity p~Lametcrs and the nw~er of observable fractures. The 

rc] atively ] ow con·elation coefficient may r c s ul t from the large scat te r in 

,1elo :ity 8stim.:ites· fro.n the boreho l e log. Al teniatively ~ a spuri oHs 

correlation couJd occur i f Lhe rcal intrirsjc P velo:1.Lies for qu.'.li.· tz 

monzoni_tc 'iY • not s ~.-,li ficantly hi~her th.::m the real va lues for i:neit.". 

'Nie rcsults suggesl th~t the intrins ic P velocities of cryst~lline rocks 

.:ire liP ;f. determi nr>c~ from the 1,iodal analyses of core sm.;pJ es m1d thl' min~~uü 

dr..:rt.•rt inin~ cracl··-frce ï' ve1c-c:itjcc ~onJ<l lie jmprff\•ccl by the u.:;e of an 

Pir.pid.c.·l formL1);, midi:;:.; equat:ic:·:t 2 (Stille.,.. et al., 19'/7); 1-hc intrinsic: S 

''ac vc1ncit.'e!" can only b:· cf:tirn:ited hy th i s metlioct . 
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A stndy of the correJatjons b..,t,,.:12er1 various sets of v e locities and 

dens i tics has demons trntcd the nec(~ fo r more ac curate P wa 1 e borehole logs , 

and the inadcquacy of i..hè numer:ical and statistical teclmiques that Lave 

prc>v iotu;ly been usecl in the "nte1:t;rl!t-a!: ion of cuc.h dat.., . ln particul;u, 

crnpirical velocity - densit 1 relationships should be detcrmine<l using the 

l east-squares linc fittinf; techniq le of Yt)rk (1 966 ). Both the results of our 

e.stimates of intrinsic velocities and the ca]culations undertaken using the 

effective ~inerRl vclocities and <lensities of llall and Al-Eaddad (1979) 

suggest that linear regression t echniques should be use<l l:o obtain a set of 

refcrence effective minerr:l ve loci ties ~rid dei t. ities a~ainst w11ich the 

velc,cities m;d densities for a particular localily c an be compared and 

inlc rprcted in terms of: anomalies in fracture content and mjncra l chemistry . 

Recorrrncndati ons for Fllture Studies 
-----~----·---

The \":-i 1
! of Hall and Al-ll;:ddé.ld (191" :m cff'-' 1 ive mineral velocities and 

den.si ti,cs c.:i.1 be c;;:tended in é.l way that J.,.., of Véllue to the ' R"'.DWASTE 1 

pro graTTl. The c.;senlial ingred:icnt is é1 lti:q~;c set of l abo;~ato1y l11easurcments 

of I:' élnd JH!i" taps S w 'C vclocit ies on crystéllUne rock samples for which modal 

analy;,es of tlk s~imples <JrP livai lablc. The rockP shot1ld h'2 of widely varying 

mincr.alo,~y, b.Ci'.i1 well--d:ispcT.scJ loc::li_ties, and the r.w.nt>nrcrner.c:s shoulcI ";e 

froin m·my <lif.fc.1 ont }al.J0r.aLories al: sevP.i.·::il pn',.;sures up to at least 2. 5 ko . 

~hltip1c ii •tcJr rq:;rcc:~io11 Lcchniques could thcn be used to derjv,, effectjve 

ve lod ·j el< fc,i- all of lhe ,n.'!jor rr;j_ne:n ls .:JS éJ. :fonc t::i N>. of: pressure. The se 

Jor ·• part;cular lc,c1lity ;iu<l a p:irL)(;ular l ahoratory coulrl h<~ C•>mpt:re1i. 
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rcference earth models. Actual rock velocity mcasuremcnts wo u ld ref lect bath 

anomalies thaL are pecu l iar to a spec i fic location And systematic differen ces 

betwecn laboratories. Data coul<l be further analysed to derive bath s i te and 

laboratory anoma1ies in exactJy the samc \·'ry Ml one csliinates source and 

station anomalies in seismology. The.: useful jnformalion that would come from 

1rncl1 <J study i;·muld be the si te anomalies defj ned as tl1e dj fferences betwecn 

the measured vclod.t'es c01rectr..:d Eor system<• tic <liscrepancies between 

laboratorics and the elocities calculatecl from the r10rlal analy~cs and the 

reference mineral ve locities . A comparbc;n of tl1esc sj te anomn.lies for 

dif:[erent rock types would dei-enui.ne Pl1et:her Ol'.' not the rocks of one locality 

were more cracked and al tered théin Lhosc of a11other. 
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FIGURE CAPTIONS 

P wave velocities for the borehole at Challe Hiver. 

(i) Calculated velocities at 2 . 5 kb, V1. 

( ii) Maximwn measured velocitics of Simmons et al ( 19 78), usually 

(iii) Smoothed velocities from Geological Survey of Canada borchole 

log, v
3

. 

( iv) Velocities rneasured by Simmons et al (19 78) on saturated 

sp ecimens, v
5

• 

A plot of the volume percentage of minerals as a function of dcpth from Dence 

and Kamineni (1978 ) is shown on the right. The symbols represent the following 

mine rals: BI= biotite; CHL = chlorite; CPX ·= clinopyroxene ; GA= garnet:; 

RB hornblende; KF = potash feldspa r ; OP = opaques; PL = plagioclase ; 

Q7. - quartz. 

Figurr:. __ :~ Differenccs betwcen calr1 lé 1.2d and ··,.~asured P wave vclocities at 

2.5 kb for data from ChaJ_ ;· 1 '.iver and from Christensen (1965), 

plotted as a function of the calculated velocity. 

l"igurc 3 Plot of calculatecl densities, p
3

, against mcasurcd densitic:.:;, p
1

. 

Plot of calculatcd dcnsiU es, P3 , aeainst densitie.s calculated from 

the regression re.sults of HaH ond Al-Uaddad (1979), 0
4

• 

Plot of calculated intrins:ic P velocities, v1 , against 1'leasurccl 

densltles, p1 . 

Plot of velocities and d~1sities, v2 and p4, calculatcd from thn 

effective mineral velocir i.es and densjlics of Hall and Al-Haddad (J 979). 



Figure 9 

Plot of calculated intrb1sic P v e locities, v1 , against calculated 

Numbcr of obscrved fr.s.ctures within each five met:re interval and tlie 

calculatcd crnck d~1sity parameter plo t ted as a function of depth 

below the surfncc. 

Diagram showing crack dcns ity parameters derived from bore.hale 

velocity logs plotted agn.Lnst the number of fractures observed in 

each :interva l of 5 m. 
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ments on q·artzit (1965) 

Mean values of Si~oons (1964) 
l aboratory measure-
ments on differcnt Press (19 66) 
orientations of 
microclinc crystals 

CalculatJons from Birch (1961) 
laboratory measurc-
ments on anorthi t e 
and a~bitc 

Average of calcu­
l a ted values in 
001 , 100 directions 

Laboratory mcasure­
ments on an~hibolite 

Alexandrov 3î1d 

Rhyzova (1%lb) 
Christenscn (1965) 

Pres s (1%G) 

--------- ·------------·-
16 Ave ra e~ of calcu- Alcxan rov a1d 

lê.ted values for two Rhyzova (196:!él), 
pyroxenes AJexandrov et al. 

(1%4 ) 
Christenser (1965) 

L.<r·oratory mcas.ire- Press (1966) 
ments on almanditf'-
pyrope 

--------------- --------------::;h) orite 6.75 6. 92 0.216 39 Labo ra tory measure- Ptes~ (1966) 
ments on chlorite 
schist 

----------Jpaqucs* 6.99 6.99 0. 0(15 63 Laho~alory measure- llirch (19 Gl) 
mEnts on macnetite at 
4kb 

~1t"11~r----- ·6. 68--6:72- --ëi. 02-8---·----1.-, 6--- ---some-,\·-,h-::>-t-,11:--bit-.r-a-r:i-1Y:-i5i-1-·r-..:l-1 ~é-1 <-~ fiO~)----­

laboratory measure-

.. 
i 

-------------- --- --·-·------- --·----------
For h.l.otit:c:, pyroxcne•. and t}ic. opaques, the s;1m~: v a l:1cc1 have becn used for boi::1 1 anà Lfkh. 
On] y biotite and pyro:«c.ne, iwwc>v{~r, wilJ tca:l to hi.:1·; slight·ly tlw vcJ oc.:i ty dj i fercnc l.'S 

bctwccn ll? c two pr,'.:>~.t·Les, sjnce tlw ornqucs alway:-, .io1'm lcss tha11 6.5% of the rock volume . 

1be vcloc5ty uqcd for the othci mjncral~ <loes not malter, . incc they form Jess than 3% of 
th,, rock olurne. The.se other r.ifrif'ralr; :n c carbonates, scricitc, zü.cc-.1, apat:i~e, sph,-:~11'.' and 
(''':dot(' . 



Layer 
t-:o . 

l 

2 

3 

4 

5 

Tl 

5 

I 

T2 

!.x=i.yer 
No. 

1 

2 

3 

l. 

5 

De? th 
R.:.age 

0-5 0 

50-70 

70-90 

90-170 

170-210 

193-194 

210- 247 

247-265 

265-2ïl 

Depth 
P.ang~ 

0-5(' 

50-7 

70-90 

90-170 

170-210 

Tl 193- J.96 

6 21.0-2 ~ 7 

7 21.ï-~GS 

rz 2')5-2Ï~L 

Table 2 

No. of 
:roC:.al 
fü<alyses 
in cach 
La:,er 

7 

3 

3 

24 

9 

1 

8 

6 

2 

"10. o: 
Laboratory 
~leasure­

me..."1ts in 
Eacn 
Layer 

3 

2 

1 

5 

3 

2 

1 

l 

Com?lete List of P ancl S ilave Velocities and Densities Averaged hy Laye:?:" 

Calculated 
P-Wave 
Velocity 
at 2.5 kb 

km/s 

6 . 530 ±0.026 

6 . 970±0 . 040 

6. ïl3 ± 0.040 

6 . 922±0.014 

6 . 529 ± 0.023 

6.97 ± 0.069 

6.664 ± 0.024 

6 . 547 ± 0 . 028 

6. ï75 ± 0 . 049 

Calc.ulated 
p-;J,,ve 
Vélocity 
fr 
Regression 
Analysis 

km/s 

5 . 919 ± 0 . 064 

5.853±0.097 

5 . 767±0 . 09 7 

5.956±0 . 0~4 

5 . 816 ± 0 . 056 

5. 750 :': 0 .168 

J "'9 + 0 . 060 

.:±0. 069 

6.010±0. 119 

P- Wave 
Velocity 
fro:n 
Borel":ole 
Log 

km/s 

5 . 243 ± 0.119 

5.447±0 . 145 

5 . 697 ± 0.168 

5 . 719±0.055 

5.665 ± 0 . 084 

5 . 640 ± 0 . 291 

6 . 014 ± 0 . 103 

5.270 ±0 . 206 

~leasured P Wave Velocity 
krn./ s 

i n Each Layer . 

(a) Sat . 
1 bar 

5.397 :': 0.110 

5.015 ± 0 . 135 

5 . 63 :': 0 . 190 

5.576 ± 0.085 

5 . 453 ± a . no 

5 . 710 ± 0.135 

5.36 :':: 0.190 

5.67 ± o . ::.9o 

(b) Dry 
1 bar 

5.247 :':: 0 . 152 

4 . 965 ± 0 . 186 

5.52 :':: 0 . 263 

5 . 276 ± 0 . 118 

5.337 ± 0 .1 52 

5 . 29 ± 0.263 

5.21 ± 0 . 263 

5.63 :':: (, 3 

(c) Dry 
2.5 kb 

6.113 ± 0 . 055 

6.285 ::'.: 0 . 067 

6 . 26 ± 0 . 095 

6 . 280 :':: 0 . 048 

5.973 ± 0 . 055 

6 . 310 ± 0 .067 

6.00 ± 0.095 

6 . 41 = 0 . 095 

Measured 
Density 
(wet) 
(}[. I. T. ) 
g/cm3 

2 . 740±0 . 020 
2.777:'::0 . 023 
2 . 806 ± 0. 028 
2 . no± o . 02s 

Density 
Calculated 
from 
Modal 
Analvsis 
g/cm3 

2 . 856±0 .030 

3 . 023 ± 0.046 

Density 
Calculated 
fro~ 

Regression 
Anal~sis 
g/cn 

2.722 ± 0 . 013 

2 . 724 ::: o. 020 

2.739±0.03l. 2 . 823±0.046 2. 711 = 0 . 020 
2.67 0.040 
2 . 806 0 . 010 2. 987 ± 0 . 016 2 . 719 :': 0 . 007 
2 . 794 0 . 018 
2 . 696 0 . 016 2 . 813±0 .026 2 . 721± 0 . 012 
2. 72ï 0.023 
2 . 701 0.049 2 .730±0 . 079 2 . 777± 0 . 035 

2.729±0 . 022 2 . 843:'::0.028 2 . 707± 0 . 012 
2. 710 ± 0.028 
2 . 707:':0 . 022 2 . 803±0 . 032 2 . 689± 0 . 014 
2 . 69 ± 0.040 
2 . 72.3:':0 . 034 2 . 395±0 . 056 2.711:': 0 . 025 
2 . ï2 ±o . 040 

Neasureè S Wave Velocity in Each Layer 
at 1 bar 

km/s 

3 . 193 ± 0 . 097 

3 . 205 :':: 0 . 119 

3 . 21 ± 0 . 168 

3 . 284 ± 0.075 

3 . 287 = 0 . 097 

3 . 380 ± 0 . 119 

3 . 44 = 0 . 168 

3 . 62 ± 0 . 168 
i 



Table 3 

Data Set 

Ca]culated P Wave Velocities at 2.5 kb 

Calculated P Wave Velocities from Regression 
Anal y sis 

P Wave Velocities from Borehole Log 

Laboratory P Wave Velocities (Dry) at 1 bar 

Laboratory P Wave Velocities (Saturated) at 1 bar 

Labora tory P Wave Velocities (Dry) at 2.5 kb 

Laboratory S Wave Velocities at 1 bar 

Measured Density (Wet) 

Mensured Density (MIT) 

DensLty Calculated from Madel Analysis 

Denslty Calculated Using Data from Regression 
Analysis 

Statistical Data on Velocities and Densities 

Symbol Units 

v1 km/s 

km/s 

v2 

v3 km/s 

V4 km/s 

vs km/s 

" 
v6 km/s 

v7 km/s 

pl g cm-3 

p2 g cm-3 

p3 g cm-3 

p4 
g cm- 3 

Standard 
Deviat ion 
Assuming 
Layered 
Structure 

0 . 069 

0.168 

0.291 

0.190 

0.263 

0.095 

0 .168 

0.049 

0.040 

0.079 

0.035 

No. of 
Data 
Points 

62 

62 

63 

15 

13 

14 

15 

54 

15 

62 

62 

No. of 
Degrees 
of 
Freedom 

54 

54 

56 

10 

9 

9 

10 

46 

10 

54 

54 

Range of Observations 

6 . 39 - 7.12 = 0 .73 

5.44 - 6.20 = 0.76 

5.05 - 6.80 = 1. 75 

4 .91 - 5.88 = 0.97 

4 .87 - 5 . 70 = 0.83 

5 . 84 - 6.41 = 0.57 

2.97 - 3 . 62 = 0.65 

2 .62 0 - 2 .865 - 0 . 245 

2.66 - 2.86 = 0 . 20 

2.65 - 3.17 - 0.52 

2 . 648 - 2 . 806 = 0.158 

Standard 
Deviat ion 
Ass uming 
No Layering 

0 .190 

0.173 

0 .345 

0.247 

0 .2 52 

0.160 

0 . 168 

0 . 065 

0.052 

0.111 

0.035 



Variable 
X y 

V2 V1 

V1 V3 

V2 V3 

-~ 1 ~ 3 

e J e4 

~4 (_) 3 

P1 Vl 

\> 4 V2 

~1 V3 

~3 V1 

e 2 v6 

No. of 
Points 

63 

SS 

SS 

SS 

SS 

63 

SS 

63 

47 

63 

17 

Table 4 Correlation be t ween Various Sets of Velocity and Density Data 

Correlation 
Coefficient 

0.24 ± 0.12 

0 . 13 ± 0.13 

0 . 00 ± 0 . 14 

0.77 ± 0.09 

0 . 31 ± 0.13 

o.so ± 0.11 

0 . 6S ± 0.10 ) 

o.so ± 0 . 11 

-0.13 ± 0.14 

0.68 ± 0 . 09 

0.27 ± 0.23 

Slope of Regression 
Line 

l.S 
4.0 

11.0 
0.28 

-

1. 92 
2. os 

0 . 19 
0.24 

S.8 
4.4 

2.0 
4.S 

2.S 
8.4 

-
-

1.17 
2 . 47 

0 . 8 
10.1 

~ 
Wy 

1. 0 
0.17 

1. 0 
2S . 4 

1. 0 

1.00 
0 . 43 

1. 0 
O. S3 

1.0 
4.S 

o.b 

0.33 

~ 

4 . 8 

7.0 
-

1:0 

0.14 

oD 
1.1 

Da!a Set Avera~es 
X y 

S . 89 6 .74 

6 . 77 S.67 

S.89 S.67 

2 .7 6 2.90 

2.76 2 . 71 

2 . 72 2.90 

Figure 

3 

4 

s 

6 

7 



'l'able 5: Estimates of Aspect Ratios for Crack Porosity and Residual Porosity 

Layet No. Depth Ave. Crack Ave. t.: Aspect Ratio Ave , Porosity Ave . t.: for Residual Residual Residual 
Rnnge, Poroslty for Measu- for Cracks from Density Intr;insic Porosity Cràck Aspect 

m from red Velor Measurements Velocit ies Density Ratio 
Si mrnons citles Parameter 
et al. 

0-50 0.00030 0.135 5.2xl0 -4 0.0038 0.269 0.0035 0 . 134 6.lxlO -3 

2 50 70 0.00061 0.233 6.2xl0 -4 0.0026 0.266 0 . 0020 0 .033 1. 4xl0 
-'L. 

3 70-90 0.00030 O. lJO 5.3xl0 - 4 0.0023 0.258 0.0020 0.128 3.7xl0 
-3 

4 90-170 0.00094 0.120 1 . 8xl0 -3 0. 0072 0.235 0 . 0063 0.115 1. 3xl0 
-2 

-3 0.0029 0.114 
-3 

5 17() 210 0.00070 0.105 J . 6xl0 0.0036 0.219 6.0xlO 

2LO-'.U17 0.137 -4 0.253 0.0022 0.116 
-3 

b 0.00028 4.8xl0 0.0025 4.5xl0 

2L17-265 0.00046 0. lL10 7.7xl0 -4 0 . 0023 0.256 0 . 0018 0 .116 3.7xl0 -3 

e 
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